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ABSTRACT
Nucleic Acid Scaffold-dependent Proximity-mediated Enzyme Response

(NASPER) – A Proof of Concept Study

Nilesh Chatterjee

Telomerase hTERT RNA is overexpressed in around 90% of all cancers but targeting it has
been unsuccessful to date due to the inability of this approach to kill telomerase-expressing
cells leading to the evolution of telomerase-independent cells. The approach proposed in the
thesis (NASPER), aims to target cells overexpressing hTERT RNA and cause their apoptosis,
preventing this evolution and debulking the tumour mass. NASPER involves bringing two
fusion proteins, each of which comprises a custom-designed PUF (Pumilio and FBF) RNAbinding protein and a protease, onto the hTERT RNA into close proximity to activate the
protease which should lead to cell death. The proteases tested in this study are the HIV
protease (HIVPR) and the split-TEV protease, which require dimerisation/fragment
complementation for catalytic activity. In Chapter 3, the two designed PUF proteins were first
purified and tested in vitro using fluorescence polarisation experiments to assess RNA binding.
The results indicate that the PUF proteins bind specifically to their cognate sequences both
independently and in combination. In Chapter 4, expression in E. coli and purification of
HIVPR was optimised, and its activity was confirmed in vitro. In cells, the individual PUFHIVPR fusion proteins appeared to auto-activate without their dimerisation partner despite
the use of mutations to reduce auto-activity, and it was concluded that a split system is
required such that the protease can only undergo activation when both proteins are present.
In Chapter 6, a split-GFP system (fusing two GFP fragments to each of the two PUF proteins)
most notably show that, as intended, the fusion proteins bind better when cognate RNA is
used versus scrambled RNA, and that engineering the fusion proteins such that the split-GFP
are domains oriented towards each other results in improved re-constitution of GFP.
Subsequently, a NASPER system designed with the split-TEV protease was tested, in which
two TEV protease fragments are fused to each of the two PUF domains. The results were
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consistent with the split-GFP findings, and NASPER was also able to target overexpressed

hTERT mRNA in HeLa cells. No cleavage of a procaspase-3 construct could be detected in
apoptosis assays in Chapter 8, and further work is required to elucidate the cause. Chapter 9
describes further experiments to understand the binding characteristics of designed PUF
domains using crosslinked RNA-seq methods. Overall, the results presented in the thesis
provide new insights into the behaviour of designed PUF proteins in the cell and lay the
groundwork for a new therapeutic approach based on targeted protease-induced cell death, as
discussed in Chapter 10.
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CHAPTER 1 – A GENERAL INTRODUCTION
1.1

EPIDEMIOLOGY OF CANCER

Cancer is one of the leading causes of death in wealthy countries causing around 1 in 6 deaths
worldwide (WHO). GLOBOCAN (https://gco.iarc.fr/, updated in 2018) currently estimates a
global 5-year cancer prevalence of 43,841,302 people, however, this suggestion of approximately
0.57% of the population living with cancer may be misleading[1]. First, the CONCORD-3
study[2] has shown that the age-standardised 5-year net survival rate for the most common
cancers is increasing with time and is over 90% in some cases such as breast cancer, suggesting
that a 5-year cancer prevalence statistic may underestimate the true prevalence of the disease.
Second, contrary to its high prevalence, global age-standardised mortality rates and disease
burdens are falling[3] (Figure 1.1), but the incidence of cancer is rising rapidly with 18.1 million
new cases in 2018 (compared to previous years) and predicted to increase significantly by
2030[1]. Although age-standardised indices show falling death rates, this implies that by 2030
the absolute number of deaths due to cancer will rise significantly as well (trend in total deaths
also seen in Figure 1.1A), suggesting that treatment strategies, although steadily improving,
cannot balance the rapid population increases causing the increase in absolute cancer
mortality. The slow reduction in standardized mortality rates and disease burden is a positive
view on the current global state of cancer; however, this improvement does not change the
fact that the number of people dying from the disease is rapidly rising and, thus, more effective
therapies that can balance the rising absolute mortality are needed.

1

B

A

Figure 1.1: Taken from the Institute for Health Metrics and Evaluation. A – Total and age-standardised cancer death
rates per 100,000 normalised to the year 1990. B – Global disease burden from cancer shown as disability-adjusted life
years lost.

1.2

OVERVIEW OF BIOLOGY OF CANCER

To begin developing novel therapies for the treatment of cancer, the biology must first be
understood. Cancer is a diverse set of diseases that can originate within nearly any organ and
from nearly any cell type due to intrinsic or extrinsic factors[4]; however, all cancers are
generally characterised by a set of hallmarks[5] as shown in Figure 1.2. Acquisition of some or
all of these capabilities described leads to the pathogenesis of cancer, resulting in a cell that
can freely proliferate past the Hayflick limit (a set number of cell divisions prior to inevitable
senescence[6]) and that may be able infiltrate other organs due to vascular access and metastatic
ability resulting in a spread of the cancer. In addition to these hallmarks, novel emerging
hallmarks have been described (Figure 1.2B), which further enhances the ability of a cancer
cell to survive and proliferate. The most common mechanisms by which somatic cells acquire
these hallmarks are through the activation of oncogenes or the deactivation of tumour
suppressor genes[5]. These phenomena can occur in cells due to mutation, chromosomal
amplifications and deletions, and epigenetic mechanisms leading to aberrant expression of
proteins resulting in the deregulation of pathways essential for cellular homeostasis such as the
apoptotic pathways[5].
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The number of cellular pathways that can be dysregulated in order to attain the phenotypes
shown in Figure 1.2 are vast, thereby resulting in cancer being a hugely diverse disease. In
addition, cancer cells are genotypically dynamic due to their genomic instability and
mutational capacity (Figure 1.2B). This instability is the driving force in cancer cell
evolution[7], resulting in inter- and intra-tumour heterogeneity. For example, there are various
different subtypes of breast cancer tumours, such as luminal A and B, HER2+ and triplenegative[8], underlining inter-tumour heterogeneity. Even within a single tumour type there
may be clonal genetic variations[8,9], as determined robustly by single-cell deep sequencing,
resulting in intra-tumour heterogeneity and diversity.

A

B

Figure 1.2: Adapted from Hanahan et al[5]. A – Original six hallmarks of
cancer. B – Novel emerging hallmarks and enabling characteristics for cancer
development and progression.
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However, there is a spectrum of genomic instability in cancer, for example, the same cancer
subtypes in different patients may have different degrees of genomic instability which
correlates with disease progression and prognosis[10]. Despite this, tumour heterogeneity is
omnipresent in cancer suggesting the presence of mechanisms alternative to genomic instability
for this heterogeneity to develop, such as the effects of the tumour microenvironment[11] and
drug treatment itself.

Various studies have shown that the presence of intra-tumour heterogeneity and clonal
diversity in cancer results in poorer patient prognoses[12-15], sometimes due to the evolutionary
drug resistance mechanism shown in Figure 1.3. In addition to this mechanism, susceptible
clones can also evolve and develop resistance to treatments over time by various mechanisms,
further increasing clonal diversity[16]. Hence, intra-tumour heterogeneity and clonal diversity
pose a barrier to successful cancer therapy and there are different ways to overcome this
barrier: 1) multidrug therapy to eradicate single drug-resistant clones, and 2) targeting a
shared phenotype across cancer cells coupled to rapid killing of the positive cells.

Figure 1.3: Adapted from Gay et al[13]. Tumour relapse due to survival of a drug resistant clone from a
heterogenous tumour under selection pressure due to drug treatment.

One such phenotype that is necessary for cancer cell survival is ‘enabling replicative
immortality’, which is restricted to cancer cells and pluripotent stem cells, and unseen in
somatic cells. This phenotype can be achieved through different genotypic mechanisms such
as aberrations in the p53 pathway[17], which occurs in around 50% of all cancers[18]. The protein
p53 is a nuclear transcription factor often referred to as the “guardian of the genome” due to
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its role in maintaining genomic integrity. Under normal conditions, it is maintained at very
low levels in the cell due to ubiquitination and degradation by MDM2 and the proteosome
respectively. When DNA damage occurs, p53 is phosphorylated and stabilised allowing
translocation to the nucleus and subsequent transcription of its target genes which induce
apoptosis[19]. This prevents potentially malignant cells from replicating, thereby acting as a
tumour suppressor. Loss-of-function mutations in the p53 gene, or its co-factors, can therefore
result in the ability of cells to divide regardless of DNA damage leading to genomic instability
and replicative immortality. Although this results in immorality of 50% of cancers, there is a
more universal change that results in immortality of cells, i.e., the overexpression of active
telomerase[20] in 90% of cancers. Thus, targeting telomerase would allow a single therapy to be
used for a huge range of different cancer types. Even in heterogenous tumours containing the
10% of telomerase-independent cancer cells, targeting and killing telomerase-positive cells could
be used to debulk tumours and make them more amenable to other interventions, such as
surgery.

1.3

TELOMERASE AND ITS FUNCTIONS

Telomerase is a ribonucleoprotein holoenzyme responsible for the maintenance and
stabilisation of chromosome ends known as telomeres (Figure 1.4). The holoenzyme is
composed of an RNA template-containing subunit, TERC, and a catalytic protein subunit,
TERT, which is rate-limiting in complex formation[21]. Under normal circumstances, human
chromosomes are capped by telomeric TTAGGG repeats because incomplete replication of the
lagging strand results in erosion of chromosome ends – the end replication problem[22,23].
Telomere shortening leads to DNA damage signal induction resulting in a temporary arrest of
the cell cycle. DNA damage repairs are initiated and if the damage due to telomere shortening
is irreparable, the cell undergoes senescence. If not, the damage is repaired, and the cell cycle
continues as normal. Thus, it is the cumulative effect of DNA damage at a single or multiple
telomeres that leads to senescence. This ‘age timer’ phenomenon is also known as the Hayflick
limit, i.e. a limit to the number of replicative cycles that a somatic cell can undergo. Telomerase
has the ability to elongate these shortening telomeres by reverse transcription. Telomerase
binds to telomeres using the TERC subunit and adds telomeric repeats sequentially using the
TERT subunit[23]. Human telomeres are highly polymorphic, and the telomerase enzyme is not
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known to prefer the telomeres of any particular chromosome. However, experiments in S.

cerevisiae have shown that telomerase does not extend all telomeres in one cell cycle, but
rather acts preferentially on chromosomes with shorter telomeres which are in an extendible
state due to the absence of secondary structures (such as G-quadruplexes shown in Figure 1.5),
promoting accessibility[24]. Thus, cells expressing active telomerase can evade replicative
senescence.

Figure 1.4: A: Schematic of the structure of telomerase holoenzyme (PDB: 6D6V). Blue – TERT subunit, grey –
TERC subunit, magenta – telomere DNA, coral – telomerase associated protein 50, aquamarine – telomerase
associated protein 65, chartreuse – telomerase associated protein 82, gold – TEB2, pink – TEB3.
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Figure 1.5: Schematic of the structure of a G-quadruplex at a telomere (PDB: 143D). Grey – phosphate backbone,
blue – sugars and nucleotides.

In 90% of cancers[20] this Hayflick limit is evaded through the overexpression of full-length

hTERT mRNA. Subsequent increase in active telomerase concentration facilitates the
maintenance of shortened telomeres and promotes the evasion of apoptosis[25]. There are
various genetic and epigenetic mutational mechanisms of FL-hTERT upregulation in cancer
cells including hTERT amplifications (3%), structural variants (3%), promoter mutations
(31%)

and

promoter

hypermethylation

(53%)[25,26].

Conventionally,

promoter

hypermethylation leads to gene silencing, however hTERT is an exception to this perhaps
because transcriptional repressors require unmethylated CpG islands in the promoter to
bind[27]. Thus, hypermethylation prevents this binding and repression.

The diversity of

mutations within these classes makes targeting these individual mutations inefficient[25,26,28],
and thus hTERT-driven treatment strategies focus on the consequence of these mutations, i.e.,
increased hTERT activity. In somatic cells, telomere shortening with every replicative cycle
which eventually results in cellular senescence, and this was originally believed to be due to a
lack of hTERT expression. However, this misunderstanding was due to a flawed methodology
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in quantitating hTERT expression by RT-PCR. Initially, the primers used targeted the inner
reverse transcriptase domain of the gene[29], but it has now been discovered that several
variants of hTERT exist lacking parts of this domain[22,29-32] resulting in the false conclusion
that somatic cells do not express hTERT.

To date, several alternative splice variants of hTERT have been discovered, including the Δα
(deletion in exon 6), Δβ (deletion in exon 7 and 8), ΔαΔβ and Δ4-13 (deletion in exon 4 – 13)
variants[29-32]. Of all the variants, however, none of them have produced a protein with
telomerase activity, although, certain variants may be able to promote cell proliferation and
inhibit apoptosis[29]. Two studies, by Hrdličková et al[31] and Yi et al[32], have revealed
differential expression of the variants between normal, stem and cancer cells.

Hrdličková et al[31] showed that most normal cell types also express hTERT, but, they express
large deletion variants, such as Δ4-13, that lack any telomerase activity. However, the spleen,
thymus, brain, testes, and placenta appear to also express variants lacking the Δα and Δβ
mutations. Furthermore, the thymus, testes, and placenta – tissues containing stem cell
populations[33-35] – do contain full-length hTERT[31], as these stem cells require the ability to
replicate infinitely. Their analysis of lung, heart, and ovarian tissues (lacking stem cell
capabilities) however suggests that no full-length hTERT is present, only the Δ4-13 variant
and other inactive variants, that ablate telomerase activity. This finding further suggests that
tissues lacking any stem cell activity are devoid of full-length hTERT and thus active
telomerase. These data have been extended to normal cell lines, such as the BJ fibroblasts and
IMR90 cells, which do not contain any full-length hTERT[30-32], and cancer cell lines such as
the HeLa, MCF-7 and MDA-MB-231 cells, which contain full-length hTERT[32] and display
telomerase activity.

These data show that somatic cells indeed contain hTERT RNA variants and non-functioning
telomerase protein. Hence, using telomerase as a target must rely upon targeting regions that
are present in the full-length protein and not the variants found in somatic cells to minimize
side-effects. On the other hand, the activity of telomerase itself may be targeted at a different
stage, such as by stabilising the telomeres in the inaccessible G-quadruplex state, rather than
by using a small molecule inhibitor to bind to the enzyme itself.
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Interestingly, recent findings suggest that telomerase may also have other functions in the cell
besides simply the elongation of telomeres. It has been implicated in transcriptional regulation
of various signalling pathways and apoptosis regulation. Choi et al.[36] found that
overexpression of hTERT led to transcriptional changes that mimicked those mediated by
Wnt signalling[37,38] due to TERT interactions with SMARCA4. This results in cell proliferation
suggesting a non-telomere-based proliferative role for telomerase in cells. Furthermore,
telomerase can also activate the NF- κB pathway by interacting with the p65 subunit, resulting
in increased transcription of NF- κB regulated genes such as IL-6 and TNF-α, both of which
are implicated in cancer progression[39]. The influence of telomerase in these pathways also
suggests a role for telomerase in epithelial-to-mesenchymal transition and cancer invasiveness
as well[40]. Studies have also shown that telomerase can act as an inhibitor of the intrinsic
pathway of apoptosis by enhancing the activity of the anti-apoptotic protein Bcl-2[41]. Recent
advances have shown that telomerase contains a BH3-like motif – a peptide sequence found in
Bcl-2 family proteins – which may allow it to interact with Bcl-2 and enhance its activity[42].
Telomerase has also been found to induce a conformational change in the pro-apoptotic protein
Bax (potentially through interactions via the BH3-like domain since Bax belongs to the Bcl-2
family of proteins), preventing its activation and conferring cellular resistance to cytotoxic
agents such as cisplatin[43]. Thus, besides ‘enabling replicative immortality’, telomerase is also
implicated in other hallmarks of cancer such as ‘resisting cell death’, ‘sustained proliferative
signalling’, ‘activation of invasion and metastasis’ and ‘tumour-promoting inflammation’.

1.4

TELOMERASE-BASED THERAPIES

A number of cancer therapies targeting telomerase have been developed, including anti-sense
TERC oligonucleotides such as Imetelstat[44,45], G-quadruplex stabilisers[44,45,46] such as CX5461, and mutant hTERT expression[21,44,45].

Imetelstat, a 13-mer anti-sense TERC oligonucleotide that competitively inhibits telomerase
enzymatic activity, has been evaluated in several Phase clinical 2 trials for non-small cell lung
cancer (NSCLC)[47] and myeloid malignancies (NCT02426086). The Phase II clinical trial for
NSCLC with imetelstat reported by Chiappori et al[47] did not show a significant improvement
in progression free survival (PFS) in NSCLC, however, the trial design resulted in small patient
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sub-groups in addition to the 2:1 randomisation which may have biased the end results.
Haematological side-effects were significantly increased in those receiving imetelstat, likely due
to effects on haematopoietic precursor cells[48]. In another study, Wang et al.[49] showed the
opposite effect on haematopoietic stem cells, and hence the haematological effects may be
mediated by the inhibition of extra-telomeric functions by imetelstat of telomerase in these
haematopoietic precursor and stem cells[40]. The likely reason for the failure of imetelstat is
that it does not cause cancer cells to undergo rapid cell death, thereby providing the necessary
selection pressure allowing the cells to evolve and acquire alternate methods of lengthening
telomeres (ALT)[50].

CX-5461 is a G-quadruplex-stabilising ligand that has been tested in a Phase 1 trial for
BRCA1/2 deficient tumours[46]. G-quadruplexes (Figure 1.5) are four-stranded secondary
structures of DNA formed due to the stacking of guanine residues in a planar arrangement
found commonly at telomeres[44]. These structures prevent telomeric access to telomerase, thus,
stabilising them results in the prevention of telomere maintenance by telomerase[44]. This
results in enhanced DNA damage at G-quadruplexes resulting in apoptosis, albeit, only in
DNA damage repair deficient cancers[46]. This area of research has been applied widely to
different types of cancers using many different G-quadruplex ligands[51], however very few have
proceeded on to clinical trials due to the challenges associated with these ligands such as
specificity towards G-quadruplexes only while not binding to other nucleic acids[52].

The expression of a mutant, dominant negative hTERT (DN-hTERT) in cancer cell lines was
also tested in order to reduce functional telomerase in cancer cells[45]. This method was shown
to induce cell arrest in MCF-7 cells, however there are issues in translating this into pre-clinical
models. The expression of DN-hTERT needs to be maintained in treated cells, which is difficult
to achieve due to transgene promoter methylation in vivo[53]. Furthermore, imetelstat works
using a very similar principle, i.e. interfering with the enzymatic activity of the telomerase
protein and has been unsuccessful in clinical trials so far. Thus, it appears that these drugs or
treatments may work in cells, their activity is difficult to translate into humans and this may
be due to the inability of these treatments to result in apoptosis. The inhibition of telomerase
in these cells leads to chromosomal instability, which should result in senescence. However,
this p53-dependent mechanism may also be impaired in cancer cells, and thus senescence does
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not occur[54]. Hence, there is a time lag from telomerase inhibition to telomere shortening to
the point of senescence (or continued growth), during which cells can acquire more mutations
potentially allowing them to continue proliferating through other mechanisms such as ALT
(delay issue of hTERT-driven therapies). However, despite the hurdles faced by all three types
of therapies, they were specific and had minimal effects on non-transformed somatic cells,
suggesting that hTERT-targeting treatment strategies are cancer cell-specific[44-46].

1.5

THE NASPER SYSTEM

It is clear that although telomerase is a highly specific discriminator of cancer cells, its
inhibition has not yet been fruitful in cancer therapies. Thus, I attempted to devise a strategy
where cancer cells are specifically targeted using the presence of the hTERT mRNA (since
overexpression of this mRNA is implicated in increasing telomerase activity in cancer) and
this targeting is used to induce immediate cell death. I named this approach the Nucleic Acid
Scaffold-dependent Proximity-mediated Enzyme Response system (NASPER system) and it is
designed to overcome the intrinsic flaws in aforementioned hTERT-driven treatment
strategies. The figure below illustrates the hypothesised mechanism of action of NASPER.

Figure 1.6: Schematic showing intended mechanism of action of NASPER

Z
The primary protein used in this system is the PUF RNA-binding protein which will be
discussed in Section 1.10. The rationale behind NASPER is that the two PUF proteins will
only bind in the correct orientation in hTERT+ cells such that the fused effector domains
undergo dimerisation and functional reconstitution due to proximity, thereby resulting in
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activity. Three effector domains will be tested in this thesis – the HIV protease, split-GFP and
split-TEV. The HIV protease and split-TEV effectors are intended to induce apoptosis through
non-specific proteolysis and engineered procaspase-3 respectively (a landmark study using splitTEV to activate an engineered procaspase-3 and induce apoptosis by Gray et al.[55] provides
additional confidence that NASPER can be used to dimerise split-TEV and induce apoptosis).
On the other hand, the split-GFP effector was used to visualise whether the two PUF proteins
can bind concurrently to a single stretch of RNA in cells and to select cells containing the
target RNA using flow cytometry. Thus, the NASPER system is expected to circumvent the
delay issue observed in current hTERT-driven therapeutic strategies by inducing apoptosis in

hTERT+ cells before they can undergo any further divisions and acquire mutations that would
allow hTERT-independent proliferation. The hypothesis is that the system will result in highly
specific, sensitive, and rapid killing of hTERT+ cancer cell types. Since the NAPSER system
kills cancer cells by targeting the overexpression of hTERT, I also believe that this system
should be applicable to cancers overexpression other genes, and even other diseases which
originate due to gene overexpression.

1.6

ALTERNATE POTENTIAL TARGETS OF THE NASPER SYSTEM

In a broader context, the NASPER system could potentially be applied to any condition where
overexpression of a gene is the aetiology (since more PUF complexes would be formed in cells
where the gene is being overexpressed compared to normal cells with baseline mRNA levels
resulting in specific targeting of the overexpressing cells), and rapid cell death is the
appropriate means to correct it. It may not be applicable to cases when the disease-causing
RNA has other types of mutations, such as point mutations, as the PUF proteins may not be
specific enough to target these discriminately. In cancer, gene overexpression is a very common
phenomenon that increases the levels of oncogenes resulting in the cancerous phenotype. The
most commonly overexpressed genes in some of the most common cancers that could
potentially be targeted using the NASPER system are shown in Table 1.1.
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Cancer Type

Overexpressed Gene

Breast

FGFR1[56], Myc[57], AURKA[58], ERBB2[59,60]

Colorectal

EGFR[61], Myc[62]

Endometrial

ERBB2[59]

Gastric

Myc[63], ERBB2[64]

Lung

Myc[65]

Melanoma

CDK4[66]

Ovarian

ERBB2[60]

Pancreatic

SMURF1[67]

Prostate

AR[68]

Table 1.1: Overexpressed genes in various cancer subtypes

Z
ERBB2 is overexpressed in 15-30% of breast cancers, 25-30% of endometrial cancers, 25-30%
of ovarian cancers and 10-30% of gastric cancers. Myc is another gene that is commonly
overexpressed in various cancers such as breast, colorectal, gastric and lung cancers. Thus,
targeting the overexpression of these genes may be of particular interest as these can be applied
to a wider group of cancer sub-types (similar to the intention using hTERT as a target).
Additionally, some of these cancers, such as lung and pancreatic cancers, have poor prognoses
with current treatment regimens and may benefit from innovative approaches such as the
NASPER system. On the other hand, the absolute numbers of people suffering from other
cancers such as breast and prostate are extremely high resulting in high number of deaths
despite generally good prognoses, and therefore using novel approaches to slightly improve the
efficacy of treatment even for these cancers can have an enormous impact.

Although cell death was primarily a therapeutic strategy for cancer, other conditions such as
autoimmune diseases, where an inappropriate activation of the immune system results in
disease[69], could also benefit from the NASPER system. Hyperactive B-cells overexpressing

BAFF can produce autoantibodies leading to autoimmune disease[70]; targeting these cells using
NASPER could result in their apoptosis, and thus the prevention of autoantibody production.

13

However, treating other conditions associated with RNA overexpression, such as SNCA in
Parkinson’s disease[71] using an apoptosis-inducing method such as the NASPER system would
be inappropriate because killing these cells would have a detrimental effect on physiological
functioning as well. Thus, the NASPER system has several potential applications, primarily
in cancer, however with the potential for application to other diseases where overexpression is
the aetiology using the apoptosis-inducing effector domains or using alternate effector domains
that should not induce cell death.
1.7

MULTISPECIFIC THERAPEUTICS

As NASPER goes beyond the traditional antagonist/agonist drug mechanism of
blocking/activating a functional site to produce a response, it falls within the fourth wave of
drug discovery as described by Deshaies[72]. It is essential to understand this fourth wave to
see where the NASPER system fits in this novel area of drug discovery, and to see if other
emerging technologies may be applicable to improve or optimise the NASPER design. This
fourth generation is defined by small molecules or biologics that engage two or more partners
in the cell giving them their name – multispecific drugs. NASPER broadly falls into this
category of multispecific drugs, as it targets RNA at two positions and subsequently activates
a third molecule to bring about the desired effect. Currently, there are three classes of
multispecific drugs defined as follows: 1) sequentially binding obligate multispecific drugs that
mediate localization (SOMs), 2) concurrently binding obligate multispecific drugs that mediate
localization (COMLs), and 3) concurrently binding obligate multispecific drugs that function
as matchmakers (COMMs).

SOMs bind to a ‘dock’ and a ‘target’ in two different cellular compartments to bring about
their effects. A classic example of this mechanism is the GalNAc-siRNA drug conjugate[73].
GalNAc binds solely to the liver specific asialoglycoprotein receptor; GalNAc-siRNA binding
to this receptor (the ‘dock’) results in endocytosis of the complex and release of the siRNA
which goes on to silence the ‘target’ RNA. The first SOM to be approved for clinical use was
the antibody-drug conjugate gemtuzumab-ozogamicin for acute myeloid leukaemia.
Gentuzumab is the antibody which binds the ‘dock’ CD33 receptor on leukaemic blast cells
subsequently releasing ozogamicin into the cell to cleave the ‘target’ nuclear DNA.
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COMLs are variations of SOMs that must bind the ‘dock’ and the ‘target’ simultaneously for
an effect to be produced. This drug mechanism is of great interest for the delivery of proinflammatory payloads such as IL-2 and TNFs[74]. The pro-inflammatory molecules are
modified to reduce affinity for their cognate receptors and tethered to an antibody specific for
a cancer cell surface antigen. When the antibody binds the receptor, the pro-inflammatory
mediator can saturate receptors in proximity resulting in a localized effect. This is where the
NASPER system fits best, as the PUF fusion proteins, the overexpressed RNA (the ‘dock’)
and the ‘target’ (cellular proteins for the HIVPR domains and engineered procaspase-3 for the
split-TEV domains) must all be present in the same compartment to activate by proximity.
The key difference is that currently, COMLs have only been designed to work extracellularly,
whereas the NASPER system must enter the cell which is a disadvantage, however NASPER
is applicable to a broader range of cancers simultaneously depending on the RNA target (eg:

hTERT is overexpressed in 90% of cancers) compared to targeting antigens which vary greatly
between cancers[75], and should result in apoptosis of the cells.

COMMs are also known as matchmaker drugs, as they bring a target and effector into
proximity such that the effector acts on the target to bring about an effect. Thus, an
endogenous function is manipulated to create a therapeutic effect. This induction of proximity
can be carried out by small molecules or biologics. Cyclosporin, the first small molecule
COMM, induces an interaction between calcineurin and a proline isomerase which causes the
recruitment of cyclophilin to the complex impeding the access of natural calcineurin
substrates[76]. Proteolysis-targeting chimaeras (PROTACs) are hetero-bifunctional molecules
that bring disease-causing proteins into proximity of an E3 ubiquitin ligase resulting in
ubiquitination and proteosomal degradation of the protein[77]. Novel biologic versions of
PROTACs being tested in the Itzhaki lab have advantages over traditional small molecule
PROTACs. These hetero-bifunctional protein degraders are functionalized using 1) a degron
sequence to bind an E3 ligase, and 2) a peptide sequence to bind a target protein[78]. Concurrent
binding brings these molecules into proximity and exerts the same function as a PROTAC.
However, the key difference is that peptide binding sequences are used rather than small
molecules which opens up access to an array of targets that are ‘undruggable’ by small
molecules due to the lack of a discrete binding pocket or groove. Thus, there is great excitement
in the field of multispecific therapeutics, as it increases the potential of traditional

15

pharmacology exponentially by increasing the number of potential targets (such as RNA itself
as in the NASPER system) and increasing the specificity of treatments (as in NASPER where
multiple molecules coming together and activating is much less likely in healthy cells).

1.8

APOPTOSIS-INDUCING THERAPEUTICS

NASPER also falls into the category of drugs designed to induce apoptosis of cancer cells. This
avenue of research has primarily been focused on activating the extrinsic pathway of apoptosis
by targeting the TRAIL receptor as it does not result in apoptosis of normal cells[79]. However,
targeting TRAIL is the first point of the apoptosis cascade and complex pathways affected by
cancer result in inefficient induction of apoptosis in tumors[80]. Furthermore, although
activation of the TRAIL receptor does not cause apoptosis in normal cells, systemic delivery
of TRAIL ligands such as TNFs have been shown to be hepatotoxic[81] and the excitement in
targeting this receptor has generally died down. Despite this, some efforts are still being made
to improve the design of TRAIL ligands to reduce cytotoxicity and improve efficacy resulting
in second- and third-generation therapies, although none have yet been approved for clinical
use. As mentioned previously, there are also novel COMLs that are being tested to prevent
systemic effects of TNFs by targeting the ligand to cancer cells using antibodies.

Inhibiting the activity of anti-apoptotic proteins such as Bcl-2 has also been of interest in
inducing apoptosis in cancer cells[80]. Venetoclax, a Bcl-2 inhibitor, was the first approved drug
for use in chronic lymphoblastic leukaemia[82] and has also been recently approved for use in
acute myeloid leukaemia. There are disadvantages of this method such as toxicity and
ineffective induction of apoptosis due to the overexpression of other anti-apoptotic proteins,
and loss of pro-apoptotic proteins (such as BAX and BAK)[83], resulting in resistance.
Targeting of inhibitor of apoptosis proteins (IAPs) has also been attempted by inducing their
proteasomal degradation using E3 ligases. Small molecule inhibitor and siRNA therapies have
also been tested, however none have progressed to the clinic due to a lack of efficacy, likely
due to resistance of cancer cells to apoptosis[80].

The above challenges may seem demotivating. However, all of these methods have targeted
upstream mediators in the apoptosis pathways, whereas one version of NASPER is designed

16

to activate procaspase-3, the final executioner caspase in the apoptotic pathway. Inducible
caspase therapies to date have used caspase-6 and caspase-9 which have shown great promise
in inducing apoptosis in vivo[81]. The most similar though is a novel SOM treatment being
pioneered by Amgen which uses caspase-3 linked to a HER2 targeting antibody. This
treatment has been shown to induce apoptosis in tumor cells and a xenograft model, although
the data from clinical trials have not been published yet. Nevertheless, this shows that there
is a huge potential in using procaspase-3 to induce apoptosis which provides a strong
foundation to develop the NASPER system.

1.9

RNA-TARGETING THERAPEUTICS

To date, targeting cancer cells based on their RNA has been attempted with little success.
Attempts have mainly been focused on using anti-sense oligonucleotides (ASOs), siRNA and
miRNAs, all of which result in the degradation of the target mRNA thereby downregulating
the gene in question[84]. siRNA and miRNA therapies for cancer are in their infancy; siRNAs
have been used to target overexpressed genes such as PLK1, KRAS(G12D), and myc[84,85].
miRNA mimics have been used to target key pathways in cancer cell proliferation; miR-16 and
miR-34 both act as tumour suppressors by targeting oncogenic mRNAs involved in cell cycle
regulation and cell proliferation[86,87]. Although early-stage trials have shown good tolerance in
patients, late-stage data are yet to be released. Compared to siRNAs and miRNAs, several
ASOs have been taken forward to clinical trials for the treatment of a wide range of cancers,
however none of these have successfully made it to the clinic.

The main issues faced by these therapeutics are inefficient delivery and low activity. Drug
delivery would be a barrier to efficacy of the NASPER system as well as the proteins required
for the system would have to be provided as a gene or protein therapy, however there is a key
difference compared to the current field of RNA targeting. NASPER does not directly affect
the RNA target in any way. It will simply use the RNA as a scaffold to re-constitute its effector
domains to bring about cell death. Regulating a single RNA at the transcript level may not
be enough to produce a significant anti-cancer effect; however, the intended mechanism of
NASPER should overcome this problem.
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1.10

THE PUF PROTEINS

The Pumilio/Puf (hereafter referred to as PUF) proteins are a ubiquitous family of eukaryotic
RNA-binding proteins that were initially discovered in D. melanogaster and C. elegans[88,89]
(Figure 1.7). The PUF domain typically consists of eight tandem PUF repeats (and two pseudo
repeats at the N- and C-terminus) comprising thirty-six amino acids of which three amino
acids, known as the tripartite recognition motif, are responsible for binding to a particular
RNA nucleotide[88-90] (Figure 1.8). Each PUF repeat can recognise one RNA nucleotide, and
thus, most natural PUF domains have eight repeats that bind to an 8-mer RNA sequence.
However, not all PUF domains contain the canonical eight repeat structure. In fact, the PUF
family can be broadly divided into three subfamilies: 1) Classical PUF proteins as described
here, 2) PUF-A/PUF-6 and 3) Nop-9[88,89]. There is less than 30% sequence homology between
these families, however the classic PUF proteins are very well conserved with the main
variations being in the tripartite recognition motifs of each PUF repeat.

The PUF-A/PUF-6 sub-family has no apparent sequence specificity and binds to both DNA
and RNA using the phosphate backbone. Compared to the classical PUF proteins, they contain
eleven repeats and are localized to the nucleus rather than the cytoplasm[91]. The Nop-9 subfamily also contains eleven repeats and is localized to the nucleus, however it specifically
recognises RNA and can target both RNA sequences and structures such as stem-loops[92].
Both these sub-families also differ from the classic PUF proteins based on their shape. The
classical PUF proteins are crescent shaped, whereas the other sub-families tend to be L-shaped
which may influence their binding to nucleic acids[88-92].

Although the classical PUF proteins bind their RNA in a one-to-one manner with one repeat
binding one RNA nucleotide, this is not always the case. Yeast PUF4p can accommodate
additional bases into the target sequence by stacking or flipping away of bases due to the
curvature of the protein. Additionally, PUF1 and PUF2 from novel fungal sub-family seem to
only contain six repeats and have been shown in crystal structures to bind four nucleotide
sequences and interestingly, two PUF1 fungal proteins were shown to bind to a single RNA
containing two of the consensus binding motifs[93]. Thus, despite being evolutionarily
conserved, PUF proteins and families may have quite divergent behaviours.
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Classical PUF proteins are primarily involved in post-transcriptional regulation of mRNA
stability and translation by various mechanisms involving binding to the 3’ untranslatable
region (UTR)[94]. PUF proteins have been shown to 1) de-adenylate target RNA resulting in
repression, 2) interfere with co-factors binding to the mRNA cap resulting in reduced
translation, and 3) influence mRNA stability through interactions with Argonaute proteins[94].
Classical PUF proteins are involved in stem cell regulation in nearly all organisms that contain
them. Indeed, the mRNA targets of PUF proteins show over-representation of GO terms such
as cell cycle, cell division and nuclear division[94]. In D. melanogaster, mutation of PUF proteins
results in a loss of female germline stem cells[95]. Similarly, in C. elegans, silencing of PUF
proteins results in a loss of germline stem cell maintenance and induces meiosis and
spermatogenesis of these cells[96]. In mammals, PUF proteins control essential activities such
as neurogenesis and expansion of haematopoetic stem cells[97,98]. In contrast, the non-classical
PUF proteins PUF-6 and Nop-9 are both involved in ribosome biogenesis through their
influence on rRNA processing[91,92].

Due to their modular nature, classical PUF proteins have been of great interest in producing
designer RNA binding domains. Wang et al.[99] discovered the tripartite recognition motif code
to design PUF repeats to target individual bases, however they were missing the code required
to target cytosine. Two groups then developed a tripartite recognition motif for cytosine[100,101]
opening up the field to custom engineer classical PUF proteins to bind any eight nucleotide
RNA sequence of choice. Abil et al.[90] used this code to develop a high-throughput method to
generate these PUF proteins using golden gate cloning. Furthermore, Zhao et al.[102] and
Adamala et al.[103] expanded on the canonical eight repeat nature of classical protein by
concatenating up to sixteen repeats in order to target sixteen nucleotide sequences on RNA.
Although the engineered PUF proteins were found to have extremely high binding
affinities[90,102,103], their non-cognate binding was not rigorously tested despite classical PUF
proteins having been shown to bind non-cognate sequences through various mechanisms[104].
Indeed, Zhao et al.[102] have also suggested that longer PUF proteins may display promiscuity
because not all modules may need to be bound to result in stable PUF-RNA complex
formation. However, the degree of promiscuity of each PUF module has not been elucidated
and thus there is no penalty-based system for predicting or scoring the non-specificity of
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engineered PUF proteins. Additionally, no kinetic data on association or dissociation of custom
PUF proteins has been collected.

PUF protein binding to RNA has been shown to interfere with the binding of certain proteins,
such as eIF4E[105], however this is to repress translation of mRNAs by canonical PUF proteins
and therefore may be protein specific. In fact, other studies have shown that PUF domains do
not interfere with the binding of certain proteins such as pAbp[106] to mRNA. This further
suggests that the influence of PUF proteins on the binding of other proteins to mRNA may be
specific and related to the function of the PUF protein itself. Such studies on engineered PUF
domains have not been carried out to date.

Canonical PUF protein binding has been shown to be negatively affected by RNA secondary
structure formation in vitro, however this effect did not translate in vivo for most RNA
secondary structures; those with exceptionally high stability (ΔΔGfold > 8.6 kcal/mol) showed
slightly reduced PUF binding in vivo[107]. The difference between in vitro and in vivo
characteristics may be due to the presence of different PUF co-factors in vivo or the ability of
PUF domains to modulate RNA secondary structure in vivo, improving accessibility of hidden
binding sites. Nevertheless, several studies have used these engineered PUF domains
successfully in cells[90,102,108,109,110] to image individual RNAs and to repress translation,
providing the initial foundation to use these proteins in the NASPER system.
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B

C

Figure 1.7: A – Schematic of the structure of a classical PUF protein bound to RNA (PDB: 1M8Y), B – Schematic
structure of human PUF-A (PDB: 4WZR), C – Schematic structure of Nop9 bound to RNA (PDB: 5WTY). All
structures are coloured from blue to red corresponding to the N-terminus to the C-terminus. Nucleic acids are coloured
in grey.
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Figure 1.8: Close-up of the structure of the classical PUF protein bound to RNA highlighting the tripartite
recognition motif interacting with the adenine nucleotide. The structure is coloured from blue to red
corresponding to the N-terminus to the C-terminus. Nucleic acids are coloured in grey. Amino acid letters
and RNA bases are shown in magenta and black letters respectively.

1.11

PROJECT AIMS

The aims of this thesis were to demonstrate that the NASPER system can function as
hypothesized and ultimately to test whether it can target the cancer overexpressed hTERT
mRNA. Several steps of optimization were required to get a working model of the NASPER
system which was then tested in HeLa cells which are known to overexpress hTERT.

Chapter 3 describes efforts to design and test custom-engineered PUF domains in vitro using
fluorescence polarisation assays. Although custom engineered PUF domains have been used
and tested widely using various biophysical techniques[90,102,103], there have not been attempts
to test whether two PUF domains can bind a single RNA molecule in vitro. My hypothesis
was that if there is indeed dual binding occurring, the fluorescence polarisations measured
would be significantly higher compared to single and non-binding controls. This would verify
that these custom-engineered PUF domains are applicable for use in the NASPER system, as
a pre-requisite is the ability to concurrently bind RNA.
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Chapter 4 attempts to solubilize and purify the HIV protease – the first effector domain that
was tested for use in the NASPER system. In vitro work was carried out to ensure that the
HIV protease being used was active. To date, most work using the HIV protease in vitro has
focused on denaturation and re-folding of the protease from inclusion bodies[111-113] and methods
to solubly purify the protein could not be replicated in the lab. Thus, a novel His-lipoyl tag
was used to consistently generate soluble HIV protease. The purified protease was then used
to cleave a synthetic substrate using fluorescence intensity measurements to check its activity.

In Chapter 5, the fusion proteins required for the NASPER system were generated using the
designed PUF domains and HIV protease as the effector domain. These fusion proteins were
tested using cleavage assays in HEK293T cells by Western blotting. The hypothesis was that
when co-expressed with the cognate RNA, the fusion proteins would cleave themselves and
auto-activate. Several optimisations were also carried out using site-directed mutagenesis of
the generated constructs and many control experiments were also carried out to troubleshoot
the system.

Chapter 6 describes experiments to investigate the specificity of 8-, 9- and 10-mer PUF
domains in a cellular context using a novel approach. Organic orthogonal phase separation
(OOPS)[114,115] was used to selectively purify protein bound RNA from PUF protein expressing
cells. The RNA was subsequently used in next-generation sequencing and compared using
bioinformatics to control RNA that was also isolated using OOPS from cells lacking the PUF
protein. The hypothesis is that the bioinformatic analysis will be able to determine PUF
binding regions in the cell by comparing it to the control. Since the 8-mer PUF protein was
first validated to bind its cognate sequence in Chapter 3, the OOPS-seq results would provide
an initial indicator as to how the different PUF domains interact with cellular RNA.
Subsequently, the HIV protease effector domains used in Chapter 5 were substituted for the
split-GFP domains in order to assess whether the PUF domains were concurrently binding to
RNA using confocal microscopy. If the PUF domains did bind, split-GFP reconstitution was
expected to occur to a greater degree when using cognate RNA compared to the scrambled
control. Several variables were tested by changing the distance between PUF binding sites,
adding multiple sites, changing the orientations of the effector domains, and trying longer PUF
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domains. Select constructs from the confocal microscopy were used in plate-reader assays and
flow cytometry to establish whether cell populations could be differentiated based on the splitGFP reconstitution, as this would provide a useful method to distinguish live cell populations
based on RNA content.

In Chapter 7, the split-GFP domains were replaced with the split-TEV domains, which were
optimized using the same conditions as for the split-GFP domains. The split-TEV effector
domain activity is cleavage, which was expected to produce higher signals due to amplification
(one re-constituted split-TEV would cleave multiple substrates, whereas one re-constituted
split-GFP would not amplify the fluorescence signal produced). Furthermore, split-TEV was
essential to the original aim of the NASPER system, which was inducing cell death, since splitTEV domains have been used to cleave a custom TEV-cleavable procaspase-3 construct to
induce cell death[55]. The hypothesis was identical to that for Chapter 6 in that the system
would have higher cleavage when using cognate RNAs compared to the scrambled RNA
control. This system was further optimized using novel mutations of the split-TEV domains
which were intended to reduce non-specific activity and ultimately, the optimized lead
candidates were used to design PUF domains to target the hTERT mRNA. These constructs
were then tested in HeLa cells which overexpress this mRNA endogenously using Western
blot.

Chapter 8 describes experiments to test the use of lead split-TEV NASPER candidate to
activate the procaspase-3 construct and thereby induce apoptosis in cells containing the
cognate RNA. Cell viability, caspase-3 activity and mCherry fluorescence were used to monitor
the effects of the NASPER system in the HEK293T cells, and the changes in viability and
mCherry fluorescence upon procaspase-3 addition was used to compare the different constructs.
Troubleshooting of this system was carried out using Western blotting.
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CHAPTER 2 – GENERAL METHODS AND MATERIALS

2.1

REAGENTS AND SOLUTIONS

All chemical reagents were purchased from either Sigma-Aldrich, Qiagen, Gibco, New England
BioLabs or Thermofisher Scientific unless otherwise stated.

2.2

E. coli BACTERIAL STRAINS

Three E. coli strains were used throughout the thesis and are listed below:

1. DH5-α – K-12 strain derivative optimised for molecular cloning applications purchased
from New England BioLabs.
2. C41 – BL21(DE3) derivative modified for increased transformation efficiency,
recombinant protein expression and toxic protein resistance were from lab culture stock
propagated in house.
3. Bronze cells – lab stock DH5-α cells propagated in house.

In house propagated strains were prepared from a glycerol stock. They were inoculated in 5
mL of LB medium and incubated at 37°C in a shaking incubator overnight. The overnight
culture was diluted 1:100 in fresh LB medium and grown while shaking at 37°C until the OD600
reached 0.25 – 0.3. The cell suspension was transferred in to 50 mL tubes and cooled on ice
for 10 minutes before centrifugation at 4000 x g for 5 minutes at 4°C. The resulting cell pellets
were re-suspended thoroughly in 10 mL cold transformation buffer 1, combined together and
incubated on ice for 5 minutes before another round of centrifugation. The cell pellet was
subsequently re-suspended in transformation buffer 2 and incubated on ice for 15 minutes. The
bacterial aliquots were dispensed in 50 µL aliquots into pre-chilled microfuge tubes and stoed
at -80°C. Their competence was checked with heat shock transformation with the appropriate
plasmids and antibiotics.
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2.3

PLASMIDS AND PRIMERS

All primers and G-blocks were purchased from either Integrated DNA Technologies or
Thermofisher Scientific. Primer sequences are listed in the Appendices. Two plasmid vectors
were used in this thesis.

1. pRSET B – modified to to contain either an N-terminus 6xHis, GST or His-lipoyl
(Hislip) tag purification tag, and a TEV protease cleavage site for bacterial protein
expression
2. pcDNA 3.1(-) – modified to contain a Kozak sequence and initiator ATG downstream
of the CMV promoter used for mammalian protein expression.

G-block protein sequences used in this thesis are provided below:

1. HIVPR (bacterial)
GSPQITLWKRPLVTIKIEGQLKEALLDTGADDTVIEDINLPGKWKPKMIGGIGGFIKVRQYDQIIIEI
AGKKAIGTVLVGPTPINIIGRNLLTQIGATLNF**
2. p6-HIVPR (mammalian)
QGTVSFNFPQITLWKRPLVTIKIEGQLKEALLDTGADDTVIEDINLPGKWKPKMIGGIGGFIKVRQYD
QIIIEIAGKKAIGTVLVGPTPINIIGRNLLTQIGATLNF**
3. Flexible Linker
EGKSSGSGSESKST
4. 3xFLAG-N-TEV
DYKDHDGDYKDHDIDYKDDDDKGESLFKGPRDYNPISSTICHLTNESDGHTTSLYGIGFGPFIITNKH
LFRRNNGTLLVQSLHGVFKVKNTTTLQQHLIDGRDMIIIRMPKDFPPFPQKLKFREPQREERICLVTT
NFQT**
5. 3xHA-C-TEV
YPYDVPDYAGYPYDVPDYAYPYDVPDYAKSMSSMVSDTSCTFPSSDGIFWKHWIQTKDGQCGSPLVST
RDGFIVGIHSASNFTNTNNYFTSVPKNFMELLTNQEAQQWVSGWRLNADSVLWGGHKVFMV**

26

6. 3xFLAG-N-GFP
DYKDHDGDYKDHDIDYKDDDDKVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKF
ICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKF
EGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQ**
7. 3xHA-C-GFP
YPYDVPDYAGYPYDVPDYAYPYDVPDYAKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPD
NHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYK**
8. TEV-cleavable mCherry (TEV site underlined)
DYKDHDGDYKDHDIDYKDDDDKGGSGSENLYFQSGSGGMVSKGEEDNMAIIKEFMRFKVHMEGSVNGH
EFEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKW
ERVMNFEDGGVVTVTQDSSLQDGEFIYKVKLRGTNFPSDGPVMQKKTMGWEASSERMYPEDGALKGEI
KQRLKLKDGGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNEDYTIVEQYERAEGRHSTGGMDEL
YKYPYDVPDYAGYPYDVPDYAYPYDVPDYANLRQLLPS
9. N-terminus-FLAG TEV-cleavable Procaspase-3 (TEV site underlined)
DYKDHDGDYKDHDIDYKDDDDKMENTENSVDSKSIKNLEPKIIHGSESMDSGISLDNSYKMDYPEMGL
CIIINNKNFHKSTGMTSRSGTDVDAANLRETFRNLKYEVRNKNDLTREEIVELMRDVSKEDHSKRSSF
VCVLLSHGEEGIIFGTNGPVDLKKITNFFRGDRCRSLTGKPKLFIIQACRGTELDCGIETENLYFQSG
VDDDMACHKIPVEADFLYAYSTAPGYYSWRNSKDGSWFMFIQSLCAMLKQYADKLEFMHILTRVNRKV
ATEFESFSFDATFHAKKQIPCIVSMLTKELYFYH**
10. PUF18
GRSRLLEDFRNNRYPNLQLREIAGHIMEFSQDQHGSRFIQLKLERATPAERQLVFNEILQAAYQLMVD
VFGSYVIRKFFEFGSLEQKLALAERIRGHVLSLALQMYGCRVIQKALEFIPSDQQNEMVRELDGHVLK
CVKDQNGSHVVEKCIECVQPQSLQFIIDAFKGQVFALSTHPYGSRVIRRILEHCLPDQTLPILEELHQ
HTEQLVQDQYGSYVIEHVLEHGRPEDKSKIVAEIRGNVLVLSQHKFANNVVQKCVTHASRTERAVLID
EVCTMNDGPHSALYTMMKDQYASYVVRKMIDVAEPGQRKIVMHKIRPHIATLRKYTYGKHILAKLEKY
YMKNGVDLG**
11. PUF28
GRSRLLEDFRNNRYPNLQLREIAGHIMEFSQDQHGSRFIRLKLERATPAERQLVFNEILQAAYQLMVD
VFGSYVIEKFFEFGSLEQKLALAERIRGHVLSLALQMYGNRVIQKALEFIPSDQQNEMVRELDGHVLK
CVKDQNGSHVVRKCIECVQPQSLQFIIDAFKGQVFALSTHPYGSRVIERILEHCLPDQTLPILEELHQ
HTEQLVQDQYGNYVIQHVLEHGRPEDKSKIVAEIRGNVLVLSQHKFASYVVRKCVTHASRTERAVLID
EVCTMNDGPHSALYTMMKDQYASYVVEKMIDVAEPGQRKIVMHKIRPHIATLRKYTYGKHILAKLEKY
YMKNGVDLG**
12. PUF19
GRSRLLEDFRNNRYPNLQLREIAGHIMEFSQDQHGSRFIQLKLERATPAERQLVFNEILQAAYQLMVD
VFGSYVIRKFFEFGSLEQKLALAERIRGHVLSLALQMYGCRVIQKALEFIPSDQQNEMVRELDGHVLK
CVKDQNGSHVVEKCIECVQPQSLQFIIDAFKGQVFALSTHPYGSRVIRRILEHCLPDQTLPILEELHQ
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ALYTMMKDQYACYVVQKMIDVAEPGQRKIVMHKIRPHTEQLVQDQYGSYVIEHVLEHGRPEDKSKIVA
EIRGNVLVLSQHKFANNVVQKCVTHASRTERAVLIDEVCTMNDGPHSALYTMMKDQYASYVVRKMIDV
AEPGQRKIVMHKIRPHIATLRKYTYGKHILAKLEKYYMKNGVDLG**
13. PUF29
GRSRLLEDFRNNRYPNLQLREIAGHIMEFSQDQHGSRFIRLKLERATPAERQLVFNEILQAAYQLMVD
VFGSYVIEKFFEFGSLEQKLALAERIRGHVLSLALQMYGNRVIQKALEFIPSDQQNEMVRELDGHVLK
CVKDQNGSHVVRKCIECVQPQSLQFIIDAFKGQVFALSTHPYGSRVIERILEHCLPDQTLPILEELHQ
ALYTMMKDQYACYVVQKMIDVAEPGQRKIVMHKIRPHTEQLVQDQYGNYVIQHVLEHGRPEDKSKIVA
EIRGNVLVLSQHKFASYVVRKCVTHASRTERAVLIDEVCTMNDGPHSALYTMMKDQYASYVVEKMIDV
AEPGQRKIVMHKIRPHIATLRKYTYGKHILAKLEKYYMKNGVDLG**
14. PUF110
GRSRLLEDFRNNRYPNLQLREIAGHIMEFSQDQHGSRFIQLKLERATPAERQLVFNEILQAAYQLMVD
VFGSYVIRKFFEFGSLEQKLALAERIRGHVLSLALQMYGCRVIQKALEFIPSDQQNEMVRELDGHVLK
CVKDQNGSHVVEKCIECVQPQSLQFIIDAFKGQVFALSTHPYGSRVIRRILEHCLPDQTLPILEELHQ
NVLVLSQHKFANNVVQKCVTHASRTERAVLIDEVCTMNDGPHSALYTMMKDQYACYVVQKMIDVAEPG
QRKIVMHKIRPHTEQLVQDQYGSYVIEHVLEHGRPEDKSKIVAEIRGNVLVLSQHKFANNVVQKCVTH
ASRTERAVLIDEVCTMNDGPHSALYTMMKDQYASYVVRKMIDVAEPGQRKIVMHKIRPHIATLRKYTY
GKHILAKLEKYYMKNGVDLG**
15. PUF210
GRSRLLEDFRNNRYPNLQLREIAGHIMEFSQDQHGSRFIRLKLERATPAERQLVFNEILQAAYQLMVD
VFGSYVIEKFFEFGSLEQKLALAERIRGHVLSLALQMYGNRVIQKALEFIPSDQQNEMVRELDGHVLK
CVKDQNGSHVVRKCIECVQPQSLQFIIDAFKGQVFALSTHPYGSRVIERILEHCLPDQTLPILEELHQ
NVLVLSQHKFANNVVQKCVTHASRTERAVLIDEVCTMNDGPHSALYTMMKDQYACYVVQKMIDVAEPG
QRKIVMHKIRPHTEQLVQDQYGNYVIQHVLEHGRPEDKSKIVAEIRGNVLVLSQHKFASYVVRKCVTH
ASRTERAVLIDEVCTMNDGPHSALYTMMKDQYASYVVEKMIDVAEPGQRKIVMHKIRPHIATLRKYTY
GKHILAKLEKYYMKNGVDLG**
16. Endogenous Cognate PUF28
GRSRLLEDFRNNRYPNLQLREIAGHIMEFSQDQHGSRFIRLKLERATPAERQLVFNEILQAAYQLMVD
VFGCYVIQKFFEFGSLEQKLALAERIRGHVLSLALQMYGNRVIQKALEFIPSDQQNEMVRELDGHVLK
CVKDQNGSHVVEKCIECVQPQSLQFIIDAFKGQVFALSTHPYGSRVIRRILEHCLPDQTLPILEELHQ
HTEQLVQDQYGSYVIEHVLEHGRPEDKSKIVAEIRGNVLVLSQHKFASYVVRKCVTHASRTERAVLID
EVCTMNDGPHSALYTMMKDQYASYVVEKMIDVAEPGQRKIVMHKIRPHIATLRKYTYGKHILAKLEKY
YMKNGVDLG**
17. Endogenous Cognate PUF18
GRSRLLEDFRNNRYPNLQLREIAGHIMEFSQDQHGSRFIRLKLERATPAERQLVFNEILQAAYQLMVD
VFGCYVIQKFFEFGSLEQKLALAERIRGHVLSLALQMYGSRVIEKALEFIPSDQQNEMVRELDGHVLK
CVKDQNGNHVVQKCIECVQPQSLQFIIDAFKGQVFALSTHPYGSRVIERILEHCLPDQTLPILEELHQ
HTEQLVQDQYGNYVIQHVLEHGRPEDKSKIVAEIRGNVLVLSQHKFACNVVQKCVTHASRTERAVLID
EVCTMNDGPHSALYTMMKDQYASYVVEKMIDVAEPGQRKIVMHKIRPHIATLRKYTYGKHILAKLEKY
YMKNGVDLG**
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18. Endogenous Scrambled PUF28
GRSRLLEDFRNNRYPNLQLREIAGHIMEFSQDQHGSRFIELKLERATPAERQLVFNEILQAAYQLMVD
VFGSYVIRKFFEFGSLEQKLALAERIRGHVLSLALQMYGSRVIRKALEFIPSDQQNEMVRELDGHVLK
CVKDQNGCYVVQKCIECVQPQSLQFIIDAFKGQVFALSTHPYGSRVIERILEHCLPDQTLPILEELHQ
HTEQLVQDQYGNYVIQHVLEHGRPEDKSKIVAEIRGNVLVLSQHKFASNVVEKCVTHASRTERAVLID
EVCTMNDGPHSALYTMMKDQYASYVVRKMIDVAEPGQRKIVMHKIRPHIATLRKYTYGKHILAKLEKY
YMKNGVDLG**
19. Endogenous Scrambled PUF18
GRSRLLEDFRNNRYPNLQLREIAGHIMEFSQDQHGSRFIELKLERATPAERQLVFNEILQAAYQLMVD
VFGNYVIQKFFEFGSLEQKLALAERIRGHVLSLALQMYGCRVIQKALEFIPSDQQNEMVRELDGHVLK
CVKDQNGSHVVEKCIECVQPQSLQFIIDAFKGQVFALSTHPYGSRVIRRILEHCLPDQTLPILEELHQ
HTEQLVQDQYGCYVIQHVLEHGRPEDKSKIVAEIRGNVLVLSQHKFASNVVEKCVTHASRTERAVLID
EVCTMNDGPHSALYTMMKDQYANYVVQKMIDVAEPGQRKIVMHKIRPHIATLRKYTYGKHILAKLEKY
YMKNGVDLG**

2.4

BUFFERS FOR MOLECULAR BIOLOGY

Several homemade buffers and solutions were used across all Chapters for general molecular
biology and are listed below:

1. 50X TAE Buffer (Stock) – 242 g Trizma Base, 57.1 mL glacial acetic acid and 18.6g
EDTA were made up to a final volume of 1 L in Milli-Q water. Buffer was stored at
room temperature and used at 1X for DNA or RNA agarose gel electrophoresis and
running buffer.
2. Ampicillin (Amp) Stock – 50 mg/ml in water. Sterile filtered and used at 1:1000
dilution.
3. Kanamycin (Kan) Stock – 50 mg/ml in water. Sterile filtered and used at 1:1000
dilution.
4. Isopropylthiogalactoside (IPTG) – 1 M in water, sterile filtered
5. Dithiothreitol (DTT) – 1M in water, sterile filtered.
6. Transformation Buffer 1 – 30 mM KOAc pH 5.8, 100 mM RbCl, 10 mM CaCl2, 50 mM
MnCl2, 3 mM hexamine cobalt chloride, 15% (v/v) glycerol
7. Transformation Buffer 2 – 10 mM MOPS pH 6.5, 10 mM RbCl, 75 mM CaCl2, 15%
(v/v) glycerol
8. 2xYT Bacterial Culture Medium – 1.6% (w/v) tryptone, 1.0% (w/v) yeast extract,
0.5% (w/v) NaCl (Formedium)
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9. Miniprep Lysis Buffer – 200 mM NaOH, 1% (w/v) SDS
10. Miniprep Neutralisation Buffer – 4.2 M guanidium-HCl, 0.9 M KOAc, pH 4.8 with
AcOH
11. Miniprep Wash Buffer – 10 mM Tris-HCl pH 7.5, 80% (v/v) EtOH
12. Western Blot Wash Buffer – 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.05% Tween-20
13. Western Blot Blocking Buffer - 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.05% Tween20, 5% (w/v) skim milk (Marvel)

2.5

CLONING

2.5.1

RESTRICTION ENZYMES

Restriction enzyme-based cloning was only used for bacterial expression vector pRSET B.
DNA sequences were purchased as G-blocks with BamHI and HindIII sites added at the 5’ and
3’ ends, respectively, for restriction enzyme cloning into pRSET B vectors modified to contain
either an N-terminus 6xHis, GST or His-lipoyl (Hislip) tag purification tag, and a TEV
protease cleavage site. Enzymatic cloning was carried out as follows:

2 µg of pRSET B expression vectors were linearized using FastDigest BamHI and HindIII in
FastDigest reaction buffer (Thermofisher Scientific) in a 20 µL reaction volume at 37°C for 1
hour. Subsequently, FastAP (Thermo Fisher Scientific) was added to the reaction and
incubated at 37°C for 10 minutes. All enzymes were inactivated together by incubation at 85°C
for 10 minutes. The digest was purified using agarose gel electrophoresis and gel extraction. 60
ng of G-block was digested in a 10 µL reaction, without the use of FastAP, in the same manner
as the expression vectors, however, the digested fragment was instead purified using the
QIAquick PCR Purification Kit (Qiagen) according to the manufacturer’s instruction. Ligation
of the digested PUF1 G-block into the digested expression vectors was carried out using a 3:1
ratio

of

insert:vector,

calculated

using

NEBioCalculator

(https://nebiocalculator.neb.com/#!/ligation), using Anza T4 DNA Ligase (Thermo Fisher
Scientific) for 15 minutes at room temperature. The ligation mixture was used to transform
DH5-α competent cells.
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Colonies were picked the next day, and colony PCR was used to check for the presence of
insert in selected colonies. Colony PCR was carried out in 10 µL reactions using DreamTaq
Polymerase (Thermo Fisher Scientific) at a final concentration of 0.5 U/µL, DreamTaq Green
PCR Master Mix, appropriate forward and reverse primers at a final concentration of 10 µM
and water. The PCR protocol was as follows:

1. 95°C for 30 seconds
2. 30 cycles of
a. 95°C for 30 seconds
b. 55°C for 30 seconds
c. 72°C for 60 seconds
3. 72°C for 5 minutes
4. Hold indefinitely at 10°C

Colonies positive for insert were grown in LB broth with ampicillin, at a final concentration
of 100 µg/ml, at 37°C overnight at 200 rpm shaking. Plasmid DNA was extracted the next
day using the QIAprep Spin Miniprep Kit (Qiagen) as per the manufacturer’s instructions and
DNA was eluted in 50 µL of plasmid elution buffer. Concentration was determined using
absorbance at 260 nm on a NanoDrop2000 (Thermo Fisher Scientific). Sanger sequencing was
used to verify the sequence of this extracted plasmid DNA (Eurofins).

2.5.2

SITE-DIRECTED MUTAGENESIS

Site-directed mutagenesis was carried out using the QuikChange Site-Directed Mutagenesis
protocol. In brief, primers were designed using the QuikChange Primer Design Software
(Agilent) and can be found in the Appendices. Subsequently, PCR reactions were set up
according to the protocol, using 50 ng of template plasmid per reaction. PCR was run using
the following settings:

1. 95°C for 30 seconds
2. 30 cycles of
a. 95°C for 30 seconds
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b. 55°C for 60 seconds
c. 68°C for 600 seconds
3. 68°C for 7 minutes
4. Hold indefinitely at 10°C

Reactions were incubated with 2 µL FastDigest DpnI (ThermoFisher) for 3 hours at 37 °C and
subsequently transformed into lab made bronze E. coli cells as mentioned previously.
Transformed cells were plated on ampicillin-containing LB agar plates and incubated overnight
at 37°C.

Colonies were picked the next day for miniprep, and the resulting DNA were sent for Sanger
sequencing and sequences were verified prior to use.

2.5.3

NEBUILDER

Figure 2.1: Flow chart for NEBuilder assembly used in this thesis.

The NEBuilder HiFi technology was used to assemble the various cloned G-blocks into the
required fusion transgenes. Each assembly included the required G-block fragments and
insertion vector (pcDNA3.1 containing a Kozak consensus sequence), thereby resulting in 2, 3,
4, 5 and 6 fragment assemblies. The flowchart above shows the different techniques used for
different assemblies.
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2.5.3.1

PRIMER DESIGN AND FRAGMENT AMPLIFICATION

Primers used to amplify fragments for subsequent NEBuilder assembly must contain overlaps
corresponding to adjacent fragments in order to anneal and fuse different fragments. Such
primers were designed initially using the NEBuilder Assembly Tool, and then manually to
tweak overlap length and sequences. Overlap lengths ranged from 20 – 35 nucleotides.

PCR for fragment amplification was carried out using Q5 polymerase (New England BioLabs)
as per the manufacturer’s instructions using 1 µL of template in a 25 µL reaction volume. The
following cycling conditions were used:

1. 99°C for 30 seconds
2. 30 cycles of
a. 99°C for 30 seconds
b. Appropriate Tm for primer pair for 30 seconds
c. 72°C for 90 seconds
3. 72°C for 5 minutes
4. Hold indefinitely at 10°C

5 µL of 6X DNA loading dye was added to each reaction and the mixture was run on a 1) 1%
TAE-agarose gel for fragments larger than 200 bp or 2) 3% TAE-agarose gel for smaller
fragments as described. The band corresponding to the fragment was excised and gel purified
as mentioned.

2 µg of the vector, Fragment A, was linearised using FastDigest BamHI and HindIII in
FastDigest reaction buffer (Thermofisher Scientific) in a 20 µL reaction volume at 37°C for 1
hour. This fragment was then purified the same way as fragments amplified by PCR.

33

2.5.3.2

FUSION PCR

Fusion PCR was used to combine single fragments when the total number of fragments to
assemble exceeded 3. This PCR was carried out in two stages.

STAGE 1

A 25 µL Q5 polymerase PCR reaction was set up according to the manufacturer’s instructions,
without the primers or template. The fragments requiring fusion were added to the reaction
mixture in a 1:1 molar ratio. This mixture was thermocycled using the following 2-step
protocol:

1. 99°C for 30 seconds
2. 15 cycles of
a. 99°C for 30 seconds
b. 72°C for 120 seconds
3. 72°C for 5 minutes
4. Hold indefinitely at 10°C

STAGE 2

The mixture was removed from the thermocycler after Stage 1, and the appropriate forward
and reverse primers, corresponding to the 5’ and 3’ fragments respectively, were added to the
reaction mixture. This mixture was then thermocycled using the following 2-step protocol:

1. 99°C for 30 seconds
2. 30 cycles of
a. 99°C for 30 seconds
b. 72°C for 120 seconds
3. 72°C for 5 minutes
4. Hold indefinitely at 10°C
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Once both stages were complete, the mixtures were treated, and DNA was gel purified.

2.5.3.3

NEBUILDER PROTOCOL

The NEBuilder assembly reactions were set up as follows:

1. 6 µL 2X NEBuilder HiFi DNA Assembly Master Mix (New England BioLabs)
2. 1 ng Fragment A (vector)
3. Other required fragments in a 1:7 molar ratio
4. Nuclease-free water up to 12 µL

Each reaction mixture was incubated at 50°C for 30 minutes, after which 5 µL of the mixture
was used to transform DH5-alpha competent E. coli cells (New England BioLabs) by heatshock as mentioned. Transformed cells were then plated on ampicillin or kanamycin LB-agar
plates and incubated overnight at 37°C. Colony PCR was used to verify the presence of the
transgene in the vector as described previously and positive colonies were grown, DNA
miniprepped and DNA sequenced to ensure correct transgene insertion.

2.6

AGAROSE GEL ELECTROPHORESIS AND EXTRACTION

DNA or RNA were separated using 0.8 – 3% (w/v) agarose (Appleton Woods) gels in 1X TAE
buffer with 1x SYBR Safe reagent. Gels were run in 1X TAE buffer at 110 V for 25 minutes
and were subsequently imaged by blue light illumination. Bands corresponding to the DNA of
required length were excised and extracted from the agarose gel under blue light illumination.
DNA in the gel was purified using the QIAquick Gel Extraction Kit (Qiagen) as per the
manufacturer’s instructions.

2.7

TRANSFORMATION OF BACTERIAL CELLS

Transformation mixture was added to cells at a maximum of 5 µL and incubated on ice for 20
minutes. Cells were then heated at 42°C for 30 seconds and returned to ice for 2 minutes. 200
µL of SOC Outgrowth Medium was added to the cells which were then incubated with shaking

35

at 37°C for 1 hour. Cells were then plated on ampicillin LB-agar plates and incubated overnight
at 37°C.

2.8

DNA MINIPREPS

Bacterial colonies grown on agar plates were picked and incubated overnight at 37°C with
shaking in 2xYT or LB medium. Cells were harvested by centrifugation at 4000 rpm for 5
minutes. The resulting cell pellets were re-suspended in P1 miniprep buffer with RNAse A
(Qiagen). Pellets were vortexed till homogenous. Subsequently, miniprep lysis buffer was added
and the tube was agitated till the solution became clear. Then, miniprep neutralization buffer
was added, mixed and the precipitate pelleted by centrifugation at 13,000 rpm for 5 minutes.
The supernatant was passed through a DNA spin column (NBS Biologicals) by centrifugation
at 7000 rpm for 1 minute. The column was washed twice in miniprep was buffer by
centrifugation at 13,000 rpm for 1 minute. Trace amounts of wash buffer were removed by an
additional round of centrifugation at 13,000 rpm for 1 minute. The columns were placed in
fresh 1.5 mL microfuge tubes and DNA was eluted in 50 µL endotoxin-free elution buffer
(Qiagen)

2.9

SMALL-SCALE PROTEIN EXPRESSION

C41 (DE3) competent E. coli cells (Lucigen) were transformed with the required plasmid DNA
using heat-shock as previously described and plated on ampicillin LB-agar plates at 37°C
overnight. A single colony was picked and grown in 15 ml of 2xYT broth, with ampicillin at a
final concentration of 100 µg/ml, at 37°C with shaking at 200 rpm till the OD600nm = 1. Once
this was achieved, cells were induced using 1 mM IPTG and grown for a further 3 hours at
37°C with shaking at 200 rpm. Cells were then harvested by centrifugation at 5,000 x g for 10
min at 4°C and the supernatant discarded.

Harvested cells were lysed by re-suspending with 1 ml BugBuster Mastermix Protein
Extraction Reagent (Novagen) and incubated for 20 min at room temperature with shaking.
A sample was removed at this stage for analysis (total cell protein) The solution was pelleted
at 13,000 x g for 10 minutes at room temperature. An aliquot of the supernatant was removed

36

at this stage for analysis (soluble protein). Supernatant was discarded and the pellet was resuspended in 10% Bugbuster and centrifuged at 13,000 x g for 10 minutes at room temperature.
This step was repeated once more. Supernatant was discarded and the pellet was re-suspended
in 100% Bugbuster. An aliquot of this was used for analysis (insoluble protein).

2.10

EXPRESSION AND PURIFICATION OF TEVPR

C41 (DE3) competent E. coli cells (Lucigen) were transformed with His-TEVPR plasmid DNA
using heat-shock as previously described and plated on ampicillin LB-agar plates at 37°C
overnight. All colonies on the plate were scraped into 700 ml of 2xYT broth, with ampicillin
at a final concentration of 100 µg/ml, at 37°C with shaking at 200 rpm till the OD600nm = 0.6.
Once this was achieved, cells were induced using 1 mM IPTG and grown overnight at 20°C
with shaking at 200 rpm. Cells were then pelleted at 35,000 x g for 10 minutes and the
supernatant discarded.

Pellets were re-suspended in lysis buffer (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 20 mM
Imidazole), at 2 ml/g of cell paste, with 1 mM DTT and SigmaFast protease inhibitor cocktail
tablet, EDTA-free (SigmaAldrich), at a 1X final concentration, freshly added. Cells were
homogenised using the EmulsiFlex homogeniser under 3 rounds of pressure at 10,000 psi.
Homogenised cells were centrifuged at 35000 x g for 35 minutes and the supernatant containing
the soluble fraction was collected.

Soluble fraction was applied in upflow to a 5 ml HisTrap Excel column (GE Healthcare)
equilibrated with IMAC wash buffer (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 20 mM Imidazole
and 1 mM DTT freshly added) at a flow rate of 2 ml/min using an AKTA Pure FPLC system
(GE Healthcare). The column was washed in 10 column volumes of IMAC wash buffer and
then eluted in 2 ml fractions using IMAC elution buffer (50 mM Tris-HCl pH 8.0, 300 mM
NaCl, 300 mM imidazole and 1 mM DTT freshly added). 10 µL aliquots of soluble, flowthrough, wash (only first and last) and elution fractions (chromatogram selected) were added
to 2 µL of 6x SDS loading dye and boiled for 10 minutes. These samples were run on a 15%
SDS-PAGE gel in 1x TGS running buffer at 80V for 20 minutes and 180V for 50 minutes.
Gels were stained with Coomassie Brilliant Blue stain and imaged under white light. Fractions
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containing protein were pooled and dialysed into TEV cleavage buffer (50 mM Tris-HCl pH
8.0, 300 mM NaCl and 1 mM DTT freshly added) and flash frozen in 25% glycerol for long
term storage at -80°C.

2.11

MAMMALIAN CELL CULTURE, SEEDING, AND TRANSFECTION

HEK293T or HeLa cells were cultured in 12 mL of cell growth medium consisting of Dulbecco’s
Modified Eagles Medium (DMEM) GlutaMax supplemented with 10% fetal bovine serum
(FBS) and 1X penicillin/streptomycin in T75 flasks. Cells were incubated at 37°C, 5% CO2
and upon reaching confluency they were subcultured at the required ratio. For subculturing,
cells were washed once with 1X PBS and detached from the surface using trypsin-EDTA. The
trypsin was subsequently inactivated in growth medium and subcultured.

For seeding, cells were washed once in 1X PBS and detached from the surface with trypsin.
Trypsin was inactivated with growth medium, and the cells were collected and counted using
the Scepter Cell Counter (Millipore) with a 60 µM sensor. Cells were diluted to the required
density and seeded in the required vessel. Several seeding vessels were used and are shown in
Table 1.

Seeding Vessel

Cell Density (cells/well)

Growth Media Volume (mL)

12-well plate

300,000

1

24-well plate

50,000

0.5

96-well plate

10,000

0.1

iBidi 8-well slide

90,000

0.3

10-cm dish

3,000,000

10

Table 2.1: Seeding vessels, densities and volumes used throughout this thesis.

For transfection, Lipofectamine 2000 was used according to the manufacturer’s protocol. In
brief, the requires mass of DNA was added to the appropriate volume of reduced serum OptiMEM medium, and separately, the required volume of lipofectamine 2000, at a 1:3
DNA:lipofectamine, was added to the appropriate volume of Opti-MEM medium. These were
incubated for 5 minutes at room temperature and subsequently mixed at a 1:1 ratio and
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incubated for a further 15 minutes at room temperature. The required volume of the mixture
was then dispensed dropwise to the cells. Various DNA masses were used depending on the
nature of the transfection and these are listed below:

Seeding Vessel

Number of Plasmids

DNA Mass per well (ng)

12-well plate

1

500

12-well plate

3

1000

24-well plate

1

250

24-well plate

3

500

24-well plate

4

685

96-well plate

4

115

iBidi 8-well slide

3

300

10-cm dish

1

20,000

Table 2.2: Seeding vessels, number of plasmids and DNA mass used for transfections.

Transfected cells were incubated for either 24 or 48 hours as required and subsequently
analysed as needed.

2.12

SDS-PAGE AND WESTERN BLOT

Cells were harvested on ice for 15 minutes using RIPA buffer supplemented with EDTA-free
cOmplete protease inhibitor pill (SigmaAldrich), 15 µL BaseMuncher endonuclease (abcam)
and when required, darunavir (Sigma) at a final concentration of 100 µM. Harvested cells were
then further lysed using SDS-PAGE loading buffer and boiled at 99°C for 20 minutes.

Once boiled, the samples were allowed to cool to room temperature and were loaded on a 12%
SDS-PAGE gel along with the Spectra Multicolor Broad Range Protein Ladder
(ThermoFisher). Samples were run for 10 minutes at 80V and then at 45 minutes for 180V in
1X TGS running buffer.

For solely SDS-PAGE gels, the gels were stained with Coomassie brilliant blue G-250 stain
and imaged in white light using the LiCor Odyssey Fc System (Licor).
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For Western blots, gels were then transferred onto nitrocellulose membrane, which were
activated in methanol for 1 minute and then washed in 1X transfer buffer, for 35 mins at 15V
using a Pierce Power Blot Cassette (ThermoFisher).

Blots were blocked in Western blot blocking buffer and subsequently probed with the
appropriate primary antibody at 1:1000 dilution at room temperature for 2 hours with rotation.
Blots were then washed 3x for 5 mins each in and subsequently incubated with the appropriate
HRP-conjugated secondary antibody at a 1:1000 dilution for 1 hour at room temperature with
rotation. Blots were washed 3x once again and developed using either Amersham ECL or
Amersham ECL Select (Cytiva Life Sciences) for 1 minute at room temperature and imaged
with a 2-minute exposure time for chemiluminescent detection, or 30 seconds for detection of
ladders at 700 nm using the LiCor Odyssey Fc System (Licor). Bands were quantified using
the ImageJ. Blots were also probed for housekeeping genes as a loading control. The same
probing method as mentioned previously was carried out using primary antibodies against
hsp60 or GAPDH.

2.13

FLUORESCENCE MICROSCOPY

Cells were analysed when needed for mCherry expression using the FLoid Cell Imaging Station
(ThermoFisher). Images were obtained at 20x objective magnification using the excitation
wavelength of 586 nm and an emission wavelength of 646 nm.
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CHAPTER 3 – CELL-FREE STUDY OF PUF PROTEINS

3.1

INTRODUCTION

As mentioned previously, the PUF proteins are modular RNA-binding proteins wherein each
module binds a single base of RNA in a highly specific manner. However, there are different
methods of designing these proteins. Abil et al.[90] use the native PUF architecture where there
are eight PUF repeats which specifically bind to an eight-nucleotide sequence in a one-to-one
manner. The amino acids at the 12th and 16th positions of each repeat determines specificity
of the repeat for a particular RNA nucleotide. This yields a total of four potential modules per
position and thus thirty-two modules in total (for eight repeats).

Adamala et al.[103] on the other hand have used the architecture of native PUF proteins to
develop four Pumilio-based assembly (‘Pumby’) modules. Instead of having distinct modules
with unique sequences at each of the 8 positions, they have created a one-module-per-base
system where the four resulting modules can be concatenated to target the RNA required.

Both these methods appear equally valid for generating sequence specific PUF proteins;
however, the method by Abil et al.[90] has been used more widely[90.102,108,109,110] and has been
shown to work under many different conditions in vitro and in cellulo. Hence, this method was
selected for further here. Initially, two PUF proteins were designed to target two adjacent sites
on the hTERT intron RNA as would be required in the final NASPER system. Thus, the aim
of this Chapter was to assess whether engineered PUF proteins do indeed function as expected
from the literature.

Several methods exist for detecting protein-RNA interactions in vitro, but the two most
commonly used with the PUF proteins are the electrophoretic mobility shift assay (EMSA)
and the fluorescence polarisation assay (FP). Typically, EMSA assays require radio-isotopic
labelling of the probe RNA such that the protein-bound RNA is shifted to a higher molecular
weight relative to unbound RNA on a polyacrylamide gel[116]. Due to the challenges associated
with the use of radio-isotopes, I opted for an FP assay, which has been used previously to
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assess PUF-RNA binding in vitro[90,103] and is routinely used in the Itzhaki lab to monitor
protein-protein interactions. The principle of the FP assay is shown schematically in Figure
3.1.

Figure 3.1: Mechanism of binding measurement using the FP assay.

When unbound, a fluorescently labelled RNA molecule will have a low FP in solution due to
rapid tumbling; upon binding of the PUF protein, the FP signal increases in a concentrationdependent manner allowing the analysis of binding to be carried out[117]. This assay would not
only allow me to test the binding of each individual PUF, but it would also allow me to
monitor the binding of a single RNA molecule containing two cognate sites to their two
respective PUF proteins. When two PUF proteins are bound simultaneously to the labelled
RNA, the FP signal will be significantly higher than when only one PUF protein is bound.
Thus, I could get an initial idea on the feasibility of the NASPER system design by checking
whether two PUF proteins can bind simultaneously to a single stretch of RNA.

Indeed, Qiu et al.[93] showed that the concurrent binding of two PUF proteins to a tandem
repeat of cognate sites is possible using X-ray crystallography (Figure 3.2). Figure 3.2 shows a
PUF protein that can recognise the UAAU motif, and two molecules of this PUF protein can
bind onto a single RNA containing two UAAU motifs separated by a four-nucleotide spacer.
However, this study uses native PUF1 from S. pombe which recognises four base pair sequences
rather than the canonical PUF proteins that recognise eight base pair sequences[118].
Additionally, in this case two molecules of the same PUF protein are binding the single RNA,
whereas in my NASPER system, one molecule of each of two different PUF proteins would
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need to bind to a single RNA. However, despite these differences, the study by Qiu et al.[93]
provides confidence that the designed PUF proteins should be able to bind simultaneously to
the RNA.

Figure 3.2: Crystal structure of two molecules of S. pombe PUF1 bound to one RNA molecule (PDB: 6NY5).
RNA molecule is shown in cyan with interacting nucleotides highlighted in magenta.
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3.2

METHODS AND MATERIALS

3.2.1 LARGE-SCALE EXPRESSION AND PURIFICATION

C41 (DE3) competent E. coli cells were transformed with GST-PUF1 plasmid DNA using
heat-shock as previously described and plated on ampicillin LB-agar plates at 37°C overnight.
All colonies on the plate were scraped into 700 ml of 2xYT broth, with ampicillin at a final
concentration of 100 µg/ml, at 37°C with shaking at 200 rpm till the OD600nm = 1. Once this
was achieved, cells were induced using 1 mM IPTG and grown for a further 3 hours at 37°C
with shaking at 200 rpm. Cells were then pelleted at 5,000 x g for 10 minutes and the
supernatant discarded.

Cells were re-suspended in lysis buffer (50 mM Tris-HCl pH 8.0, 300 mM NaCl), at 2 ml/g of
cell paste, with 1 mM DTT and SigmaFast protease inhibitor cocktail tablet, EDTA-free
(SigmaAldrich), at a 1X final concentration, freshly added. Cells were homogenised using the
EmulsiFlex homogeniser (Avestin) at 10,000 psi for 5 rounds. Homogenised cells were
centrifuged at 35,000 x g for 35 minutes and the supernatant containing the soluble fraction
was collected.

3.2.1.1

OPTIMISATION OF PURIFICATION

1. Batch Purification on GST resin: 4 ml of Amintra Glutathione Affinity Resin (Expedeon)

was equilibrated in 46 ml of GST wash buffer (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 1 mM
DTT freshly added). Resin was centrifuged at 1000 x g for 5 min and the supernatant
discarded. The soluble fraction was applied to the resin and left to rotate at 4°C for 1 h. The
mixture was centrifuged as before and the supernatant was collected as the ‘unbound’ fraction.
The resin was then washed using the GST wash buffer and centrifuged as before repeatedly
till the A280nm of the supernatant was less than 0.1. 2 ml of the wash buffer was then added to
the resin to which TEV protease was added at a final concentration of 2 µM. The resin was
then left to rotate at 4°C overnight. Cleaved protein was then eluted in 2 ml fractions using
the GST wash buffer until the A280nm of the fraction was less than 0.1. 10 µL aliquots of the
unbound, wash (first and last only) and elution fractions were added to 2 µL of 6x SDS loading
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dye and boiled for 10 minutes. These samples were run on a 15% SDS-PAGE gel in 1x TGS
running buffer at 80V for 20 minutes and 180V for 50 minutes. Gels were stained with
Coomassie Brilliant Blue stain and imaged using white light. Fractions containing protein were
pooled, concentrated using a 10 kDa MWCO concentrator (VWR) and flash frozen in 10%
glycerol for long term storage at -80°C.

2. Purification on GST resin with nuclease treatment: As the PUF proteins contained a

significant amount of RNA/DNA contamination the following modification was made: A

modified lysis buffer including 1 mM EDTA and 5mg DNase I (Sigma Aldrich) was
used to aid lysis of the cells used in this method. To the soluble fraction obtained,
RNase Cocktail Enzyme Mix (Thermo Fisher Scientific) was added at a 200x dilution
and left to rotate at room temperature for 2 hours or at 4°C overnight. Both were then
applied to the equilibrated GST resin and purified as described in 1.

3.2.2 OPTIMISATION

OF

FLUORESCENCE

POLARISATION

ASSAY
1. Using FP Buffer[90,102]: RNA oligonucleotides with 6-FAM attached to the 5’ end (sequences
provided in Appendix A, Integrated DNA Technologies) were diluted to the required
concentration (3x final concentration, i.e 3 nM) in FP buffer (20 mM Tris-HCl pH 8.0, 0.5
mM EDTA, 50 mM KCl, 0.01% Tween-20 and 0.1 mg/ml BSA freshly added). 20 µL of
the 3x RNA was added to 20 wells of an OptiPlate 384-well Black Microplate (Perkin
Elmer). To the first well, protein was also added at the required concentration (as
determined by a Bradford assay) and the final reaction volume was made up to 60 µL
using FP buffer (in the first well). A 2/3rd dilution series of PUF1 across 21 wells was
made. Control wells included only RNA and only protein. All experiments were conducted
in triplicate. The plate was sealed and incubated at room temperature for 30 minutes and
measured using a Clariostar Microplate Reader (BMG). Gain and focal height were
automatically adjusted prior to each run. An excitation wavelength of 495 nm and emission
wavelength of 520 nm were used. Data were fitted on GraphPad Prism 5 (GraphPad) using
a one-site binding equation provided by GraphPad:

" =

!!"# × $
(where Y is
%$ & $
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fluorescence polarisation, X is concentration of free ligand, Bmax is maximum binding, and

Kd is the dissociation constant.
2. Using PBS: Instead of using FP buffer, PBS either at pH 6.0 or 7.4 was used containing
0.5 mM EDTA, 0.01% Tween-20 and 0.1 mg/ml BSA was freshly added.

3. Using PB: Instead of using FP buffer, PB (20 mM sodium phosphate pH 6.0, 1 mM
EDTA, 0.01% Tween-20, 1 mM DTT and 0.1 mg/ml BSA both freshly added) was used
with either 0.8 mM or 900 mM NaCl (HIVPR assay buffer).

3.2.3 RNA TARGETS USED
RNA targets were designed according to initial plans to target a region in the hTERT intron
RNA. These RNA targets are shown below, and alignment comparisons are made between
cognate and scrambled RNA (to display the shuffling of the PUF1 cognate RNA site to produce
the corresponding scrambled sequence) and between L0_YY and L0_YN (to display the
shuffling of the PUF2 cognate RNA site to produce the corresponding scrambled sequence)

Key:
Bold – PUF1 cognate sequence
Italics – PUF2 cognate sequence
Underlined – scrambled sequences
CAPITALS – END SPACERS

1. Cognate RNA:
2. Scrambled RNA:
3. L0_YY:

AAUcugcgaca--------CUU
||||
|||
AAUcaaucgag--------CUU

4. L0_YN:

AAUcugcgacagcugcugcCUU
|||||||||||
| |||
AAUcugcgacacuccggguCUU

5. L0_NY:

AAUcaaucgaggcugcugcCUU

6. L0_NN:

AAUcaaucgagcuccggguCUU
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3.3

RESULTS

3.3.1 GST TAG PARTIALLY SOLUBILISES PUF1 CONSTRUCT

In order to express PUF1 in the soluble fraction in E. coli, three different purification tags –
6xHis (hereafter referred to as His), GST and Hislip – were tested. These constructs were
expressed and purified on a small scale in order to ascertain which tag produced the most
soluble protein. The results of this expression test are shown in Figure 3.3.

Figure 3.3: 15% SDS-PAGE gel, showing expression of the three PUF1 constructs in the total, soluble and
insoluble fractions after cell lysis. The bands corresponding to the construct are boxed. The unstained protein
ladder (Thermo Fisher Scientific) is in kDa. Abbreviations: L – Ladder, T – total protein fraction, S – soluble
protein fraction, I – insoluble protein fraction.

Neither His nor Hislip tags solubilised the PUF1 construct as effectively as the GST tag, as
there was no clear overexpressed band in the soluble fractions when these tags were used,
whereas the GST tag did produce approximately 50% of PUF1 in the soluble fraction. All
constructs were at approximately the calculated molecular weights (molecular weight of PUF1
in addition to that of the purification tag). Therefore, PUF1-GST was chosen for large-scale
purification.

47

3.3.2 NUCLEASE-FREE PURIFICATION OF PUF1-GST

Large-scale expression and purification of PUF1-GST was carried out using GST affinity resin
without prior nuclease treatment, and this resulted in the production of pure, cleaved PUF1
protein (Figure 3.4).

Figure 3.4: 15% SDS-PAGE gel, showing the different fractions obtained from large-scale purification and
overnight TEV protease cleavage of PUF1-GST. The unstained protein ladder (ThermoFisher Scientific) is in
kDa. Abbreviations: L – Ladder, U – unbound fraction, W – wash fractions, E – elution fractions, B – GST
resin.

The GST affinity resin bound PUF1-GST well, as indicated by the lack of a band in the
unbound and wash fractions. Washing was conducted well as seen by the lack of any protein
in washes 2 and 3. Overnight TEV protease cleavage was successful and produced > 95% pure
PUF1 protein (labelled as ‘PUF’ at approximately 35 kDa) in all three elution fractions.
However, there was still uncleaved PUF1-GST bound to the resin even after TEV cleavage,
suggesting the TEV protease used was not very active, thus, a different prep of TEV protease
was used in subsequent purifications. When the protein was quantified by NanoDrop, the
A260nm/A280nm was greater than 2.5 for all three elution fractions, and a peak at 280 nm was
not visible due to skewing by the large peak at 260 nm suggesting that the protein was
contaminated by nucleic acids.
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3.3.3

NUCLEASE-TREATED PURIFICATION OF PUF1-GST

In order to reduce the A260nm, the next preparation of PUF1-GST was treated with nucleases,
and PUF1-GST was purified in the same manner. Figure 3.5 shows the effect of the nuclease
treatment on the purification of PUF1-GST. At room temperature for 2 hours (Figure 3.5A),
no PUF1 was present in the elution fractions, yet the resin had PUF1-GST bound. At 4°C
overnight (Figure 3.5B), there was no PUF1 present in the elution fractions, however, there
was cleaved PUF1 still bound to the resin in addition to uncleaved PUF1-GST. Due to the
lack of protein in the elution fraction, no quantitation using NanoDrop was carried out. To
exclude inactivity of TEV as a factor, a different batch of highly active TEVPR was used,
which did not change the results obtained.

A

B

Figure 3.5: 15% SDS-PAGE gel, showing the different fractions obtained from large-scale purification and overnight TEV
protease cleavage of PUF1-GST after A – nuclease treatment for 2 hours at room temperature, and B – nuclease treatment
overnight at 4°C. The unstained protein ladder shown (ThermoFisher Scientific) is in kDa. Abbreviations: L – Ladder, U –
unbound fraction, W – wash fractions, E – elution fractions, B – GST resin.
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3.3.4 PUF1 BINDING RNA TARGETS

PUF1 was diluted in various buffers in order to test its binding to cognate RNA in a more
physiological buffer and in HIVPR assay buffer. It was hypothesized that the preparation of
PUF1 with a high A260nm would still be partially active due to competition of labelled RNA
with bacterial RNA from the purification. Figure 3.6 shows that the labelled RNA did succeed
in competing out the contaminant RNA.

A

B

Figure 3.6: Fluorescence polarisation assay of PUF1 binding to its cognate, labelled
RNA in two buffers. 5-FAM labelled RNA (1 nM) and purified PUF1 protein at
varying concentrations were incubated at room temperature for 30 mins and then
read. Curves were then fit to a one-site total binding equation in GraphPad Prism.
A – using FP buffer, B – using PBS at pH 7.4. Error bars represent SEM from three
biological replicates.
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Thus, the PUF1 protein binds to its cognate RNA (Kd of approximately 100 nM) with
significantly higher affinity than to a scrambled negative control (estimated from the log plot;
data did not reach saturation and therefore could not be fitted) as seen by the sigmoidal
increase in fluorescence polarisation with incremental increases in protein concentration. The
baseline is non 0 due to the background fluorescence polarisation of the RNA, equivalent to
the only RNA and buffer control. The protein and buffer control showed no change fluorescence
polarisation.

The protein did not bind its cognate RNA in either the low-salt or high-salt HIVPR assay
buffer (data not shown), thus, for subsequent experiments, PBS at pH 7.4 was used so that
the results are more representative of physiological conditions, and as this buffer also gave the
best titration curves.

The same assay was then repeated with a new set of RNAs, which will be used when testing
both PUF1 and PUF2 together as they contain both, one, or none of the cognate binding sites
for those proteins. There is no RNA spacer between the cognate binding sites of PUF1 and
PUF2 in these RNAs, and thus they are called the L0 RNAs hereafter. The PUF1 binding site
is 5’ to the PUF2 binding site and thus, the nomenclature used to distinguish between the
RNAs are:

1. L0_YY = PUF1 and PUF2 cognate sites
2. L0_YN = PUF1 cognate site and scrambled PUF2 site
3. L0_NY = scrambled PUF1 site and cognate PUF2 site
4. L0_NN = scrambled PUF1 and PUF2 sites
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Cognate and scrambled are used to designate whether the RNA contains the cognate or
scrambled site for that specific PUF protein. Figure 3.7 shows that the PUF1 protein binds as
expected to the cognate RNAs (Kd of approximately 1 µM) and does not bind to the scrambled
L0 RNAs. The fluorescence polarisation increases with increasing PUF1 concentration
sigmoidally only for the RNAs containing the cognate site compared to those containing the
scrambled sites for PUF1.

Figure 3.7: Fluorescence polarisation assay of PUF1 binding to L0 RNAs in PBS pH 7.4. 5-FAM
labelled RNA (1 nM) and purified PUF1 protein at varying concentrations were incubated at room
temperature for 30 mins and then read. Curves were then fit to a one-site total binding equation in
GraphPad Prism. Error bars represent SEM from three biological replicates.

52

3.3.5 PUF2 BINDING RNA TARGETS

PUF2 was expressed and purified as a GST fusion in the same manner as PUF1 (with > 95%
purity and an A260nm/A280nm of ~ 2.5). Fluorescence polarisation assays were then conducted
in PBS pH 7.4 using the L0 RNAs to determine the binding capacity of PUF2 as shown in
Figure 3.8.

Figure 3.8: Fluorescence polarisation assay of PUF2 binding to L0 RNAs in PBS pH 7.4. 5-FAM
labelled RNA (1 nM) and purified PUF2 protein at varying concentrations were incubated at room
temperature for 30 mins and then read. Curves were then fit to a one-site total binding equation in
GraphPad Prism. Error bars represent SEM from three biological replicates.

Fluorescence polarisation increases sigmoidally as expected for the L0_YY RNA, but this does
not occur for the L0_NY RNA. As expected, both negative controls L0_YN and L0_NN did
not show any binding. The fluorescence polarisation at saturation for the L0_YY RNA was
approximately 120 mP units is significantly lower than what was observed using PUF1 (~ 175
mP units); this phenomenon is explained further in the discussion. In addition, the lack of
similarity between fluorescence polarisation of L0_YY and L0_NY when binding PUF2 when
compared to PUF1 may suggest binding of PUF2 to a non-cognate site, or, more likely,
instability and degradation of L0_NY RNA. The Kd for PUF2 binding to its cognate RNA is
approximately 5 µM.
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3.3.6 PUF1 AND PUF2 SIMULTANEOUS BINDING TO RNA
TARGETS

As PUF1 and PUF2 were shown to bind their cognate sites individually, simultaneous binding
assays by fluorescence polarisation were carried out using a higher concentration of PUF1 and
PUF2. Both proteins were mixed in an equimolar ratio prior to use in the assay.

Figure 3.9: Fluorescence polarisation assay of PUF1 and PUF2 simultaneously binding to L0 RNAs in
PBS pH 7.4. 5-FAM labelled RNA (1 nM) and 1:1 mixture of purified PUF1 and PUF2 proteins at
varying total concentrations were incubated at room temperature for 30 mins and then read. Curves
were then fit to a one-site total binding equation in GraphPad Prism. Error bars represent SEM from
three biological replicates. Significance levels; * - p<0.05, ** - p<0.01, *** - p<0.001.

The data were fit using a one-site binding equation as it could not be fit accurately to the twosite equation (for L0_YY) due to incomplete saturation of binding. Binding could not be
saturated in this assay because when the PUF proteins are mixed, their concentrations halve
meaning double the concentration, relative to single binding assays, would be required to
saturate the RNA. The PUF proteins could not be concentrated to these levels due to
precipitation and sticking to the concentrator membrane. Despite this, Figure 3.9 shows that
when both PUF1 and PUF2 are exposed to the L0 RNAs, the fluorescence polarisation of the
L0_YY RNA is significantly higher than the L0_YN RNA at nearly every concentration level.
The estimated Kd of dual binding to the L0_YY RNA is 10 µM which is weaker than that for
PUF1 and PUF2 individually. As expected, the L0_NN negative control RNA shows much
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weaker binding compared to the two aforementioned RNAs. As seen in Figure 3.9,
unexpectedly, the L0_NY RNA failed to register even slightly increased fluorescence
polarisation even at the highest concentration (lower than the negative control). Thus, this
assay has shown with great promise that PUF1 and PUF2 can simultaneously bind a single
RNA with no spacing between their cognate sites.
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3.4

DISCUSSION

3.4.1 PURIFICATION OF THE PUF1 PROTEIN

Solubilisation protein tags are a common method used to increase the yield of protein in the
soluble fraction when expressed in E. coli. It involves fusing the PUF to a more soluble protein
(tag) and subsequently cleaving the tag after purification in order to yield just the PUF[113,119].
The tags used in this study were the 6xHis, GST and Hislip tags. In order to assess the effect
of the tags on solubility, small-scale expression tests were carried out. Figure 3.3 shows that
only the GST tag was able to solubilise the PUF1 protein[120]. When purified on a large scale,
the PUF1 protein had significant nucleic acid contamination, the majority of which was
expected to be RNA due to the RNA binding properties of the protein. Thus, RNase treatment
was attempted several times to reduce this. However, RNase treatment causes the GST affinity
resin to become clumped (not shown) and unable to elute correctly as seen in Figures 3.5A
and B. Inefficient elution could be due to the inability of TEVPR to access its cleavage site
due to steric hindrance by the nucleases, instability of nuclease-free PUF, or simply by an
unknown negative interaction between the nucleases and TEVPR. Additionally, the nuclease
treatment itself may not be able to digest bound RNA due to a ‘protection’ effect from PUF
binding which prevents RNase-mediated degradation[121].

Passing the sample through the Emulsiflex homogenizer multiple times, however, reduced the
nucleic acid contamination due to shearing of bacterial nucleic acids. Any remaining nucleic
acid contamination was likely to be RNA which could not be removed (even using high salt to
disrupt the electrostatic interactions) due to very high affinity binding to the PUF1 protein.
Thus, this PUF1 protein was used in subsequent fluorescence polarization assays with the
expectation that the Kd observed would likely be an underestimation due to the presence of
competitor RNAs from the bacteria.
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3.4.2 FLUORESCENCE POLARISATION ASSAYS OF PUF-RNA
INTERACTIONS

To assess the binding of PUF1 to RNA, fluorescently-tagged RNA molecules were used to
carry out a fluorescence polarization assay. This assay is widely used to measure the binding
of proteins to nucleic acids, including the PUF proteins[90,102]. The principle behind this assay
is that the binding of a higher molecular weight molecule (PUF1 protein) to a lower molecular
weight labelled molecule (RNA) reduces the tumbling of the labelled molecule in a solution
thereby increasing the polarization of the light emitted by the fluorophore upon excitation[122].

Initially, PUF1 binding was assayed using labelled RNA molecules containing either one
cognate binding site or a scrambled negative control. Binding was tested in a buffer (Fp buffer)
used in a similar published assay[102] and in PBS pH 7.4 in order to test the protein in more
physiological conditions. Binding was seen in both buffers to the cognate RNA but not to the
scrambled RNA (Figure 3.6) and the difference between the Kd’s obtained is likely due to
differences in buffer compositions affecting binding. Some binding can be seen to the scrambled
RNA as the PUF concentration increases, however, this is likely a non-specific interaction with
the RNA due to concentration-dependent crowding[123]. RNA only controls matched the
baseline values for all figures shown, and no fluorescence polarisation change was observed for
protein only controls in any experiments. A high-salt (mM) buffer was also tested, as the
HIVPR to which the PUF1 will be fused is only active in high salt concentrations[124]. No
binding was observed, likely due to the inhibition of the formation of electrostatic binding
interactions. Thus, PBS pH 7.4 was used for subsequent assays.

When testing dual binding of PUF proteins, a longer RNA was used containing a cognate site
for each PUF protein; thus, the binding of PUF1 was tested on the aforementioned L0 RNAs.
As with the previous set of RNAs, binding of PUF1 was only seen when the RNA molecule
contained a PUF1 binding site (L0_YY and L0_YN) and not in the presence of scrambled
sites (L0_NY and L0_NN). The difference in Kd compared to the single-site RNA tested
initially is likely due to structural dynamics of a longer RNA affecting binding.
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As seen in Figure 3.8, PUF2 was able to bind the L0_YY RNA, but not the L0_NY RNA.
After thorough analysis of the RNA sequences, it was determined that PUF2 is very unlikely
to be binding a non-cognate site on the L0_YY RNA due to the presence of several mismatches
to the PUF2 target sequence and since it does not bind to the other scrambled L0_YN RNA.
When Figure 3.9 is examined, we can see that the L0_NY RNA exhibits lower fluorescence
polarisation than even the negative control RNA L0_NN. These observations together suggest
that it is not the PUF2 protein binding non-specifically; the L0_NY RNA is likely to be
unstable and very easily degraded, thereby preventing PUF2 binding and producing the
observed results. Thus, binding of PUF2 to the undegraded L0_YY RNA, and not to L0_YN,
is considered evidence of binding to the correct cognate site.

PUF2 binding to L0_YY showed a lower peak fluorescence polarisation than PUF1 likely due
to the fact that PUF2 binds at the 3’ end of the RNA, leaving the flexible 5’ end able to
undergo some movement resulting in a relatively lower measured fluorescence polarisation
compared to PUF1 which binds at the 5’ end and does not allow for this movement by
flexibility. This decoupling of fluorescence polarisation from binding activity due to probe
flexbility is known as the propeller effect[122].

When used together, PUF1 and PUF2 resulted in significantly higher fluorescence polarisation
on the L0_YY RNA than the other single-binding controls (p<0.01 at almost every
concentration), suggesting that they are able to bind simultaneously to the same RNA molecule
even with no spacing between the cognate sites, which is consistent with the structural and
biophysical data obtained by Qiu et al.[93] using the S. pombe PUF1 protein. Interestingly, the

Kd for dual binding was greater than that for single binding of the PUF proteins individually
suggesting there may be a negative co-operativity in binding due to steric clashes between the
two PUF proteins, although this should be repeated to allow fitting to the two-site binding
equation to extract more accurate binding affinities. Furthermore, the experiment should be
repeated by adding PUF proteins to the RNA consecutively, rather than simultaneously, to
further verify them binding concurrently to the RNA. The low binding affinity detected is
likely an underestimation, as mentioned previously, but the degree of underestimation is
unknown. Since the NASPER system requires the binding of two PUF fusion proteins to a
single RNA, higher affinities would provide a higher likelihood that this dual binding occurs
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in the cell and results in the reconstitution of effector domains, hence the low affinity observed

in vitro may suggest that the PUF domains may not bind to their target RNA effectively
enough in the cell to induce dimerisation and reconstitution of the effector domains. However,
previously observed Kd values for PUF domains are in the low nanomolar region, suggesting
the underestimation of the Kd is high.

Despite the low affinities observed in vitro, I was confident in using these PUF1 and 2 RNAbinding domains for the NASPER system, as they can bind their cognate sites specifically,
bind simultaneously on to the same RNA molecule, and have been shown in the literature to
have low nanomolar binding affinities, which would be beneficial to NASPER. Hence, I moved
on to using these proteins in cell-based assays testing the NASPER system.
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CHAPTER 4 – CELL-FREE STUDY OF HIV PROTEASE
4.1

INTRODUCTION

The HIV-1 protease (HIVPR) is a 99-amino acid aspartate protease containing of the conserved
triplet (D25-T26-G27) active site found in most known aspartyl proteases. However, unlike
cellular monomeric aspartate proteases, the HIVPR is only active in its dimeric state, as each
monomer contributes one of the two required catalytic aspartate residues (D25)[111,125]. During
HIV-1 infection, the protease cleaves the HIV Gag-Pol polyprotein to liberate individual
proteins[111] and thus form mature virions. There are two structural interfaces in the protease
that contribute to dimerization: 1) the termini interface comprising residues 1 – 4 from one
monomer, and 96 – 99 from the other to form a stable beta sheet that contributes 75% of the
energy of dimerization[111]; and 2) the active-site interface formed by the catalytic triplet
providing the remaining required energy[125] (Figures 4.1 and 4.2).

Figure 4.1: Schematic of the structure of the HIVPR (PDB: 1DMP). Active site, terminal interface and
substrate binding pocket are highlighted.
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A

B

Figure 4.2: A – Schematic of the structure of the active site of HIVPR with catalytic DTG triad labelled.
Solid black lines show hydrogen bonding within the active site. Dashed black line shows catalytic residue.
B – termini interface with hydrogen bonding shown as solid black lines.
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The protease substrate binds within the substrate binding pocket adjacent to the active site
(Figure 4.1) in an extended conformation allowing interactions to occur with the appropriate
amino acid side chains thereby conferring specificity to the enzyme. Hydrophobic peptides are
the preferred substrate as the dimerisation interface is also hydrophobic in nature[126]. The
mechanism of proteolysis by this enzyme is still unclear; however, several mechanisms have
been put forward[127–129]. The main distinction between the mechanisms is the presence of a
discrete peptide intermediate. Meek et al.[128] propose that a discrete peptide intermediate is
produced, whereas Jasloski et al.[127] propose a concerted mechanism with no intermediate.
However, despite the differences, all the mechanisms require a water molecule in the
mechanism.

The protease has a broad substrate specificity, and there is currently no consensus on a
conserved sequence required for catalysis. Indeed, the native Gag-pol polyprotein that is
cleaved by the HIV protease during HIV infection has ten asymmetric and non-homologous
cleavage sites[130]. Computational models are being used to predict potential cleavage sites by
using the Gag-pol sites as a baseline. These models are good predictors of amino acids required
within the substrate as they agree with experimental findings, but they have yet not yielded
a consensus cleavage motif. This may be because there is in essence no particular conserved
amino acid sequence that is recognised by the protease and, instead it recognises a substrate
shape while other factors such as the availability of water molecules within the active site are
important even when the substrate is bound in its pocket[130].

Current efforts to purify and test the HIV protease in vitro have relied on chemical
denaturation and re-folding from inclusion bodies, as the protein tends to be insoluble when
expressed in E. coli[111-113]. When used as a fusion protein, urea denaturation and re-folding
may cause problems, as the protein domains may not fold correctly to their native
conformation without the presence of the appropriate cellular chaperones and machinery[131,132].
Hence it is necessary to optimize the expression of the HIV protease such that it is present in
the soluble form. The production of proteins in the soluble form primarily relies on the use of
solubilization tags[119,133] such as thioredoxin and glutathione-S-transferase (GST). Since the
HIV protease is hydrophobic, I used the solubilising tag – the His-lipoyl tag[134]. This tag is
derived from B. Stearothermophilus and is prone to lipoylation is E. coli[135], which may be the
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reason it can improve solubility (although this has not been verified experimentally). It has
also been suggested that the lipoyl tag can act as an intramolecular chaperone thereby
facilitating native folding of the protein[134]. Additionally, the conventional His and GST tags
will also be tested.

Thus, the aims of this Chapter are to solubilize the HIV protease using different tags and
subsequently test the purified protein for activity using a known substrate before testing the
protein in cells. Initial plans were to test the NASPER concept in vitro before moving on to
cell-based experiments and thus, optimising the purification of active HIVPR in vitro was
essential. Although subsequently, further in vitro characterisation was not carried out, the
experiments in this Chapter will demonstrate whether the HIVPR being used is active and can
be used for future in vitro work using the HIVPR domains.
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4.2

METHODS AND MATERIALS

4.2.1

LARGE-SCALE EXPRESSION AND PURIFICATION

C41 (DE3) competent E. coli cells (Lucigen) were transformed with Hislip-HIVPR plasmid
DNA using heat-shock as previously described and plated on ampicillin LB-agar plates at 37°C
overnight. All colonies on the plate were scraped into 700 ml of 2xYT broth, with ampicillin
at a final concentration of 100 µg/ml, at 37°C with shaking at 200 rpm till the OD600nm = 1.
Once this was achieved, cells were induced using 1 mM IPTG and grown for a further 3 hours
at 37°C with shaking at 200 rpm. Cells were then pelleted at 35,000 x g for 10 minutes and
the supernatant discarded. Pellets were re-suspended in lysis buffer (50 mM Tris-HCl pH 8.0,
300 mM NaCl, 20 mM Imidazole), at 2 ml/g of cell paste, with 1 mM DTT and SigmaFast
protease inhibitor cocktail tablet, EDTA-free (SigmaAldrich), at a 1X final concentration,
freshly added. Cells were homogenised using the EmulsiFlex homogeniser under 5 rounds of
pressure at 10,000 psi. Homogenised cells were centrifuged at 35000 x g for 35 minutes and the
supernatant containing the soluble fraction was collected.

4.2.1.1

1.

OPTIMISATION OF PURIFICATION

Immobilised Metal Affinity Chromatography (IMAC) only: Soluble fraction was

applied in upflow to a 5 ml HisTrap Excel column (GE Healthcare) equilibrated with
IMAC wash buffer (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 20 mM Imidazole and 1
mM DTT freshly added) at a flow rate of 2 ml/min using an AKTA Pure FPLC system
(GE Healthcare). The column was washed in 10 column volumes of IMAC wash buffer
and then eluted in 2 ml fractions using IMAC elution buffer (50 mM Tris-HCl pH 8.0,
300 mM NaCl, 300 mM imidazole and 1 mM DTT freshly added). 10 µL aliquots of
soluble, flow-through, wash (only first and last) and elution fractions (chromatogram
selected) were added to 2 µL of 6x SDS loading dye and boiled for 10 minutes. These
samples were run on a 15% SDS-PAGE gel in 1x TGS running buffer at 80V for 20
minutes and 180V for 50 minutes. Gels were stained with Coomassie Brilliant Blue
stain and imaged under white light. Fractions containing protein were pooled and
dialysed into TEV cleavage buffer (50 mM Tris-HCl pH 8.0, 300 mM NaCl and 1 mM
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DTT freshly added) to which TEV protease was added at a final concentration of 2
µM. The sample was then left to cleave either at room temperature for 2 hours or at
4°C overnight after which it was flash frozen in 25% glycerol for long term storage at
-80°C.

2.

Size-Exclusion Chromatography (SEC) with low-salt buffer: After overnight TEV

cleavage, the sample was applied to a HiLoad 16/600 Superdex 75 pg SEC column
(Cytiva) equilibrated in HIVPR storage buffer (20 mM MES pH 6.0, 5 mM EDTA,
0.01% v/v Triton-X100, 10% v/v glycerol and 1 mM DTT freshly added) at a flow
rate of 1 ml/min. Elution fractions (chromatogram selected) were treated with TEVPR
and run on SDS-PAGE gels as mentioned earlier.

3.

IMAC and SEC with high-salt: The sample was initially purified as per ‘IMAC only’.

However, after overnight TEV cleavage, the sample was applied to a HiLoad 16/600
Superdex 75 pg SEC column (GE Healthcare) equilibrated in high salt TEV cleavage
buffer (50 mM Tris-HCl pH 8.0, 900 mM NaCl and 1 mM DTT freshly added) at a
flow rate of 1 ml/min. Elution fractions (chromatogram selected) were treated and run
on SDS-PAGE gels as mentioned earlier.

4.2.2

HIVPR ACTIVITY ASSAY

HIVPR (stored in TEV cleavage buffer with 25% glycerol) was dialysed into HIVPR assay
buffer[113] (20 mM sodium phosphate pH 6.0, 900 mM NaCl and 1 mM DTT freshly added)
using a 3 ml Slide-A-Lyzer Dialysis Cassette with a 3 kDa MWCO (Thermo Fisher) for 1 hour.
The concentration was then estimated using the A280nm on a Nanodrop Spectrophotometer
(ThermoFisher) using the extinction coefficient of cleaved HIVPR, calculated on ProtParam
(https://web.expasy.org/protparam/), of 12490M-1cm-1. HIVPR was 2-fold serially diluted in
the same buffer. Anthranilyl HIVPR substrate (Bachem) was diluted to a working stock of
100 µM in DMSO (Fisher Scientific) and used at a final concentration of 10 µM.

5 µL of 100 µM HIVPR substrate was added to 45 µL of HIVPR at concentrations of 1 – 11
µM in an OptiPlate 384-well Black Microplate (Perkin Elmer) and incubated at 25°C for 10
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minutes. The plate was then read on a Clariostar Microplate Reader (BMG) with an excitation
wavelength of 280 nm and an emission wavelength of 430 nm. All experiments were conducted
in triplicate. Data were analysed for statistical significance using a one-way analysis of variance
followed by Tukey’s honest significant difference test as the sample sizes of different groups
were the same and data were normally distributed.

Details of the HIVPR substrate used are shown below:

Key:
1. Bold – Anthranilic acid
2. Italics – p-nitro phenylalanine
3. Underlined – HIVPR Cleavage Site

Substrate Amino Acid Sequence: Abz-TI-Nle|Phe-QR-NH₂
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4.3

RESULTS

4.3.1

HISLIP TAG SOLUBILISES HIVPR

In order to express HIVPR in the soluble fraction using E. coli cells, three different purification
tags – His, GST and Hislip – were tested. These constructs were expressed and purified on a
small scale in order to ascertain which tag produced the most soluble protein. Figure 4.3 shows
that neither the His tag nor the GST tag were able to solubilise the HIVPR construct, as there
was no clear overexpressed band (darkened regions) in the soluble fractions when these tags
were used. However, the Hislip tag did produce over 90% of HIVPR protein in the soluble
fraction. All constructs were at approximately the expected molecular weights (molecular
weight of HIVPR plus purification tag). HIVPR-Hislip migrated as two separate bands, an
artefact also seen in the PUF1-Hislip construct. HIVPR-Hislip was subsequently taken further
into large-scale purification.

Figure 4.3: 15% SDS-PAGE gel showing expression of the three HIVPR constructs in the total, soluble and
insoluble fractions after cell lysis. The bands corresponding to the construct are boxed. The unstained protein
ladder (ThermoFisher Scientific) is in kDa. Abbreviations: L – Ladder, T – total protein fraction, S – soluble
protein fraction, I – insoluble protein fraction.
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4.3.2

IMAC PURIFICATION OF HIVPR-HISLIP

Large-scale expression and purification of HIVPR-Hislip was carried out using IMAC without
prior nuclease treatment. HIVPR-Hislip purified well using IMAC (> 90% purity with an
A260nm/A280nm ratio of ~0.6), as shown in Figure 4.4A, and the molecular weight of the major
band in the figure corresponded to expected molecular weight of the HIVPR-Hislip construct.
A minor band at a lower molecular weight can also be seen post-IMAC. Figure 4.4B shows the
results of the TEV cleavage of HIVPR-Hislip at room temperature and 4°C. Incomplete
cleavage is suggested by the presence of a band corresponding to uncleaved HIVPR-Hislip,
which has the same intensity as that of the Hislip and cleaved HIVPR bands. However,
cleavage was partially successful as shown by the presence of the free Hislip tag and HIVPR
at their appropriate molecular weights. In order to separate the uncleaved fraction and Hislip
tag from the cleaved HIVPR, the samples were subjected to low or high-salt SEC.

A

B

C

Figure 4.4: A – 15% SDS-PAGE gel showing elution fractions of the IMAC purified HIVPR-Hislip construct. B – 15% SDSPAGE gel of HIVPR-Hislip after TEV protease cleavage either at room temperature or 4°C. C – UV elution profile of the
HIVPR-Hislip protein from transformed bacterial cell lysate using IMAC showing the UV 280 nm profile. The unstained
protein ladder (ThermoFisher Scientific) is in kDa. Abbreviations: L – Ladder, RT – room temperature.
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4.3.3

SEC PURIFICATION OF HIVPR-HISLIP

In order to separate the cleaved HIVPR, the sample was subjected to SEC. However, the SEC
only managed to separate the free Hislip tag during the run (Peak 2 in Figure 4.5). Upon
inspection of the chromatogram (not shown), a few minor peaks were seen during cleaning
using a high-salt solution at the end of the SEC run. These are referred to as the ‘end peaks’
in Figure 4.5 and contained the uncleaved and cleaved HIVPR (very faint bands).

Figure 4.5:15% SDS-PAGE gel showing elution fractions of the SEC-purified cleaved HIVPR construct in a low-salt
buffer. Peak 1, 2 and End Peaks refer to those seen on SEC chromatogram and lanes under these headings represent
each individual elution fraction in that particular peak on the chromatogram. The ladder shown is an unstained protein
ladder (ThermoFisher Scientific) and is in kDa. Abbreviations: L – Ladder, U – unbound fraction, W – wash fractions,
E – elution fractions.

Figure 4.6: 15% SDS-PAGE gel showing elution fractions of peak 1 and peak 2 of the SEC-purified cleaved
HIVPR construct after TEV cleavage using a high salt buffer. Lanes under these headings represent each
individual elution fraction in that particular peak on the chromatogram
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The SEC was repeated using a high-salt buffer to improve the elution of HIVPR, and the gel
obtained from the elution fractions is shown in Figure 4.6. Two peaks were observed during
this run and Figure 4.6 shows that the first peak contained both cleaved HIV protease and
uncut HIV protease, whereas the second peak showed solely the Hislip tag (as in Figure 4.5).
However, no “end peaks” were observed during this purification unlike the previous SEC using
low-salt buffer. Chromatograms for the SEC purifications were not provided due to technical
issues that caused their deletion from the system.

4.3.4

HIVPR ACTIVITY ASSAY

HIVPR purified using IMAC was tested for activity using an anthranilyl HIVPR substrate,
the fluorescence of which increases upon cleavage. A control with TEV protease at a final
concentration of 0.5 µM was also used in order to exclude the effects of any remaining TEV
protease in the prep.

A

B

Comparison of HIVPR and TEV Cleavage

Figure 4.7: A – Fluorescence intensity upon cleavage of anthranilyl HIVPR substrate (10 µM) by HIVPR at various
concentrations. Control experiments using HIVPR and anthranilyl HIVPR substrate alone in HIVPR assay buffer
are also shown. Significance levels; * - p<0.05, ** - p<0.01, *** - p<0.001. n=3 B – Fluorescence intensity upon
cleavage of anthranilyl HIVPR substrate (10 µM) by undiluted HIVPR and TEVPR (0.5 µM) . Control experiments
using TEVPR and anthranilyl HIVPR substrate alone in TEV cleavage buffer are also shown. Significance levels; *
- p<0.05, ** - p<0.01, *** - p<0.001. Error bars represent SEM from three independent biological experiments.

Figure 4.7A shows that anthranilyl HIVPR substrate alone in the HIVPR assay buffer
produces an average background fluorescence intensity of around 6500 RFU. However, when
combined with HIVPR, the average fluorescence intensity is significantly higher (p<0.001) and
decreases with decreasing HIVPR concentration. In contrast, only the two highest used
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concentrations of HIVPR exhibited this significant difference. To rule out any effects of
TEVPR, a control experiment was carried out. Figure 4.7B shows that there is a very slight
difference between the fluorescence intensities of HIVPR substrate alone and with TEVPR in
TEV cleavage buffer (likely due to contaminants in the TEVPR preparation), whereas there
is a very significant (p<0.001) difference between the fluorescence intensities exhibited by
HIVPR and TEVPR when combined with the substrate (in their respective buffers).
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4.4

DISCUSSION

4.4.1

HIVPR IS SOLUBILISED BY THE HISLIP TAG

The HIVPR dimer consists of a hydrophobic core, to which each monomer contributes 19
amino acids[126]. Thus, the monomeric form of HIVPR will have an exposed hydrophobic core
and is consequently likely to be prone to aggregation and the formation of inclusion bodies
when expressed in bacterial cells[112,113]. Although it is possible to purify the HIVPR from
inclusion bodies in an active form[111-113], we decided to optimize the expression of the protein
such that a soluble form of the protein can be acquired. Thus, we needed to find conditions
under which HIVPR is expressed in the soluble fraction in order to properly test the proteolytic
function of HIVPR. To assess the effect of the three tags on solubility, small-scale expression
tests were carried out. Figure 13 showed that only the Hislip tag was able to produce HIVPR
in the soluble fraction. Although Volontè et al.[113] showed that a GST tag was able to solubilize
HIVPR, under the conditions used here it failed to do so. In further attempts to see whether
GST can solubilize HIVPR to even a small degree, a large-scale expression and purification
was carried out, but the elution fractions from the GST affinity resin showed that there was
no protein present (data not shown). It is possible that the Hislip tag, which contains a soluble
lipoyl domain and has been used to solubilise intrinsically disordered proteins[134], was effective
in solubilizing HIVPR because the termini of HIVPR are relatively disordered[136]. Thus, the
Hislip-tagged form of the protein was used in large scale expression and purification.

4.4.2

HISLIP-HIVPR CAN ONLY BE PURIFIED BY IMAC

IMAC produced pure Hislip-HIVPR (Figure 4.4A), and subsequent TEV cleavage liberated
the HIVPR alone, but the cleavage was inefficient. In order to separate the cleaved and
uncleaved proteins (shown in Figure 4.4B), size exclusion chromatography (SEC) was used. In
HIV storage buffer, the elution peaks only showed the presence of the Hislip tag with no
uncleaved or cleaved HIVPR seen (Figure 4.5). At the end of the run, a transient increase in
salt concentration due to the original sample buffer resulted in the elution of more erratic ‘end
peaks’. On a gel, these showed the presence of very small quantities of the uncleaved and
cleaved HIVPR (Figure 4.5). From this, I thought that the lack of salts in the HIVPR MES
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buffer may be affecting how the HIVPR interacts with the column material. It is possible that
the HIVPR is retained in the column for a longer duration due to electrostatic interactions
within the column which are then disrupted in the presence of higher salt concentrations[137].
Thus, another SEC run using high salt was performed. The high-salt conditions still resulted
in elution of only very small quantities of uncleaved and cleaved HIVPR (Figure 4.6), although
this elution occurred during the run, rather than during column cleaning after the run had
completed, suggesting salt concentration was indeed the reason for the proteins eluting in the
‘end peaks’ during the first run. When the peaks were run on an SDS-PAGE gel, the uncleaved
and cleaved HIVPR appeared to elute in the same chromatogram peak despite their different
molecular weights. This may be due to the cleaved HIVPR dimerising and thereby eluting
with the uncleaved HIVPR. Consequently, the HIVPR purified by IMAC, which was then
cleaved by TEV was used in HIVPR proteolysis assays in order to test its function.

Thus, despite being able to solubilize the HIVPR using a Hislip tag, the purification still
remains a challenge that requires further optimization to isolate only the HIVPR separated
from its uncut form and the Hislip tag. New studies have shown that using tandem column
setups may be of use in purifying the HIV protease. Sherry et al.[138] used a tandem HiTrap
DEAE and CM column set up and subsequently re-ran the eluate on a HiTrap DEAE column.
Although this was done for a denatured inclusion body containing HIV protease, the sequential
ion exchange set up may be applicable to our soluble form as well.
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4.4.3

PURIFIED HIVPR IS PROTEOLYTICALLY ACTIVE

A fluorogenic peptide substrate containing a known HIVPR cleavage site was used in order to
determine the proteolytic activity of HIVPR. The fluorescence of the uncleaved substrate is
very low due to the presence of an intramolecular quencher. The fluorescent dye was
anthranilic acid, and the quencher was p-nitrophenylalanine[139], a known FRET pair. HIVPR
was diluted serially, however, the absolute protein concentration was estimated to be 1 – 11
µM due to the presence of uncleaved HIVPR and Hislip tag in the sample. The assay showed
that at the highest two concentrations, HIVPR is proteolytically active, as the fluorescence is
significantly higher (p<0.001) than the background fluorescence of the substrate in the HIV
assay buffer. This effect is likely entirely due to cleaved HIVPR and not uncleaved HIVPR for
three reasons:

1. HIVPR dimerisation has shown to be inhibited in vitro by the presence of an Nterminal extension[125,136].
2. HIVPR dimerisation is essential for its proteolytic activity[111].

As there may have been some TEV protease remaining in the sample (although this was not
seen on the gel in Figure 4.7B), a series of control experiments were conducted to exclude the
effects of TEV protease contamination. TEV protease, at the same concentration that was
used to cleave the Hislip-HIVPR, was incubated with the HIVPR substrate in TEV cleavage
buffer in the same way as for HIVPR. This assay showed that the fluorescence from TEV
protease is only slightly higher (p<0.05) than background fluorescence from the HIVPR
substrate in TEV cleavage buffer. As TEV protease is a highly specific protease, it was not
expected to cleave the HIVPR substrate (which did not contain a TEV cleavage site).
Additionally, TEV protease is likely to have very little activity in the HIVPR assay buffer due
to the high salt concentration and relatively low pH, both of which reduce TEV activity[140,141].
Therefore, the cause of increased fluorescence of the HIVPR substrate upon exposure to TEV
protease is likely to be caused by proteolysis by contaminants in the TEV protease preparation
(the TEV protease was expressed and purified in the lab).
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These control data, together with the fact that substrate fluorescence is significantly higher
when the HIVPR is used rather than the TEV protease (p<0.001), suggest that the activity
seen is indeed due to the HIVPR. Thus, it was established that the HIVPR construct that I
had made was active, and therefore could be used for the cell-based experiments.

Nevertheless, the experiments highlight areas for future research, such as optimizing the
purification of soluble HIVPR and increasing the efficiency of cleavage of the Hislip-tagged
HIVPR potentially by using a different protease and protease site such as the PreScission
protease[141].
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CHAPTER 5 – HIVPR IN THE NASPER SYSTEM

5.1

INTRODUCTION

Having confirmed that the purified HIVPR protein was active, I was confident in moving on
to testing the HIV protease domain in cells, along with the first iteration of the NASPER
system using the HIV protease domain fused to the RNA-binding PUF protein domain. A
schematic diagram for the mechanism of action of this system is shown below in Figure 5.1.

Figure 5.1: Proposed mechanism of HIVPR-based NASPER system.

However, auto-dimerization of the fusion protein (PUF-HIVPR) must be avoided in order to
prevent proteolysis in cells lacking the cognate RNA. Thus, the protease will need to be
modified accordingly such that auto-dimerisation does not occur but the active D25-T26-G27
triplet structure is conserved to retain proteolytic activity when the two monomers are forced
into proximity by binding of the fused PUF domains to the cognate RNA scaffold. Thus, of
the two dimerisation interfaces (active site and termini interfaces) available to disrupt, the
termini interface will be modified in order to preserve the active site.
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Louis et al.[125] and Hayashi et al.[111] have studied HIVPR variants designed to modulate
dimerisation. Louis et al.[125] classified their variants based on the concentration at which dimer
populations were observable by NMR and mass spectrometry (estimated by each of the four
classes) with Classes C and D being primarily monomeric even at 0.5 mM concentrations. The
primary variant presented in Classes C and D that preserves the active site triplet is HIVPR195

(although this can result in a more disordered, accessible active site). Results obtained by

Hayashi et al.[111] using mass spectrometry agreed with those obtained by Louis et al.[125] using
NMR and sedimentation equilibrium. In addition, Louis et al.[125] also observed that Nterminus extensions in the protease can also inhibit dimerization and increase the Kd to
approximately 0.6 mM, similar to that of the Class C and D variants. This difference was with
a 4 amino-acid extension, and they have also shown that longer extensions are even more
effective at preventing dimerisation.

Mutant Name

Class

Approximate Dimerisation Kd (nM)

Wild-type

N/A

<1

R8Q

A

500

D29N

B

10000

T26A

C

100000

N-extension

C

100000

∆C

D

1000000

Table 5.1: HIVPR mutations, classes and approximate dimerisation affinities determined by Louis et al[125].
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Studies into the N-terminus extension phenomenon have shown that it is the lack of
dimerisation initially which leads to inactivity. N-terminal fusions of HIVPR with GST, GFP
and hsp70[142-146] (an anti-parallel dimer[147]) and the p6 region (found upstream of HIVPR in
the HIV polyprotein containing the HIVPR autoprocessing cleavage site) can undergo
dimerisation (due to the fused domain) resulting in an increased local concentration and
subsequent autoactivation of the protease. Lindsten et al.[143] used similar GFP-p6-HIVPR
fusion to Huang et al.[146] and showed that in such a fusion construct, the HIVPR can effectively
autoprocess and kill mammalian cells through proteolysis. Blanco et al.[148] have also shown
that the HIVPR alone is capable of causing cellular apoptosis, likely due to the cleavage of
key cellular cytoskeletal proteins such as actin, vimentin and desmin[149], thereby suggesting
its suitability for use as a driver of apoptosis. These studies suggest that the HIV protease
domain can indeed be fused to domains which induce dimerisation successfully and subsequent
dimerisation of these fusion proteins can then drive apoptosis through promiscuous proteolysis.
This research provides confidence that the HIV protease domain is highly suited to the
NASPER system conceived within this thesis.

Based on the literature, I chose the N-terminus extension modification, as it fits well with the
arrangement of domains in the fusion protein. The PUF RNA-binding domain is placed on the
N-terminus of the HIVPR domain, therefore acting as the N-terminus extension required to
inhibit spontaneous dimerisation, and consequently activity. If the N-terminus extension alone
was not effective at preventing spontaneous activity, the other mutations found in the
literature could also be used in addition. Thus, several fusion constructs were designed to be
used for the assays in the Chapter, as shown in Figure 5.2.
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Figure 5.2: Fusion proteins designed for cell-based assays. Eight fusion proteins were
generated to study the effects of HIVPR fusion proteins in cells. Different groups of fusion
proteins are highlighted in different colours. HIVPR and GST-HIVPR constructs are shown
in an orange box. PUF-HIVPR constructs are shown in a green box

Each protein was fused to either a 3xFLAG or 3xHA tag for immuno-detection. An N-terminal
p6 domain was added to facilitate auto-activation. The p6 domain is a mini-precursor form of
the wild-type N-terminal flanking sequence of the HIV protease in the polyprotein which
contains a cleavage site to liberate the active wtHIVPR[142,144,145]. Studies have shown that this
auto-activation is essential to HIVPR activity in cells, and thus, the eight amino acid p6
sequence was added to the fusion protein to allow for this to occur. Furthermore, as a positive
control, an N-terminal GST sequence, known to dimerise, was added to allow HIVPR to
dimerise and auto-process despite the N-terminal extension[142-146].

For the PUF-HIVPR fusion proteins (in the green box in Figure 5.2), a flexible linker was used
to separate the PUF and HIVPR domains, in order to allow HIVPR domain dimerisation,
while at the same time providing enough separation from the PUF domain to allow both
domains to function independently. The sequence for the flexible linker was from published
data[150,151] on the effects of artificial linkers on protein structure and has the sequence
EGKSSGSGSESKST.

79

The aims in this Chapter are to test the HIVPR alone in cells first before moving on to testing
this iteration of the NASPER system as a whole using triple transfections in HEK293 cells by
comparing auto-activation between cognate and scrambled RNA conditions (cognate and
scrambled sequences were fused to mCherry mRNA such that expression could be visually
assessed prior to assays). The hypothesis is that firstly, the HIVPR domain will only be active
when fused to GST, and secondly the PUF-HIVPR fusions will be active only when cognate
RNA is transfected and not when scrambled RNA is used. Finally, these constructs will be
transiently transfected, rather than stably transfected, to enable screening of a large number
of constructs more efficiently, and also because as a therapeutic, these proteins would be
overexpressed in the cells they target either through gene-based or protein-based delivery
methods which is better modelled by transient transfections. Hence, transient transfections
will be used in the experiments throughout this thesis. However, if lead constructs are found,
future work can use stable cell lines to verify the results of transient transfections.
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5.2

RESULTS

5.2.1

OPTIMISATION OF TRIPLE TRANSFECTION

Prior to beginning testing the fusion constructs in cells, the transfection method had to be
optimized in order to minimize the influence of transfection efficiency on the observed results.
As triple transfections had been planned, they were optimized based on mass of DNA
transfected.

Figure 5.3: 300,000 HEK293T cells in a 12-well plate were triple transfected
using various DNA masses using a 1:3 ratio of DNA to Lipofectamine 2000 over
24 hours.
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Triple transfections were optimized using two different plasmids co-transfected with an
mCherry expressing plasmid transfected at a 1:1:1 molar ratio with varying total DNA masses.
Efficiency of triple transfection was assessed using mCherry fluorescence. Figure 5.3 shows
these results and, although the red fluorescence appears to increase with increasing mass of
DNA transfected, so does the blebbing observed in the brightfield images. Thus, a total
transfected DNA mass of 1000 ng showed the ideal balance between maximized transfection
and minimal cell death.
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5.2.2

EXPRESSION OF HIVPR FUSION PROTEINS

The expression of a set of the fusion proteins was assessed using the optimized conditions.
N

Figure 5.4: Western blot of HIVPR, HIVPRD25N, GST-HIVPR and GST-HIVPRD25N. 300,000 HEK293T cells
in a 12-well plate were transfected with the constructs shown and harvested after 24h for Western blot. The
blot was stained using an anti-FLAG mouse monoclonal primary antibody and subsequently with an antiMouse HRP-conjugated secondary antibody. The blot was developed using ECL and imaged with an exposure
time of 2 minutes. Hsp60 was used as a loading control. Construct cartoons referring to the Western blot band
are shown alongside the band. The three lanes under each title represent the three independent biological
replicates.

Figure 5.5: Western blot of PUF1-HIVPR and PUF1-HIVPRD25N. 300,000 HEK293T cells in a 12-well plate
were transfected with the constructs shown and harvested after 24h for Western blot. The blot was stained
using an anti-HA rat monoclonal primary antibody and subsequently with an anti-Rat HRP-conjugated
secondary antibody. The blot was developed using ECL and imaged with an exposure time of 2 minutes. Hsp60
was used as a loading control. Construct cartoons referring to the Western blot band are shown alongside the
band. The three lanes under each title represent the three independent biological replicates.

83

Figure 5.6: Western blot of HIVPR, HIVPRD25N, GST-HIVPR, GST-HIVPRD25N, PUF1-HIVPR and PUF1HIVPRD25N. 300,000 HEK293T cells in a 12-well plate were transfected with the constructs shown and harvested after
24h for Western blot. The western blot was run according to the methods section with the addition of darunavir in the
lysis buffer. The blot was stained using either an anti-FLAG monoclonal or an anti-HA rat monoclonal primary
antibody and subsequently with an anti-Mouse or anti-Rat HRP-conjugated secondary antibody respectively. The blot
was developed using ECL and imaged with an exposure time of 2 minutes. Hsp60 or GAPDH was used as a loading
control. Construct cartoons referring to the Western blot band are shown alongside the band. The two lanes under
each title represent the two independent biological replicates.

The HIVPR constructs generated for cell work were tested for expression in HEK293 cells
using Western blot. Figure 5.4 shows the expression of HIVPR, HIVPRD25N, GST-HIVPR and
GST-HIVPRD25N.

The 3x-FLAG tagged HIVPR protein an approximate molecular weight of 15 kDa. In Figure
5.4, no band corresponding to this protein is observed, however a single band is observed at
the correct molecular weight for the D25N variant of the HIVPR domain, i.e., the
proteolytically inactive variant used throughout this Chapter as the negative control. Thus, it
is likely that the wild-type HIVPR domain auto-activates resulting in a protein fragment too
small to be resolved by gel electrophoresis.
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The GST-HIVPR protein has an approximate molecular weight of 41 kDa, however a band
corresponding to around 30 kDa is observed. For the D25N negative control version, the correct
band is seen at 41 kDa. Hsp60 loading control is mostly even across all samples.

Figure 5.5 shows the blots for the PUF1-HIVPR and PUF1-HIVPRD25N fusion proteins and a
similar pattern as observed in Figure 5.4 is seen. The negative control shows a band at the
correct molecular weight of around 55 kDa, whereas the wild-type construct 5 shows a band
approximately 11 kDa lower. To ensure that the cleavage of proteins containing an active
HIVPR domain was not due to trace amounts of active HIVPR cleaving the full-length proteins
during cell lysis, the Western blots were repeated using a lysis buffer containing darunavir (an
HIVPR inhibitor). The results of this are shown in Figure 5.6 and no change was observed of
the molecular weights of the bands, and no true additional bands were seen. Faint bands and
smears seen in Figure 5.6 are artefacts of Western blotting. This suggests that the effects of
any HIVPR activity after cell lysis are negligible and this was not the cause for complete autocleavage of the fusion proteins observed.

5.2.3

EXPRESSION OF HIVPR VARIANT FUSION PROTEINS

Thus, the next step to reduce the spontaneous activity of the HIVPR domains was to try and
increase the dimerisation Kd of the HIVPR domains such that spontaneous dimerisation and
activation does not occur even at high protein concentrations within the cell. Five mutants
were produced, each of which has a different effect on the dimerisation Kd of the HIVPR
domains. The five mutant variants of the HIVPR domain used were – R8Q, T26A, D29N,
R87K and ∆C. These constructs were expressed, and the results are shown below (Figures 5.7,
5.8 and 5.9). Expression of the HIVPR variants resulted in bands corresponding to the fulllength construct for variants T26A, D29N, R87K and ∆C as compared to the negative control
band and previously observed molecular weights. However, no bands were seen for the R8Q
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variant as was for the wild-type HIVPR. Hsp60 expression was even throughout, even for the
R8Q variant of HIVPR.

Figure 5.7: Western blot of HIVPR variants. 300,000 HEK293T cells in a 12-well plate were transfected with the constructs
shown and harvested after 24h for Western blot. The western blot was run according to the methods section with
darunavir. The blot was stained using an anti-FLAG monoclonal antibody and subsequently with an anti-Mouse HRPconjugated secondary antibody. The blot was developed using ECL and imaged with an exposure time of 2 minutes.
Hsp60 was used as a loading control. Original construct cartoon is shown alongside the blot. HIVPRxx refers to the fact
that variants (corresponding to lane titles) of the HIVPR were used in this Western blot. The two lanes under each title
represent the two independent biological replicates.

Figure 5.8: Western blot of GST-HIVPR variants. 300,000 HEK293T cells in a 12-well plate were transfected with
the constructs shown and harvested after 24h for Western blot. The western blot was run according to the methods
section with darunavir. The blot was stained using an anti-FLAG monoclonal primary antibody and subsequently
with an anti-Mouse HRP-conjugated secondary antibody. The blot was developed using ECL and imaged with an
exposure time of 2 minutes. Hsp60 was used as a loading control. Original construct cartoon is shown alongside the
blot. HIVPRxx refers to the fact that variants (corresponding to lane titles) of the HIVPR were used in this Western
blot. The two lanes under each title represent the two independent biological replicates.
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Figure 5.9: Western blot of PUF1-HIVPR variants. 300,000 HEK293T cells in a 12-well plate were transfected
with the constructs shown and harvested after 24h for Western blot. The western blot was run according to the
methods section with darunavir. The blot was stained using an anti-FLAG monoclonal primary antibody and
subsequently with an anti-Mouse HRP-conjugated secondary antibody. The blot was developed using ECL and
imaged with an exposure time of 2 minutes. Hsp60 was used as a loading control. Original construct cartoon is
shown alongside the blot. HIVPRxx refers to the fact that variants (corresponding to lane titles) of the HIVPR
were used in this Western blot. The two lanes under each title represent the two independent biological replicates.

This was initially promising as it suggested spontaneous dimerisation was eliminated for the
T26A, D29N, R87K and ∆C variants. Thus, the GST-HIVPR and PUF1-HIVPR variants
were also tested (Figures 5.8 and 5.9) to ensure that spontaneous dimerisation was eliminated
in the fusion constructs as well, and whether the GST-fused variants could activate (as GST
is a known dimerisation domain).

Figure 5.8 shows the GST-HIVPR variants. Compared to the negative control, the same
variants – T26A, D29N, R87K and ∆C – show a band at the same molecular weight, whereas
in this case, bands are observed for the R8Q variant at a molecular weight approximately 11
kDa lower than the negative control and at the same molecular weight seen for the wild-type
GST-HIVPR (~ 30 kDa) in Figures 5.4 and 5.6.
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Again, a similar such pattern is observed in Figure 5.9 for the PUF1-HIVPR variants.
Although the negative control is not shown on the blot, the T26A, D29N, R87K and ∆C
variants show a band that corresponds to its molecular weight, whereas the R8Q variant shows
a band at approximately 11 kDa lower, at the same weight of the wild-type PUF1-HIVPR as
seen previously. Although this suggests that the variant HIVPR domains cannot activate in
proximity, it was later discovered that the GST domain is not an efficient inducer of
dimerisation.

5.2.4

ACTIVITY OF PUF-HIVPR VARIANTS IN
COMBINATION

Thus, the activity of PUF1-HIVPR variants were tested in combination with the matching
PUF2-HIVPR variants using cognate and scrambled RNA to see whether any activity could
be observed, potentially demonstrating concurrent binding. Cognate and scrambled RNA
sequences were fused as DNA to the 3’ end of mCherry DNA so that upon transcription, the
PUF binding sites would be present on the mCherry mRNA (Figure 5.10).

88

A

U
C

U
C

B

C

Figure 5.10: A – Western blot of PUF-HIVPR variants probed with an anti-FLAG primary antibody. 300,000
HEK293T cells in a 12-well plate were transfected with the constructs shown and harvested after 24h for Western
blot. The western blot was run according to the methods section with darunavir. The blot was stained using an antiFLAG monoclonal primary antibody and subsequently with an anti-Mouse HRP-conjugated secondary antibody. The
blot was developed using ECL and imaged with an exposure time of 2 minutes. Hsp60 was used as a loading control.
Uncleaved and cleaved bands are indicated with a U and C respectively. The two lanes under each title represent the
two independent biological replicates. B – Quantification of normalised proportion cleaved PUF-HIVPR for the D29N
variant. Error bars represent SEM from two independent biological replicates. Original construct cartoon is shown
alongside the graph. HIVPRxx refers to the fact that variants (corresponding to lane titles) of the HIVPR were used
in this Western blot. C – Schematic of the PUF binding sites fused to the 3’ end of the mCherry RNA. No spacer
was present between the PUF18 and PUF 28 binding sites. Bold – PUF18 site, italics – PUF 28 site, underlined only
– scrambled sites.
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Figure 5.11: A – Western blot of PUF-HIVPR variants probed with an anti-HA primary antibody. 300,000 HEK293T
cells in a 12-well plate were transfected with the constructs shown and harvested after 24h for Western blot. The
western blot was run according to the methods section with darunavir. The blot was stained using an anti-FLAG
monoclonal primary antibody and subsequently with an anti-Mouse HRP-conjugated secondary antibody. The blot
was developed using ECL and imaged with an exposure time of 2 minutes. Hsp60 was used as a loading control.
Uncleaved and cleaved bands are indicated with a U and C respectively. The two lanes under each title represent
the two independent biological replicates. B – Quantification of normalised proportion cleaved of PUF-HIVPR for
the D29N variant. Error bars represent SEM from two independent biological replicates. Original construct cartoon
is shown alongside the graph. HIVPRxx refers to the fact that variants (corresponding to lane titles) of the HIVPR
were used in this Western blot.

PUF1-HIVPR and PUF2-HIVPR variant (T26A, D29N, R87K and ∆C) co-transfection
Western blots were probed with either an anti-FLAG primary antibody to look for PUF2HIVPR variants (Figure 5.10), or an anti-HA primary antibody to look for PUF1-HIVPR
variants (Figure 5.11).
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Figure 5.10A shows that upon co-transfection with either the cognate site mCherry or the
scrambled site mCherry, only the D29N variant of PUF2-HIVPR showed a band around 11
kDa below the expected molecular weight of the negative control (at ~ 45 kDa compared to ~
55 kDa). Densitometric quantification of the bands were used to calculate the ratio between
the cleaved (lower) and uncleaved (higher) bands for the D29N variants (Figure 5.10B), which
allowed for normalization, and it was found that when co-transfected with the cognate
mCherry RNA, the cleavage of the PUF1-HIVPRD29N was not significantly higher than when
co-transfected with the scrambled mCherry RNA. The same results are observed when using
the anti-HA antibody to probe for PUF1-HIVPR (Figure 5.11). Again, the D29N variant is
the only one which shows a band corresponding to the cleaved construct, with densitometry
revealing that there is no significant difference between the ratio when co-transfected with a
cognate or scrambled mCherry. The hsp60 band for these blots looks like a doublet due to the
full-length PUF fusion constructs having a similar molecular weight to the hsp60 protein.
Several control experiments using the PUF1-HIVPRD29N or PUF2-HIVPRD29N alone with
cognate or scrambled RNA were carried out in order to establish the reason for a lack in
significant difference observed in Figures 5.10 and 5.11.
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Figure 5.12: A – Western blot of PUF1-HIVPRD29N controls probed with an anti-HA primary antibody. 300,000
HEK293T cells in a 12-well plate were transfected with the constructs shown and harvested after 24h for Western
blot. The western blot was run according to the methods section with darunavir. The blot was stained using an antiHA monoclonal primary antibody and subsequently with an anti-Rat HRP-conjugated secondary antibody. The blot
was developed using ECL and imaged with an exposure time of 2 minutes. Hsp60 was used as a loading control.
Uncleaved and cleaved bands are indicated with a U and C respectively. The two lanes under each title represent the
two independent biological replicates. B – Western blot of PUF2-HIVPRD29N controls probed with an anti-FLAG
primary antibody. 300,000 HEK293T cells in a 12-well plate were transfected with the constructs shown and harvested
after 24h for Western blot. The western blot was run according to the methods section with darunavir. The blot was
stained using an anti-FLAG monoclonal primary antibody and subsequently with an anti-Mouse HRP-conjugated
secondary antibody. The blot was developed using ECL and imaged with an exposure time of 2 minutes. Hsp60 was
used as a loading control. The two lanes under each title represent the two independent biological replicates Uncleaved
and cleaved bands are indicated with a U and C respectively. The two lanes under each title represent the two
independent biological replicates.

Figure 5.12A shows the control experiments probed using the anti-HA antibody. When PUF1HIVPRD29N alone was co-transfected with scrambled RNA no auto-activation product was
seen, however, when this was carried out with the cognate RNA, a faint band at the molecular
weight of the auto-activated PUF1-HIVPRD29N construct was seen. Figure 5.12B shows the
same controls probed for with an anti-FLAG antibody. In contrast to the PUF1-HIVPRD29N,
the PUF2-HIVPRD29N showed auto-activation under all control conditions, as seen by the
presence of an auto-activation band present in all lanes including when transfected alone.
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5.3

DISCUSSION

5.3.1

LIPOFECTAMINE 2000 IN HEK293T CELLS SHOWS
BEST TRANSFECTION

Plasmid transient transfection is the first step to good protein expression in mammalian cells.
Single plasmid transfection is routinely carried out in our lab and requires minimal
optimization. However, the system here requires three plasmids being simultaneously cotransfected into the cell. Three- and even four-plasmid transfection is routinely used in
adenovirus or lentivirus production in HEK293 cells[152-154], but it needs to be optimized for
the user in order to achieve maximal triple transfection efficiency with minimal effects of cell
viability and physiology[155]. Different masses of DNA were tested for transfection efficiency
using mCherry expression using 3 plasmids in a 1:1:1 ratio. As expected, as the total mass of
DNA transfected was increased, the mCherry expression was increased, however this was also
true for cytotoxicity assessed by blebbing of cells under a light microscope. This dose
dependency was consistent with previous data from the lab and enabled me to select 1000 ng
of total DNA mass for future triple transfection efficiencies, as it has the highest transfection
efficiency with no cell death seen. This quantity can also be scaled up or down depending on
the application.

93

5.3.2

HIV PROTEASE FUSION PROTEINS EXPRESS FULLY
CLEAVED

Fusion proteins with an active HIVPR domain ran at a lower molecular weight than those
with the inactive (D25N) HIVPR domain (Figures 5.4 and 5.5). This was unexpected, as
previous literature has shown that any N-terminal extension on the HIVPR significantly
reduces dimerisation of the HIVPR domains which in turn reduces activity[125]. My initial
hypothesis was that the HIVPR is non-specifically activating in cells to a very small degree,
and the free protease was then auto-activating the remainder of the fusion precursor upon
cellular lysis for Western blotting. This was not the case, however, as addition of excess of the
HIVPR inhibitor darunavir did not change the results seen in the blot (Figure 5.6).

Going back to the literature, I found that the experiments by Louis et al.[125] showing the
effects of N-terminal extension on dimerisation Kd were carried out in vitro. Data from cellular
studies shows that the HIV protease may indeed be active in cells even in the presence of an
N-terminus extension[156]. Taken together, this suggests that although the N-terminus
extension increases the Kd of the HIVPR domain, the cellular protein concentration is great
enough to allow dimerisation to occur. Therefore, in order to further reduce dimerisation and
prevent auto-activation even within a cellular environment, I tested the different mutations in
the literature that were used to reduce dimerisation in vitro and in cellulo[111,125].

5.3.3

HIV PROTEASE VARIANTS REDUCE AUTOACTIVATION

In vitro studies by Louis et al.[125] and Hayashi et al.[111] have shown that R8Q, T26A, R87K
or ∆C mutations can also significantly impair dimerisation of the HIV protease. Thus, these
mutations were generated in combination with the already present N-terminal extension. A
comparison between the effects of these mutations in vitro (modelled from literature data) and

in cellulo (experimentally obtained in this project) is shown in Figure 5.13.
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Figure 5.13: Comparison of HIVPR dimerisation potential in vitro and in cellulo.
Dimerisation potential is estimated using the in vitro dimerisation affinities for the HIVPR
variants determined experimentally by Louis et al.[125] (black line), and from the
experimentally observed cleavage of the different variants in cellulo in this chapter (orange
line).

The discrepancy between the in vitro and in cellulo data for the N-terminus extension initially
was thought to be a concentration dependent effect. However, this may not entirely be the
case as FRET-based dimerisation data of the HIV protease has shown that the D29N, T26A
and R87K mutations alone can reduce the dimerisation of the protease to 0%[111]. The
dimerisation Kd of the N-terminus extended HIV protease is significantly higher than that of
the D29N, T26A and R87K mutations alone[125] which suggests that the N-terminus extended
protease should also have 0% dimerisation, yet this is not what was observed in my experiments
or in those of Tien et al.[156]. What this result suggests is that the dimerisation effects seen in
cell-based experiments may not be predictable from in vitro data on dimerisation and may be
specific to the D29N, T26A and R87K mutants.

Combining the N-terminus extension with the inhibitory mutations from the FRET-based
study (D29N, T26A and R87K) indeed resulted in data consistent with what was observed by
Hayashi et al.[111], which further suggests that the effects on dimerisation observed in cellulo
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are due to an effect of the particular mutations used, possibly on folding, post-translational
modification[157], or synthesis in mammalian cells[158], rather than their effects on Kd. Another
possibility is that the D29N, T26A and R87K mutations inhibit the proteolytic activity of the
HIV protease, which is why they in particular do not show any activity. In particular, residues
26 and 29 are in proximity to the active site of the protease, and their mutation may affect
the catalytic activity.

To exclude this possibility, GST controls were carried out, as GST is a commonly used positive
control for dimerisation[159,160]. Thus, if the HIVPR domains are indeed active, but not
dimerising, fusing them to GST should result in proteolytic activity in the variants. However,
this did not seem to be the case, as the D29N, T26A, R87K and ∆C variants were inactive
even when fused to GST (Figure 5.8). Initially, I thought that the activity of the protease was
also affected in the variants tested, however after obtaining further data from the split-GFP
system used later on, it seemed that GST was not an efficient inducer of dimerisation. Hence,
I attempted to test the PUF-HIVPR variants in combination with their cognate and scrambled
RNAs to see whether this resulted in any proteolytic activity being detected.

5.3.4

PUF-HIVPR VARIANTS IN COMBINATION

The activity of PUF1-HIVPRD29N and PUF2-HIVPRD29N was found to not be significantly
different using cognate RNA compared to the scrambled RNA control (Figures 5.10 and 5.11).
In order to assess why this was the case, several controls were carried out. PUF1-HIVPRD29N
appeared to activate alone in the presence of its cognate sequence, yet not when transfected
with solely the scrambled sequence (Figure 5.12), which suggests that the activity is not simply
non-specific binding to any overexpressed RNA in the cell. This result could suggest that the
PUF1 RNA-binding domain may be interacting partially with its cognate site – for example,
half the site may be bound by one PUF, whereas the other half could be bound by another
resulting in enough proximity to allow the HIVPR domains to activate. However, a similar
hypothesis was tested by Shinoda et al.[108] and showed that a 16-mer PUF RNA binding
domain does not exhibit this partial binding effect. To explore the cause of this result, the
dynamics of this interaction could potentially be elucidated using NMR to characterize the
protein-RNA[161,162] and protein-protein interactions[163] involved.
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The PUF2-HIVPRD29N protein, on the other hand, was active under all control conditions
tested, including when transfected alone (Figure 5.12). Since we have seen that the D29N
variant is not spontaneously active by itself, these results are suggestive of non-specific binding
of the PUF2 domain to cellular RNA. Non-specific binding of PUF domains has been observed
previously[104] and two potential mechanisms – base ‘ejection’ and PUF repeat promiscuity –
have been discovered through X-ray crystallography. These non-specific interactions of the
PUF28 will be explored further using next generation crosslinked RNA sequencing analysis[164]
in Chapter 6.

Thus, I found that there is significant background in this system due to the use of the HIV
protease domain. This background skews the signal-to-noise ratio which in turn prevents any
true effects of the system from being detected. The primary source of background was found
to be due to an individual PUF-HIVPR fusion protein being able to produce proteolytic
activity alone, either due to spontaneous interactions of the HIVPR domain, or non-specific
proximity enhancement by the PUF domain. In addition, it was found that the free HIVPRD29N
does not completely cleave all of the precursor PUF2-HIVPRD29N, likely as it cannot dimerise
in the free form[111] resulting in incomplete activation and lack of an amplificatory effect. This
finding suggests that the cleaved protease may not have the ability to cause apoptosis via
protein degradation, which was the envisaged mechanism of action. In order to eliminate these
issues, I decided to instead test out split-protein systems[165-167]. In this way, an individual
fusion protein cannot activate alone, which should reduce the background and allow any true
effects to be detectable. In addition, this system would go on to activate a specific pro-apoptotic
zymogen to result in certain cell death unlike in the current version of the system where cell
death would have been due to promiscuous protein degradation.

97

CHAPTER 6 – IN CELLULO STUDY OF PUF DOMAINS
6.1

INTRODUCTION

The in vitro data from Chapter 3 showed that the PUF proteins can bind RNA individually
and concurrently, and next it was essential to ensure that both of these can occur in the cell
and thereby drive the dimerisation and activation of their fused domains. Furthermore, in
Chapter 5, it was found that the PUF28-HIVPRD29N being active when transfected by itself.
The reasons are due the specificity and the number of endogenous binding sites (which also
depends on their specificity) of the proteins. Thus, experiments were carried out to elucidate
the binding characteristics of PUF proteins of different lengths within the cell using nextgeneration sequencing and elucidate how specificity changes with PUF length. This method
tests the binding characteristics of PUF domains individually, however their concurrent
binding must also be verified in cellulo. As mentioned in Chapter 5, this can be carried out
using split-protein systems to monitor simultaneous binding which would have less background
and non-specific activity than the HIV protease-based system that was tested. Two groups
have previously used PUF domains fused to split-GFP and split-mCitrine to localize individual
molecules of RNA within the cell[168–170], and thus we selected the split-GFP system to fuse to
our PUF domains to assess concurrent binding and activation of the fusion proteins and to
optimize the system itself.
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6.1.1 METHODS FOR DETECTION OF RNA BINDING SITES
Traditionally, crosslinking immunoprecipitation and next-generation sequencing (CLIP-seq)
based methodologies are used to detect RNA binding sites of specific proteins. These techniques
generally involve UV-based crosslinking of cellular proteins to RNA, along with subsequent
purification of protein-RNA complexes by immunoprecipitation, radiolabelling and SDS-PAGE
gel extraction. The protein is degraded using a protease and the subsequent RNA is used to
generate cDNA libraries for next-generation sequencing[164]. Several different variations of
CLIP have been developed to overcome limitations of the conventional method such as the
loss of cDNAs due to loss of the 5’ adaptor due to truncation. To this end, techniques such as
iCLIP and eCLIP have been developed. iCLIP involves inserting the Illumina barcodes by
circularization of resulting cDNAs which only requires addition of the combined adaptor at
the 3’ end of the RNA, thus preventing loss of truncated cDNAs[171,172]. eCLIP on the other
hand involves ligation of adaptors in the same way as iCLIP, initially to the 3’ end of the
RNA, however no circularization is involved and the 5’ adaptor is blunt-end ligated to the
resulting cDNA fragment[173].

Due to the immunoprecipitation, only specific protein bound RNAs are recovered, and thus
subsequent next-generation sequencing (NGS) and bioinformatic analysis can be used to
determine the sequences of these RNAs and thus form a motif that the protein of interest
binds to[164,171-173]. Although this method is very specific, due to the use of RNA radio-labelling,
X-ray imaging of SDS-PAGE gels and incompatibility with available NGS library preparation
kits, an alternate method had to be found to use in this thesis.

6.1.2 ORGANIC ORTHOGONAL PHASE SEPARATION (OOPS)

The Lilley Lab (Dept. of Biochemistry, Cambridge) have developed a novel method of
purifying protein-bound RNA called organic orthogonal phase separation (OOPS)[114,115].
Traditional phase separation using acidic guanidine phenol chloroform results in migration of
free RNA to the upper aqueous phase and proteins to the lower organic phase. UV crosslinking
of RNA and protein results in RNA-protein adducts that share the physicochemical properties
of both molecules and are therefore found in the interface of the organic and aqueous phases[114].

99

Purification of this interface and subsequent protease digestion yields the protein-bound RNA
which can then be used in downstream sequencing analysis. Additionally, this method has been
applied by the group to detect protein binding sites on RNA by looking for read depletion
compared to a non-crosslinked control since crosslinking induces protein adducts on the RNA
which cause premature termination of reverse transcription during library preparation
resulting in lower read coverage at protein binding sites[174]. However, the issue was that this
method would isolate all protein-bound RNA, and therefore it would be impossible to find
PUF binding sites compared to a non-crosslinked control. To overcome this challenge, I used
a crosslinked control lacking the PUF protein. As such, the PUF library would contain read
depletion at PUF binding sites, along with binding sites for other proteins, whereas the control
library would only contain read depletion at binding sites for other proteins. Thus,
bioinformatically looking for depletions in the PUF library compared to this library would
theoretically yield the PUF protein binding sites. Thus, OOPS-seq was selected as an
alternative to CLIP-based methods. Furthermore, since I have already validated a binding site
for the PUF28 protein in vitro, OOPS-seq could also be validated using the PUF28 protein.

6.1.3 NEXT-GENERATION SEQUENCING (NGS)

Next-generation sequencing (NGS) is an umbrella term referring to several different forms of
high-throughput DNA sequencing. It allows millions of DNA molecules to be sequenced in
parallel[175] and therefore has applications when huge numbers of molecules need to be
sequenced, which would be inefficient by simple Sanger sequencing. For example, for the
experiments in this thesis, millions of different RNA molecules bound to proteins will be
purified by OOPS and sequencing each individual resulting cDNA by Sanger sequencing would
be impossible and separating the different species of RNA in the pool would also be impossible.
Thus, NGS is employed, as it can sequence a large proportion of the generated cDNAs at once
and separate the different species as individual ‘reads’. The NGS technology used will be
Illumina ‘Sequence by Synthesis’.

During library preparation, adaptor DNA oligonucleotides that allow annealing of these
fragments onto different regions of the sequencing flow cell, and primer binding sites that allow
amplification to occur are added to the generated cDNA fragments. Bridge amplification occurs
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using the primer sequences and this results in the formation of a cluster of the same cDNA.
This process happens in parallel for the millions of cDNA fragments annealed on the flow cell
(Figure 6.1). Once this amplification is completed, sequencing takes place by synthesis of the
complementary strand (hence the name Sequencing by Synthesis) using fluorescently labelled
nucleotides. Thus, nucleotides of the cDNA are detected using the fluorescence generated per
cluster for each round of sequencing synthesis yielding the full cDNA sequence for the millions
of cDNA molecules annealed on the flow cell. In this way, NGS allows the OOPSed RNAs to
be sequenced simultaneously

DNA fragments

Primers
DNA strands are attached
to cell surface at one end

Enzymes create double strands

Denaturation forms two
separate DNA fragments

Ends are attached to surface
by complimentary primers

Repetition forms clusters
of identical strands

Figure 6.1: Schematic of Illumina flow cell cluster generation for NGS.
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6.1.4 GREEN FLUORESCENT PROTEIN

The green fluorescent protein (GFP) is an exceptionally versatile protein used regularly in
molecular biology, medicine, and cell biology. Discovered by Shimomura et al.[176] in 1962, GFP
was found to be useful in several fields such as detecting gene expression[177] and protein
localization[178]. It is a cylindrical-shaped protein made of eleven β-strands in a pleated sheet
arrangement with five α-helices forming caps on either ends of the cylinder (Figure 6.2). In
addition, the immature GFP chromophore with the amino acid sequence Ser-Tyr-Gly is present
within the barrel itself and forms an internal α-helix[179]. It is this β-barrel structure that is
responsible for the high stability of the GFP protein[180], maturation of the chromophore, and
subsequent protection of the chromophore from quenching by water molecules[179].

Figure 6.2: Schematic of the structure of GFP (PDB: 4KW4). The NGFP structure is shown in blue, whereas the C-GFP structure is
shown in green. The split point is between amino acids 157 and 158.
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The GFP chromophore initially is non-fluorescent and requires complete folding of the GFP
protein, producing the appropriate environment within the barrel for auto-cyclization of the
chromophore amino acids and subsequent oxidation for chromophore maturation and
fluorescence[179]. In agreement with this time-consuming maturation process, GFP fluorescence
in cells is only observed approximately 1.5 – 4 hours after protein synthesis.

Using the knowledge that the β-barrel structure is essential for GFP fluorescence, splitting this
barrel into two parts was attempted in order to create a split-GFP that could be used to
monitor protein-protein interactions by reconstitution of this non-fluorescent split-GFP into a
mature, fluorescent GFP molecule. Ghosh et al.[181] successfully split the canonical GFP protein
between residues 157 and 158 resulting in two fragments that indeed form the β-barrel
structure like the full-length GFP protein and can re-constitute when fused to leucine zipper
domains that induce dimerisation. The reconstitution of the β-barrel structure then allows
chromophore maturation to proceed resulting in fluorescence restoration. This bimolecular
fluorescence complementation methodology has been used widely to study protein-protein
interactions, as it can detect even weak and transient interactions[182]. Nevertheless, the system
does have limitations, the most important of which is the spontaneous non-specific reassembly
of the split-GFP halves, and efforts to overcome this problem have led to the use of modified
split-GFPs and even trimolecular split-GFPs where three fragments are required for
fluorescence recovery[183].

6.1.5 PUF DOMAINS FUSED TO SPLIT-GFP

These limitations, however, were not observed when groups fused the PUF RNA-binding
domain to split-GFP in the bimolecular complementation method to localize individual RNAs
within the cell. This method was initially used by Ozawa et al.[168] to image mitochondrial
RNA (mtRNA) in the cell. Their pioneering work showed that the split-GFP halves lacking
PUF domains do not show any non-specific restoration of fluorescence, and when transfected
into cells expressing the cognate mtRNA there is fluorescence restoration, whereas when the
mtRNA is absent there is no restoration. Although this does provide support for the use of
PUF fused to split-GFP as a tool to locate RNAs within the cell, their study did not include
a control that expressed scrambled mtRNA to monitor non-specific binding of the PUF fusion
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proteins (which cannot be determined from their control using no cellular mtRNA). Their next
work looked at imaging cytosolic RNA, the β-actin mRNA within the cell[169]. Again, the data
from this study did not include the scrambled control, but it did attempt to co-localise reconstituted GFP with in situ TAMRA-labelled antisense oligonucleotide probes, which would
be indicative of specificity. Interestingly, the images showed background GFP fluorescence
that did not co-localise with the mRNA suggesting that there may some non-specific binding
of the PUF domains in cells.

Other groups such as the Boyden[103] and Oparka[170] groups have also used PUF domains fused
to split-fluorescent proteins to monitor concurrent PUF binding to a single RNA. However, all
these studies used different methods of generating the PUF domains that were fused to the
split-GFP halves. Ozawa et al.[168] and Tilsner et al.[170] found regions within their target RNA
that had a high RNA sequence homology to the canonical target of the human PUF protein.
By doing so, they had to modify very few repeats of the canonical PUF protein and did so
using mutagenesis based on results that have now been expanded upon by Abil et al.[102] to
include a wider PUF repeat recognition code. In contrast, Adamala et al.[103] used their own
Pumby modules (a type of PUF repeat that can be concatenated and mutated as required to
target any RNA sequence) fused to split-GFP.

The PUF domains used in my thesis were designed using the method suggested by Abil et

al.[102], which have not yet been applied to the split-GFP bimolecular fluorescence
complementation system of detecting protein-protein proximity. In addition, optimisation of
the PUF-split-GFP binding and reconstitution has also not been carried by any of the
aforementioned studies. Thus, it was essential to ensure that the PUF domains used in this
thesis can indeed bind concurrently to RNA within the cell as well as in vitro, and the splitGFP system appeared to be ideal to explore and optimise this binding.
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6.1.6 ASSAY DESIGN, AIMS AND OBJECTIVES

Thus, the first aim of this Chapter was to validate this novel OOPS-seq method as a potential
alternative to CLIP-seq techniques and thereby detect binding sites of the 8-, 9- and 10-mer
PUF proteins in the cell. The assay design simply involved the transfection of the 8-, 9- or 10mer PUFs into HEK293T cells which were then subjected to OOPS-seq. A negative control
sample was also used for OOPS-seq where an empty vector was used to transfect the cells
rather than a PUF protein. The subsequent bioinformatic analysis used to compare the PUF
and control libraries were simply a published workflow for the analysis of traditional CLIP
data on the Galaxy web server.

The second aim of this Chapter was to ensure that the PUF domains being used in this thesis
can also bind concurrently to the same RNA in the cell, as well as to optimise different
variables that may be influencing PUF fusion protein binding and reconstitution and assess
the specificity of this concurrent binding. To answer these questions, confocal microscopy,
fluorescence plate reader assays and flow cytometry were used. Cells must be transfected with
the two PUF-split-GFP fusions together with their appropriate cognate or scrambled RNAs.
The RNA targets in question were fused to the 3’-end of the mCherry mRNA and cotransfected as plasmids into the cell with the PUF fusions such that expression of the RNA
targets could be checked by simple fluorescence microscopy before moving on to plate reader
assays and flow cytometry to sort samples based on the presence of RNA in a higherthroughput fashion. A schematic diagram of the assay design is shown in Figure 6.3.

Figure 6.3: Schematic diagram of assay design.
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6.2

METHODS AND MATERIALS

6.2.1 ORGANIC ORTHOGONAL PHASE SEPARATION (OOPS)

Cells were seeded in 10-cm dishes (Thermofisher) at a density of 2,000,000 cells per dish and
transfected with the appropriate plasmids as mentioned in previous sections. A total DNA
mass of 10 micrograms was used per plate. Transfected plates were incubated at 37°C for 24
hours and OOPS was carried out once this period lapsed.

Media was aspirated and cells were washed gently in sterile PBS (Gibco) three times after
which all liquids were aspirated from the plate. Cells were UV crosslinked at 254 nm using 400
mJ/cm2 without the lid. 1 ml of TRIzol reagent (Thermofisher) was added to each plate and
cells were scraped and placed in an RNase-free 1.5 ml Eppendorf tube. Each tube was
completely homogenized by vortexing vigourously at max speed until no clumps remained. 200
µL (1:5 vol/vol, chloroform:TRIzol) of chloroform was added to each tube and homogenised
by vortexing at maximum speed. Tubes were then centrifuged at 12,000 x g for 15 minutes at
4°C. The first organic phase was retained for precipitation to analyse total cellular protein.
The aqueous phase was discarded such that only the interface remained. This constitutes one
phase separation cycle. This was carried out two more times to remove non-specific protein
and RNA in the interface by adding 1 ml of TRIzol to the interfaces and repeating.

The interfaces were cleaned by adding 900 µL of methanol to each sample. Vortexing was used
to mix the samples and interfaces were pelleted by centrifugation at 14,000 x g for 10 minutes
at 4°C. The supernatant was discarded, and the process was repeated. From this point on, the
interfaces were treated either to collect RNA or protein.

PROTEIN COLLECTION FOR WESTERN BLOT

Interfaces were solubilised by adding 100 µL of DEPC-treated water (Thermofisher) and 16
µL of RNase A/T1 mix (Thermofisher) were added to each sample. These were incubated
overnight with rotation at 4°C. The following day, SDS-PAGE loading dye was added to each
sample, and they were run on a 12% SDS-PAGE gel and blotted as previously mentioned using
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an anti-FLAG primary antibody and anti-Mouse secondary antibody conjugated to HRP. Blots
were imaged using ECL (Cytiva).

RNA COLLECTION FOR NGS LIBRARY PREPARATION

30 µL Proteinase K (Thermofisher) was added to 300 µL Proteinase K Buffer (10mM Tris-HCl
pH 8.0, 10 mM EDTA) per sample and incubated at 50°C for 15 minutes with shaking at 400
r.p.m. before adding 300 µL to each interface. The interfaces were incubated with the
Proteinase K mix at 50°C for 2 hours with 400 r.p.m. shaking. 300 µL of ultrapure
phenol:chloroform:isoamyl alcohol (25:24:1) was added to each sample (1:1 vol/vol) and
vortexed at maximum speed to homogenise. The samples were centrifuged at 12,000 x g for 15
minutes at 4°C. The aqueous phase was then transferred to a separate tube. 50 µL of sodium
acetate and 600 µL of isopropanol were added to each aqueous phase (in that order) and
incubated on ice for 10 minutes to precipitate the RNA. Centrifugation was carried out at
maximum speed for 10 minutes at 4°C to pellet the RNA and supernatant was discarded. 900
µL of 100% ethanol was added to each pellet and centrifuged at maximum speed for 5 minutes
at 4°C. The supernatant was discareded and the process was repeated using 70% (vol/vol)
ethanol freshly prepared using DEPC-treated water. The pellets were left to air dry for 5
minutes after which they were re-suspended on ice in 100 µL DEPC-treated water for 5
minutes. RNA was quantified using NanoDrop and 1 µg per sample was run on a 1% agarose
gel stained with SYBR safe (Thermofisher) for 30 minutes at 90V. Imaging was carried out
using a Li-Cor Odyssey (Licor).

6.2.2 METHANOL PROTEIN EXTRACTION

Methanol extraction was used to precipitate proteins from the organic phase of the first round
of OOPS phase separation. 150 µL of organic phase per sample was precipitated by adding
1350 µL of 100% methanol. Protein was pelleted at maximum speed for 10 minutes at 4°C and
the supernatant was discarded. 1 ml of freshly prepared 80% ethanol (vol/vol) was added to
each pellet and centrifuged at maximum speed for 10 minutes at 4°C. The supernatant was
discarded, and the pellets were air dried for 2 minutes. The pellets were re-suspended in buffer
(50 mM Tris-HCl, 225 mM KCl, 0.1% NP-40, 1% Tween-20 and 1% Triton-X100) with
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vigorous vortexing and pipetting up and down. They were left to further solubilise in the buffer
overnight at 4°C on a rotator. The samples were then treated for Western blotting in the same
way as protein that was collected from the interface.

6.2.3 NGS LIBRARY PREPARATION AND SEQUENCING

rRNA

depletion

was

carried

out

using

the

NEBNext

rRNA

Depletion

Kit

v2

(Human/Mouse/Rat) (New England BioLabs) and subsequent library preparation was done
using the NEBNext Ultra II RNA Library Prep Kit for Illumina (New England BioLabs).

rRNA DEPLETION

100 ng of RNA (extracted using OOPS) in 11 µL was added to 2 µL of rRNA depletion solution
and 2 µL of probe hybridization buffer on ice and mixed well by pipetting. The reaction was
then incubated in a pre-heated thermal cycler using the following settings:

1. 95°C for 2 minutes
2. Ramp down to 22°C at 0.1°C/s
3. 22°C for 5 minutes

The reaction was immediately placed on ice and 2 µL RNase H reaction buffer, 2 µL
Thermostable RNase H and 1 µL nuclease-free water was added to it and mixed well. This
reaction was incubated in a thermal cycler for 30 minutes at 50°C with the lid set to 55°C.

The reaction was then immediately placed on ice and 5 µL DNase I reaction buffer, 2.5 µL
DNase I (RNase-free) and 22.5 µL nuclease-free water were added to it and mixed well. The
reaction was then incubated at 37°C for 30 minutes with the lid off.

rRNA depleted RNA was purified using NEBNext RNA Sample Purification Beads (New
England BioLabs). 90 µL (1.8x) beads were added to the depleted RNA sample, mixed, and
incubated on ice for 15 minutes. The beads were pelleted using a magnetic rack and
supernatant was discarded. 200 µL freshly prepared 80% ethanol was added to the tube while
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in the magnetic rack, incubated for 30 seconds at room temperature and then discarded
without disturbing the beads. This step was repeated for a total of 2 washes. All the ethanol
was removed using a pipette and the beads were air-dried for 5 minutes. 7 µL of nuclease-free
water was added to the beads and incubated at room temperature for 2 minutes. The beads
were then pelleted in the rack and 5 µL of the rRNA depleted, purified RNA was transferred
to a separate nuclease-free tube.

LIBRARY SYNTHESIS

5 µL of the rRNA depleted RNA was placed on ice. 1 µL of random primers was added to the
sample and mixed well. The reaction was ncubated in a pre-heated thermocycler for 5 minutes
at 65°C with the lid set to 105°C. The temperature was ramped down at maximum speed to
4°C and the sample was immediately placed on ice.

8 µL of nuclease-free water, 4 µL First Strand Synthesis buffer and 2 µL First Strand Synthesis
Enzyme Mix were added to the sample and mixed well. The reaction was incubated in a
thermocycler with the heated lid set to 105°C with the following cycle settings:

1. 10 minutes at 25°C
2. 15 minutes at 42°C
3. 15 minutes at 70°C
4. Hold at 4°C

The reaction was immediately placed on ice. 8 µL Second Strand Synthesis buffer, 4 µL of
Second Strand Synthesis Enzyme Mix and 48 µL nuclease-free water were added to the reaction
and mixed thoroughly. The reaction was incubated at 16°C for 1 hour with the heated lid off.

The cDNA was purified using SPRISelect Beads (Beckman Coulter). 144 µL (1.8x) beads were
added to the reaction, mixed well, and incubated at room temperature for 5 minutes. The
beads were pelleted using a magnetic rack and the supernatant was discarded. Two 80%
ethanol washes were carried out and beads were dried for 5 minutes (as was done for the rRNA
depletion). 53 µL of 0.1x TE buffer was added to the beads, mixed, and incubated for 2 minutes
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at room temperature. Beads were pelleted using the rack and 50 µL of the purified cDNA
mixture was transferred to a new nuclease-free PCR tube.

The mix was placed on ice and 7 µL of NEBNext Ultra II End Prep reaction buffer, and 3 µL
of NEBNext Ultra II End Prep Enzyme mix were added to it. The reaction was mixed well
and incubated in a thermocycler with the lid set to 105°C with the following cycling settings:

1. 30 minutes at 20°C
2. 30 minutes at 65°C
3. Hold at 4°C

NEBNext Adaptor was diluted 25-fold in Adaptor Dilution buffer and 2.5 µL of this was added
to the end prepped cDNA on ice. 1 µL of ligation enhancer and 30 µL of Ligation Master mix
were also added to the reaction and mixed well by pipetting. This mix was incubated for 15
minutes at 20°C with the heated lid off. 3 µL of USER enzyme was added to the mix and it
was further incubated for 15 minutes at 37°C with the heated lid set to 105°C.

The ligation reaction was purified using SPRISelect beads. 87 µL beads were added to the
sample, mixed well, and incubated for 10 minutes at room temperature. The beads were
pelleted using a magnetic rack and the supernatant was discarded. They were washed with
80% ethanol twice and dried as mentioned previously. 17 µL 0.1x TE buffer was then added,
mixed, and incubated for 2 minutes at room temperature. Beads were pelleted using the rack
and 15 µL of supernatant was transferred to a new PCR tube.

25 µL of Ultra II Q5 Master mix, 5 µL of universal primer and 5 µL of the appropriate index
primer from the NEBNext Multiplex Oligos for Illumina (Index Primers Set 1) (New England
BioLabs) was added to the adaptor ligated cDNA and mixed. PCR amplification was carried
out using the following settings:
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1. 98°C for 30 seconds
2. 98°C for 10 seconds, and 65°C for 75 seconds (13 cycles)
3. 65°C for 5 minutes
4. Hold at 4°C

PCR amplified DNA was purified using SPRISelect beads. 45 µL of beads were added to the
reaction, mixed, and incubated for 5 minutes at room temperature. The supernatant was
discarded and beads were washed and dried with 80% ethanol as previously mentioned. 23 µL
0.1x TE was added to the beads, mixed, and incubated for 2 minutes at room temperature. 20
µL of the purified library was transferred to a fresh nuclease-free PCR tube and stored at 20°C till required.
Libraries were quality controlled using the Agilent TapeStation System (Agilent) and the DNA
High Sensitivity Chip according to the manufacturer’s instructions. Multiplex libraries were
pooled in an equimolar fashion to a final concentration of 4 nM in 20 µL of nuclease free water.
Pooled libraries were then sequenced using the NextSeq 500 Sequencing System (Illumina) for
75 cycles in single-end mode.

6.2.4 BIOINFORMATIC ANALYSIS PIPELINES

All bioinformatic analyses were conducted using the worldwide or EU Galaxy servers and the
general pipeline used was also from a Galaxy tutorial. Prior to analysis, FastQC was carried
out using default settings on Galaxy. FastQC is a quality control program that checks
sequencing files for metrics such as base calling quality, sequence length distribution and GC
content to ensure sequences are of appropriate quality for downstream analysis. Subsequently,
reads were mapped to the hg38 genome using RNA STAR using default settings except without
soft clipping of reads. Peak calling was then carried out using PEAKachu on the EU Galaxy
server with default settings except:
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1. Maximum insert size = 200
2. Pairwise replicates = False
3. Adaptive Mode
4. Mad Multiplier = 0.0

For depletion analysis, controls were provided as “experimental libraries” and experiments were
provided as “control libraries” and vice-versa for enrichment analysis.

Subsequently, peak regions were extended at either end by 20 bp using bedtools SlopBed and
chromosome sizes of hg38, and the subsequent sequences were extracted using bedtools
GetFastaBed using hg38. Finally, MEME analysis was carried out using MEME-ChIP with
default settings, except the following:-

1. Limit of sequences to pass to MEME: none
2. Subsampling = random, seed = 123
3. Search given strand only = true
4. Expected motif site distribution = any number of repetitions
5. Minimum motif width = 5
6. Maximum motif width = 20
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6.2.5 CONFOCAL MICROSCOPY

Confocal microscopy was carried out using the Zeiss Axiovert 100M Confocal Microscope
(Zeiss). Images were taken using the 40x objective lens in Type F Immersion Liquid (Leica
Microsystems) using appropriate detection filters for GFP. The argon laser power was set to
50% and the 488 nm laser attenuation was set to 15.9%. A pinhole width of 1000 µM was used
and a gain of 1000 volts was used to amplify the signal. The offset was set to -0.5%. Images
were taken in a 1024 X 1024 format with a pixel time of 12.8 µs and a field line average of 4.

6.2.6 PLATE-READER ASSAY

Cell seeding and transfection was scaled down to black 96-well flat clear-bottom plates
(Greiner). On the day of analysis, media was aspirated, and cells were washed in sterile PBS.
The plate was immediately analysed using a Clariostar Plate Reader (BMG). The excitation
and emission wavelengths along with bandwidths used were 561-15 nm and 610-20 nm for
mCherry respectively, and 483-14 nm and 530-30 nm for split-GFP respectively. Focal height
was adjusted automatically for the wells using the mCherry emission as a reference for both
the mCherry and split-GFP emission channels. Gain was adjusted automatically for the
mCherry emission channel. For the split-GFP channel, various gains were tested, and a gain
of 2850 was used for final experiments.

6.2.7 FLOW CYTOMETRY

Cell seeding and transfection were carried out in 24-well plates and incubated for 24 hours (as
previously described). On the day of analysis, cells were washed in PBS and detached from
wells using 50 µL 1x Trypsin-EDTA and trypsin was neutralised by the addition of 100 µL
fresh culture medium. Cell suspensions were transferred to 96-well plates and then pelleted at
500 x g for 5 minutes at 4°C. The supernatant was discarded, and cell pellets were re-suspended
in FACS buffer (PBS + 2% FBS). This washing process was repeated, and final cell pellets
were re-suspended in 200 µL FACS buffer.
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The AttuneTM NxT Acoustic Focusing Flow Cytometer was the instrument used for these
experiments. Voltages for forward- and side-scatter, and the appropriate lasers were set for
mCherry and GFP, and compensation was carried out using single colour controls. Data
acquisition was then carried out using the 96-well plate autosampler at a flow rate of 100
µL/min.
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6.3

RESULTS

6.3.1 OOPS CAN PURIFY RNA-BOUND PUF PROTEINS

OOPS coupled to Western blotting was used to assess whether the protocol could be used with
the PUF proteins. Three lengths of PUFs were generated, i.e., 8-mer, 9-mer and 10-mer PUFs
which bind 8-, 9- and 10- nucleotide target sites respectively. These will be referred to as
PUF28, PUF29 and PUF210 throughout the thesis. To check whether RNA-bound PUFs could
be purified, the organic phase and interfaces of crosslinked and non-crosslinked conditions were
probed for PUF presence.

Figure 6.4: Western blot of OOPSed cellular lysates transfected with either PUF28, PUF29 or PUF210. OOPS
and Western blot were carried out according to the methods section using an anti-FLAG primary antibody and
anti-Mouse secondary antibody. The blots are representative of three independent biological replicates.

The organic phase extraction in both the crosslinked condition and non-crosslinked control
shows the presence of all three PUF proteins tested at the expected molecular weights. The
crosslinked experiment shows higher molecular weight bands in the organic phase for the
PUF28 and PUF29 proteins which are not seen in the non-crosslinked control.
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The interface in the crosslinked experiment shows the presence of bands representing all three
PUF proteins. The band densities of PUF29 and PUF210 in the interface are lower than within
the organic phase. An interesting observation is that PUF28 shows purification of the higher
and lower molecular weights bands in the interface as compared to the organic phase
corresponding to RNA-bound PUF protein which was not completed digested by the RNase
treatment. No bands are seen for either of the three proteins in the non-crosslinked control
interface suggesting only RNA-bound PUF is being isolated upon crosslinking and that
subsequent analyses are valid and that the RNA from crosslinked PUF proteins can be isolated.
.

6.3.2 LIBRARY PREPARATION AND QUALITY CONTROL

Figure 6.5 shows the gel electrophoresis images of RNA from the extractions using OOPS. The
All the samples show heavy smearing in the 500 – 1000 bp region. Some bands are visible
within the smears of the P210 and negative control samples, however, these bands are less clear
in the PUF28 and PUF29 samples (Figure 6.5). Although this suggests RNA degradation which
may affect library preparation[184], the kit being used is known to handle degraded RNA well.
Thus, NGS library preparation was carried out on these RNA samples, and the libraries
generated were subject to Tapestation analysis to verify the quality of the libraries.

Figure 6.5: RNA gel electrophoresis of samples obtained from
OOPS. Samples were run on a 1% TAE gel stained with SYBR safe
at 75V till the dye reached three-quarters down the gel. The three
lanes under each heading represents the three biological replicates
for each sample.
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Figure 6.6: Tapestation fluorescence intensity traces using high sensitivity DNA chip of NGS
library samples. Upper and lower ladders are marked on the trace along with the average size of
the library. Traces are representative of three independent biological replicates.

The Tapestation quality control for the library samples was used to assess four main factors:
1) remaining index primers that would appear as peaks of less than 85 nucleotides, 2) presence
of adaptor-dimers which would be found as a peak at ~ 127 bp, 3) PCR overamplification seen
as a peak at a higher molecular weight than the library size ~ 1000 bp and 4) a broad library
size distribution. Figure 6.6 shows the Tapestation traces for the libraries generated and none
of these traces show any of the aforementioned quality issues suggesting the libraries were
ready for NGS. The quality of the sequencing reaction was then assessed using FastQC to
determine the average quality score per base in each read.

High quality scores indicate good base calling in the sequencing reaction, which corresponds
to the likelihood that a called base is indeed that base. Figures 6.7 and 6.8 show that the
sequence quality at all positions in the read are within the “green” region which denotes very
good quality base calls which suggests that the libraries have very high read qualities. Thus,
subsequent mapping, peak calling, and motif analysis can be carried out robustly without being
affected by poor quality reads. No other quality issues were detected using FastQC using the
other metrics tested.
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Quality
Quality
Figure 6.7: FastQC analysis of base calling quality score for each read in the sequencing reaction for
PUF28 and PUF29. Analyses are representative of three independent biological replicates.
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Quality
Quality
Figure 6.8: FastQC analysis of base calling quality score for each read in the sequencing reaction for
PUF210 and the control. Analyses are representative of three independent biological replicates.
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6.3.3 READ DEPLETION ANALYSIS

Once the sequencing quality was verified, read mapping was carried out to the human genome
build 38 (hg38) using the RNA STAR aligner which accounts for RNA splicing. Subsequently,
peak calling was carried out to detect peaks in the control samples compared to the PUF
samples as this would essentially denote regions in the hg38 genome that are depleted in the
PUF samples. These significantly depleted regions can then be subject to motif analysis in
order to find the actual sequences of the depleted regions and identify PUF binding sites.
Indeed, peak calling using PEAKachu detected several peaks that were enriched in the control
samples compared to the PUF28, PUF29 and PUF210 samples.

Figure 6.9: MA plots of PEAKachu peak depletion analysis. Red points represent significantly enriched peaks
with an adjusted p-value < 0.05 as determined by DESEQ2 using the Benjamini-Hochberg correction.
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The MA plots in Figure 6.9 plot the average (between control and experimental libraries)
normalized read count of a particular region against the fold change in normalized reads of
that region (between control and experimental libraries). This plot is used to visualize
significantly enriched peaks in the experimental library compared to the control as shown in
red that are present in all three biological replicates. In this version of the analysis, the
significant peaks in red represent depleted peaks in the PUF libraries. The different PUF
proteins have similar fold changes (between 1.5 and 4.5) in their depleted regions compared to
the control and, interestingly, there are several peaks in the MA plots for all three proteins
that show negative fold changes suggesting they are enriched in the PUF libraries. Surprisingly,
most of the significant peaks are clustered within the region of peaks that are not significantly
enriched, and have low log-2 fold-changes, suggesting they may be artefactual. The
significantly depleted peaks are then used for motif analysis by MEME (multiple EM for motif
elicitation) to determine the sequences of the significantly depleted regions.

Figure 6.10: Motifs obtained from MEME analysis of depletion peaks. Red box represents repeated motif
partially matching designed target sites for corresponding PUFs. Significance of the discovered motif is
represented by the E-value shown in the Figure.

None of the exact target sites for the PUF proteins were obtained in the MEME analysis,
however partial sites were seen. PUF28 and PUF29 had a common motif detected –
GCTGGGATTA (Figure 6.10) – which partially matches their cognate sites: GCTGCTGC
(PUF28) and GCTAGCTGC (PUF29). The bit depths of individual nucleotides at the different
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positions of these sites were lower in PUF29 than PUF28. Bit depths refer to the height of the
nucleotides at any given position of the motif and represent the probability of a particular
nucleotide being present at that position in the motif. In contrast, no target sites partially
matching that of PUF210 were detected in the analysis, but GC-rich regions were enriched.
This suggests that the analysis using the depletion methodology has several limitations, and
that the motifs detected may be artefacts. Thus, a complementary experiment was carried out
to detect regions that were enriched in the PUF protein libraries compared to the control
libraries to find RNAs that were specifically enriched due to PUF binding.
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6.3.4 READ ENRICHMENT ANALYSIS

Similar MA plots were generated as for the read depletion analysis. Peak calling in this case
was used to isolate peaks enriched in the PUF samples corresponding to RNAs that have been
enriched due to PUF binding.

Figure 6.11: MA plots of PEAKachu peak enrichment analysis. Red points represent significantly enriched
peaks with an adjusted p-value < 0.05 as determined by DESEQ2 using the Benjamini-Hochberg correction.

All PUF samples have significantly enriched peaks compared to the control libraries (Figure
6.11). PUF28 has peaks with higher fold changes and mean read coverages than the PUF29
and PUF210 samples which tend to have lower fold changes and read coverages. Compared to
the read depletion analysis, these plots are more promising. The significantly enriched peaks
here are not clustered near the non-significant peaks and have much higher log-2 fold-changes
suggesting that they represent true peaks. These significantly enriched peaks were then used
for motif analysis.
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Figure 6.12: Motifs obtained from MEME analysis of enrichment peaks. Red box represents repeated motif
partially matching designed target sites for corresponding PUFs. Significance of the discovered motif is
represented by the E-value shown in the Figure.

The enrichment motif analysis found the exact target site for the PUF28 protein: GCTGCTGC
as highlighted in Figure 6.12. A partial motif containing two mismatches is detected for the
PUF29 protein: GCTCACTGC compared to the designed target site: GCTAGCTGC.
However, the C in position 4 of the target site (position 9 of the discovered motif) can be an
A with a lower frequency suggesting a partial mismatch at this position. Compared to PUF28,
nearly every position has a slight mismatch in PUF29. For the PUF210 target site detected,
the nucleotide at position 6 of the discovered motif has a very low bit depth, suggesting it is
a non-essential nucleotide in the target site and a minority of RNAs being bound by PUF210
contain an additional nucleotide at this position. Elimination of this position results in the
target site: GCTGTGCTGG being detected which contains only two mismatches compared to
the designed site: GCTATGCTGC. However, the PUF210 site also has a lower bit-depth for
guanine at position 1 of the target site (position 2 in the motif) compared to the PUF28 and
PUF29 proteins. Additionally, the final CT doublet decreases in bit-depth from PUF28, to
PUF29 and then to PUF210. Again, nearly every position in the PUF210 motif displays some
promiscuity compared to PUF28. Thus, PUF28 has the fewest deviations from its cognate site
with only 2 partial mismatches, whereas PUF29 has 1 complete mismatch along with 6 partial
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mismatches, and PUF210 has 2 complete mismatches and 6 partial mismatches. Additional
enriched bases outside the target motif are likely artefactual due to the bioinformatics pipeline.

6.3.5 EXPRESSION OF SPLIT-GFP FUSION CONSTRUCTS

OOPS-seq allowed us to elucidate that longer PUF domains may display more promiscuity,
however it cannot provide any information about the extent to which this promiscuity affects
binding, how many mismatches can be tolerated, how this affects the number of natural sites
for the PUFs within the transcriptome, whether this can be translated to proteins with fused
PUF domains, and how this affects concurrent binding of PUF domains. Furthermore, for
PUF29 and PUF210, the exact designed target site was not detected. To examine how these
results translate to concurrent binding of PUF fusion proteins, experiments were carried out
using PUF domains fused to split-GFP. Prior to analysis by confocal microscopy, the
expression of the various split-GFP constructs was assessed using Western blot. Figures 6.13A
and B show the results of expression. Again, as samples were run on various gels, the blots
shown are a collage of different blots.
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A

B

Figure 6.13A and B: Western blot of split-GFP constructs. 300,000 HEK293T cells in a 12-well plate were
transfected with the constructs shown and harvested after 24h for Western blot. The blot was stained using
either an anti-FLAG mouse monoclonal or anti-HA rat monoclonal primary antibody and subsequently with
an anti-Mouse or anti-Rat HRP-conjugated secondary antibody. The blot was developed using ECL and
imaged with an exposure time of 2 minutes. GAPDH or hsp60 was used as a loading control. Red boxes are
used to highlight bands of interest. The two lanes under each title represent the two independent biological
replicates.
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A single band per sample per replicate is seen in all samples corresponding to the approximate
molecular weight of the construct (Table 6.1). The bands for C-GFP were not detected at first
attempt as they most likely ran off the gel but were seen after running the samples for a shorter
time. The flexi in the construct names refer to a flexible linker (same as in Chapter 5) that
was inserted into the construct to separate the different domains within the constructs.

Construct Name

Approximate Molecular Weight (kDa)

N-GFP

16

C-GFP

14

GST-N-GFP

42

GST-C-GFP

40

PUF2-N-GFP

50

PUF1-C-GFP

48

Flexi-N-GFP

24

Flexi-C-GFP

20

GST-flexi-N-GFP

50

GST-flexi-C-GFP

48

Table 6.1: Approximate molecular weights of split-GFP constructs.
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6.3.6 RECONSTITUTION OF THE SPLIT-GFP SYSTEM

Once the expression of the constructs at the correct molecular weight was verified, confocal
microscopy was used to detect reconstitution of split-GFP upon triple transfection into cells
along with cognate or scrambled site containing mCherry to assess whether the PUF domains
can bind RNA concurrently. The images are shown below.

Figure 6.14: Confocal microscopy of triple transfected HEK293 cells. 90,000 HEK293T cells were triple
transfected with different combinations of plasmids listed in an iBidi 8-well slide, incubated for 24h, and
subsequently imaged using confocal microscopy to look at GFP fluorescence intensity of fluorescent cells. All
images shown are the field of view of the microscopy and are representative of two biological replicates.
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Figure 6.14 shows the images taken by confocal microscopy with a filter to illuminate and
detect GFP fluorescence. mCherry fluorescence was visualised prior to confocal microscopy
and was even across all samples. The panels for the C-GFP + N-GFP, and GST-split-GFP
combinations show no visible green fluorescence. In contrast, all combinations containing both
the PUF1-C-GFP and PUF2-N-GFP, regardless of which mCherry (cognate or scrambled) was
co-transfected, show significantly higher green fluorescence compared to the other
combinations. It was noted that the PUF-split-GFP constructs used contained a flexible linker
separating the PUF and split-GFP domains which may have improved GFP re-constitution,
and thus the microscopy was repeated for C-GFP + N-GFP, and GST-split-GFP constructs
after adding a flexible linker to them (Figure 6.14). The flexi-C-GFP + flexi-N-GFP
combination shows no fluorescence re-constitution, but the GST flexi combination does show
a low level of GFP fluorescence.

However, it appears that the scrambled RNA shows more GFP fluorescence than the cognate
RNA (Figure 6.14). In order to find the best conditions to maximise GFP fluorescence in the
presence of cognate RNA compared to scrambled RNA, the system was optimized as described
in the next section.

6.3.7 OPTIMISATION OF THE SPLIT-GFP SYSTEM

Various different split-GFP constructs and target RNAs were screened to determine the
optimal ones. The variables tested were PUF cognate site length, PUF cognate site spacing
and split-GFP domain orientations. In addition, multiple binding site (MBS) variations of the
cognate sites were produced to assess the effect of the presence of more available binding sites
on activity. Figure 6.15 shows a schematic of the different optimisations tested in this Chapter.
Outside-oriented domains refer to when the appropriate split-domain is on the C-terminus of
the PUF1 (on the outer-side compared to the PUF2 fusion), whereas inside-oriented domains
refer to when the split-domain is on the N-terminus of PUF1 (on the inner side compared to
the PUF2 fusion). A summary of the constructs used to achieve this is listed in Table 6.2, and
a comparison of the RNA target sites in the different mCherry constructs is shown in Table
6.3. The mCherry cognate constructs provided in Table 6.2 were generated for 8-, 9- and 10mer PUF cognate sites (Table 6.3) and also contained a TEV cleavage site for use in the next
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Chapter. The MBS target sites are not shown in Table 6.3 are the font size required to display
them is too small, however they are simply two SBS RNAs separated by a 5’-CUUCU-3’
spacer. For example: the 8-mer mCherry SC0 is 5’-CUG—CGACA----------GCU—GCUGC3’and the corresponding 8-mer mCherry MC0 is 5’-CUG—CGACA----------GCU—GCUGC
CUUCU CUG—CGACA----------GCU—GCUGC-3’.

Scrambled construct 1 contains scrambled 8-nt PUF sites separated by a 10-nt spacer, whereas
scrambled construct 2 contains scrambled 16-nt PUF sites separated by a 5-nt spacer. Initial
test experiments showed that both these constructs resulted in identical results for 8-, 9- and
10-mer PUF domains (Appendix E) indicating spacer and target site length do not affect nonspecific binding to scrambled RNA. Thus, scrambled construct 1 was used as the control for
all further experiments. Subsequently, 8-mer PUFs will be referred to as PUF18 or PUF28, 9mer PUFs as PUF19 or PUF29, and 10-mers as PUF110 and PUF210.
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Figure 6.15: Schematic diagram of different parameters tested using the PUF-split-GFP system.
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Construct Name

Protein Tag

Notes

PUF28-N-GFP

3xFLAG

-

PUF29-N-GFP

3xFLAG

-

PUF210-N-GFP

3xFLAG

-

PUF18-C-GFP

3xHA

Outside-oriented

PUF19-C-GFP

3xHA

Outside-oriented

PUF110-C-GFP

3xHA

Outside-oriented

C-GFP-PUF18

3xHA

Inside-oriented

C-GFP-PUF19

3xHA

Inside-oriented

C-GFP-PUF110

3xHA

Inside-oriented

mCherry SC0

3xFLAG and 3xHA

Cognate, SBS, 0-nt spacer

mCherry SC2

3xFLAG and 3xHA

Cognate, SBS, 2-nt spacer

mCherry SC4

3xFLAG and 3xHA

Cognate, SBS, 4-nt spacer

mCherry SC6

3xFLAG and 3xHA

Cognate, SBS, 6-nt spacer

mCherry SC8

3xFLAG and 3xHA

Cognate, SBS, 8-nt spacer

mCherry SC10

3xFLAG and 3xHA

Cognate, SBS, 10-nt spacer

mCherry MC0

3xFLAG and 3xHA

Cognate, MBS, 0-nt spacer

mCherry MC2

3xFLAG and 3xHA

Cognate, MBS, 2-nt spacer

mCherry MC4

3xFLAG and 3xHA

Cognate, MBS, 4-nt spacer

mCherry MC6

3xFLAG and 3xHA

Cognate, MBS, 6-nt spacer

mCherry MC8

3xFLAG and 3xHA

Cognate, MBS, 8-nt spacer

mCherry MC10

3xFLAG and 3xHA

Cognate, MBS, 10-nt spacer

mCherry Scrambled 1

3xFLAG and 3xHA

*

mCherry Scrambled 2

3xFLAG and 3xHA

*

Table 6.2: Summary of constructs generated to optimise split-GFP system. Scrambled constructs labelled with
a * are discussed in Section 6.3.3. C0 – C10 in the construct names refer to the number of nucleotides between
the PUF binding sites.
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Construct Name

Target Site

8-mer mCherry SC0

CUG—CGACA

----------

GCU--GCUGC

8-mer mCherry SC2

CUG—CGACA

AA--------

GCU--GCUGC

8-mer mCherry SC4

CUG—CGACA

AAAA------

GCU--GCUGC

8-mer mCherry SC6

CUG—CGACA

AAAAAA----

GCU--GCUGC

8-mer mCherry SC8

CUG—CGACA

AAAAAAAA--

GCU--GCUGC

8-mer mCherry SC10

CUG—CGACA

AAAAAAAAAA

GCU--GCUGC

9-mer mCherry SC0

CUGA-CGACA

----------

GCUA-GCUGC

9-mer mCherry SC2

CUGA-CGACA

AA--------

GCUA-GCUGC

9-mer mCherry SC4

CUGA-CGACA

AAAA------

GCUA-GCUGC

9-mer mCherry SC6

CUGA-CGACA

AAAAAA----

GCUA-GCUGC

9-mer mCherry SC8

CUGA-CGACA

AAAAAAAA--

GCUA-GCUGC

9-mer mCherry SC10

CUGA-CGACA

AAAAAAAAAA

GCUA-GCUGC

10-mer mCherry SC0

CUGAUCGACA

----------

GCUA-GCUGC

10-mer mCherry SC2

CUGAUCGACA

AA--------

GCUAUGCUGC

10-mer mCherry SC4

CUGAUCGACA

AAAA------

GCUAUGCUGC

10-mer mCherry SC6

CUGAUCGACA

AAAAAA----

GCUAUGCUGC

10-mer mCherry SC8

CUGAUCGACA

AAAAAAAA--

GCUAUGCUGC

10-mer mCherry SC10

CUGAUCGACA

AAAAAAAAAA

GCUAUGCUGC

mCherry Scrambled 1

CAATCGAG

AAAAAAAAAA

CTCCGGGT

mCherry Scrambled 2

CAATCGAGCTCCGGGTCTTCTCAATCGAGCTCCGGGT

Table 6.3: Summary of PUF target sequences fused to the 3’-end of mCherry mRNA. Scrambled constructs labelled
with a * are discussed in Section 6.3.3. C0 – C10 in the construct names refer to the number of nucleotides between
the PUF binding sites. MBS RNAs are not shown in this table as the font size requires to display them is too
small. Bold and underlined = PUF1 binding site, italics and underlined = PUF2 binding site, underlined-only =
scrambled site, unmodified text = spacer between the PUF sites.
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6.3.7.1

8-MER SITES

Outside-oriented 8-mer PUF proteins were tested for activity with various spacer lengths
present between the sites for the PUF domains. This was expected to improve the ability of
the PUF fusions to bind by reducing any steric hindrance present. These assays were conducted
using mCherry constructs containing either an SBS or MBS of both PUF proteins.
First, a linear series of spacing between 8-mer PUF sites on the SBS RNA was tested on the
outside-oriented split-GFP domains together with MBS RNAs (Figure 6.16). The panels show
that GFP fluorescence presents as minute puncta rather than bright, diffuse green as expected
when an intact GFP protein is used, although diffuse GFP fluorescence is observable in certain
conditions such as C4 SBS and C10 MBS (Figure 6.16). For the SBS RNAs, there are very
few puncta seen for all spacer lengths, but the C8 SBS RNA shows the brightest and was thus
selected for further study using flow cytometry. There are green puncta of similar brightness
visible in the scrambled control; differences between the cognate and scrambled puncta cannot
be distinguished in these images. This could be due to low overall split-GFP fluorescence
intensity and thus, MBS versions of the RNAs were used in an attempt to increase the number
of re-constituted split-GFP domains and therefore increase the split-GFP fluorescence.

Compared to their SBS counterparts and scrambled control, the MBS RNAs in general show
higher GFP fluorescence. The C4 condition was selected for flow cytometry. No differences in
fluorescence could be observed as the spacer length was changed for either the SBS or MBS
RNAs. Although the GFP re-constitution was improved due to the MBS RNAs, for the
NASPER system, a high level of re-constitution is required using SBS RNAs. Thus, to improve
the orientation of the split-GFP domains, the fusion proteins were re-engineered to have the
split-GFP domains facing towards each other (inside-oriented, Figure 6.15). These insideoriented split-GFP 8-mer PUFs were also tested using the MBS versions of the RNAs in order
to detect the GFP re-constitution more easily.

Figure 6.17 shows the same experiment as Figure 6.16, except that inside-oriented split-GFP
domains are used instead of outside-oriented. The fluorescence observed for this experiment
looks significantly different to Figure 6.16. All the panels, SBS and MBS RNAs, show a mixture
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of minute puncta and diffuse green fluorescence. The brightest green fluorescence for the SBS
RNAs was observed with the C10 spacer length, which looks brighter than the scrambled
control and was selected for flow cytometry. The C0, C2, C6 and C10 MBS RNAs show
brighter green fluorescence compared to their SBS counterparts (and the scrambled control),
and of these, the C0 was the brightest and was selected for flow cytometry. Although the GFP
fluorescence is greater in these conditions, no differences in fluorescence could be observed
when the spacer length was changed for SBS or MBS RNAs.
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6.3.7.2

9-MER SITES

In order to improve the PUF-split-GFP system, 9- and 10-mer PUF proteins fusions designed
and produced with the presumption being that 9- and 10-nucleotide sites would occur less
frequently within the cellular transcriptome as compared to 8-nucleotide sites and thereby
would reduce the background fluorescence observed when using 8-mer fusions with the
scrambled RNAs. Although OOPS-seq showed that longer PUF fusions may be more
promiscuous, this does not necessarily mean that they bind more RNAs in the cell because
OOPS-seq did not yield any information on binding affinities. Thus, it was important to assess
whether they did in fact reduce split-GFP re-constitution when using scrambled RNA. The
same variations of these proteins were tested as for the 8-mer PUF proteins.

Figure 6.18 shows the use of 9-mer PUF domains together with outside-oriented split-GFP
domains on SBS and MBS RNAs. The panels only show minute green puncta representative
of GFP reconstitution with no clear trend observable as spacer length increases. In the SBS
condition, the C2 and C6 spacer lengths showed the brightest puncta. The C2 was chosen as
the puncta were slightly larger, potentially facilitating detection in flow cytometry. MBS RNAs
were tested here as well to increase the split-GFP re-constitution, as observed for the 8-mer
fusions, to be more easily detected by the confocal microscope. The C0 and C4 MBS RNAs
showed brighter green fluorescence compared to their SBS counterparts, and the C4 was
selected for further study. The brightest conditions selected also look brighter than the
scrambled RNA, suggesting that they may be distinguishable by flow cytometry. Subsequently,
to improve re-constitution using SBS RNAs, and to compare to the data for the 8-mer splitGFP fusions, inside-oriented split-GFP 9-mer PUF fusions were also tested. Figure 6.19 shows
the same experiment as Figure 6.18, except using inside-oriented split-GFP domains. For the
SBS RNAs, no trend can be seen as spacer length increases. The brightest and largest puncta
were seen when the C4 RNA was used, and thus this was selected for further study. The
puncta in this panel also had higher fluorescence intensity than the scrambled control. The C0
and C2 MBS RNAs showed brighter and larger puncta than their SBS versions. Of these two,
the C0 MBS looked better and was selected for flow cytometry. Interestingly, both scrambled
controls (outside- and inside-oriented split-GFP) with the 9-mer PUF domains showed fewer
and less intense puncta compared to the scrambled controls with 8-mer PUF domains.
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6.3.7.3

10-MER SITES

Although the 9-mer PUF fusions did not yield split-GFP re-constitution that was easily
detectable by the confocal microscope which may suggest higher specificity, it could also have
been because the 9-mer PUF domains were unable to bind the RNA targets well. Thus, 10mer PUF fusions were designed and tested to see whether they had higher specificity and more
PUF binding and re-constitution than the 9-mer fusions.

Figure 6.20 shows the use of 10-mer PUF domains together with outside-oriented split-GFP
domains on SBS and MBS RNAs. The panels only show green puncta representative of GFP
reconstitution with no clear trend observable as spacer length increases for the SBS or MBS
RNAs. In the SBS condition, the C4 and C8 spacer lengths showed the brightest puncta, and
of these, the C8 was chosen as the puncta were observed to be larger and brighter. The C0
and C2 MBS RNAs showed brighter green fluorescence compared to their SBS counterparts
and the C0 was selected for further study. These constructs also look brighter than the
scrambled RNA, suggesting that they may be distinguishable by flow cytometry.

Figure 6.21 shows the same experiment as Figure 6.20, except using inside-oriented split-GFP
domains. For the SBS RNAs, no trend can be seen as spacer length increases. The brightest
and largest puncta were seen when the C0 RNA was used and thus this was selected for further
study. The puncta in this panel also had higher fluorescence intensity than the scrambled
control. The C0 MBS RNA showed brighter and larger puncta than its SBS versions. The C0
MBS RNA was also the brightest of all the MBS RNAs and was selected for flow cytometry.
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6.3.8 FLUORESCENCE INTENSITY OF SELECTED
CONSTRUCTS

As there were difficulties with quantification of the fluorescence intensities using confocal
microscopy, a plate reader assay was used to try and quantify the split-GFP re-constitution
of the brightest sets of constructs selected from confocal microscopy to quantitatively validate
the differences observed (Figure 6.22).

Figure 6.22: Absolute fluorescence intensities of selected 8-, 9-, and 10-mer PUF constructs. 10,000 HEK293T cells
were transfected with the brightest constructs determined in confocal microscopy for 24h and then analysed using
a plate reader to measure total GFP fluorescence intensity per well of cells. Error bars represent the SEM from
three biological replicates.
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The absolute split-GFP fluorescence intensities for all RNA conditions were nearly the same
for the three PUF lengths tested. A one-way ANOVA coupled with Dunnett’s post-hoc test to
compare these intensities to the mock transfection (untransfected cells) showed no significant
differences between the control and any of the constructs tested. Thus, flow cytometry was
attempted instead because it uses a more powerful light source and more sensitive fluorescence
detectors which would enable the detection of minute fluorescence intensities that are invisible
to the plate reader.

Figure 6.23: Flow cytometry of selected split-GFP constructs. 50,000 HEK293T cells were transfected with the
brightest constructs determined in confocal microscopy for 24h and then analysed using flow cytometry to measure
total GFP and mCherry fluorescence intensity per cell. Representative dot plots from three independent biological
replicates for 8, 9 and 10-mer PUF proteins showing intact cell selection, single cell selection and GFP fluorescence
intensity.

Figure 6.23 shows the representative dot plots obtained from the 8-mer, 9-mer and 10-mer
PUF split-GFP constructs tested. All 8-mer PUFs tested had cells present in the second
quadrant which represents mCherry and GFP positive cells, whereas the 9- and 10-mer PUF
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conditions did not show any cells in this quadrant. In order to compare between the
fluorescence intensities of the different 8-mer PUF-split-GFP conditions, overlays of the GFP
intensity histograms were produced (Figure 6.24). However, the median fluorescence intensity
(MFI) values may not be accurate because there is a shift in GFP fluorescence occurring in
the GFP- quadrant 1 of the dot plots (Figure 6.23) and thus a significant amount of signal is
being ignored in the analysis due to systematic issues with flow cytometer voltage setting.
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Figure 6.24: split-GFP intensity histogram overlays for 8-mer PUFs. Overlays showing the fluorescence
intensities of selected constructs of 8-mer PUF-split-GFP measured as median fluorescence intensity by
flow cytometry in FlowJo. Three independent biological replicates are shown as three histograms for each
condition in the key – eg: the three green histograms for outside-oriented SBS represent the three biological
replicates testing the outside-oriented 8-mer PUF fusions using cognate SBS RNA.
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The histogram overlays (Figure 6.24) showed no shift in GFP intensity when cognate and
scrambled SBS RNA were used for both the outside- and inside-oriented split-GFP domains.
Although the MFIs for the inside-oriented split-GFP fusions was greater when using the
cognate RNA compared to the scrambled RNA, due to systematic errors these values may be
artefactual. Similarly, comparison of the MFIs between SBS and MBS constructs, and outsideand inside-oriented constructs, is unreliable.
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6.4

DISCUSSION

The first aim of this Chapter was to employ OOPS, a novel high-throughput method of proteinbound RNA purification, to enrich PUF-bound RNA for subsequent next-generation
sequencing and bioinformatic comparison to a control sample for PUF binding site analysis as
an alternative to CLIP-seq. Furthermore, this Chapter describes the experiments carried out
in attempts to understand the nature of concurrent binding of two PUF proteins using the
split-GFP system using confocal microscopy. Studies using the split-GFP system with PUF
proteins have been carried out, but they all use super-resolution techniques such as total
internal reflection fluorescence (TIRF) microscopy[168–170]. These studies have shown that the
signal obtained from PUF-RNA-induced split-GFP reconstitution is rather low, and there may
be background non-specific binding of the probes[169,170]. Thus, my use of confocal microscopy
was not the ideal method, but it was the most sensitive instrument available, and
demonstrating GFP reconstitution using more readily available confocal microscopes would
also broaden the use of this PUF-split-GFP system in the RNA imaging field.

6.4.1 NGS REVEALS PROMISCUITY OF PUF BINDING

Prior to any downstream bioinformatic analyses, sequencing quality was checked using
FastQC, and read qualities were extremely high allowing for robust downstream analysis.
Initially, I aimed to use the protein-binding fingerprint method suggested in Queiroz et al.[115]
to detect genomic regions in the PUF libraries that were depleted compared to the control
libraries. Such depletion occurs because UV crosslinking-induced protein adducts on RNA
block reverse transcriptase during library preparation resulting in protein-bound regions being
depleted in the final library[174]. The MA plots and motif analysis for this experiment suggests
that the results are likely an artefact; a common sequence was detected for the PUF28 and
PUF29 suggesting a potential systematic bias in this analysis (Figures 6.9 and 6.10). Upon
further consideration, two sources of systematic bias in this mode of analysis were apparent –
1) read-through rate and 2) RNA enrichment due to PUF binding.

Firstly, read-through is a phenomenon that occurs when the reverse transcriptase does not
terminate due to the presence of protein adducts on the RNA[174]. Thus, if read-through
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frequency is high, PUF binding and crosslinking to RNA would not produce the expected
depletions. This may indeed be the case here since the fold changes of significant in the
depletion analysis MA plots are very low, almost identical to those for non-significantly
depleted peaks. A novel technique developed by Su et al.[185] known as LACE-seq, does not use
proteinase K digestion of the protein crosslinked to RNA thus resulting in a much larger
adduct remaining on the RNA. This has a more profound effect on reverse transcription
termination by minimizing read-through rate. Thus, using this technique in the future for
depletion analysis may be significantly more sensitive than the approach adopted here.

Secondly, PUF-bound RNAs would be enriched in the OOPS interface compared to the control
libraries. This enrichment leads to a higher concentration of PUF-bound RNAs in the PUF
libraries compared to the controls. Due to this, the read depletion may not be enough to
compensate for the RNA enrichment and thus, depleted regions may not truly be detected
(Figure 6.25)

Figure 6.25: Schematic for effect of enrichment on read depletion.

The effect of enrichment on read depletion is affected by the degree of enrichment and degree
of depletion, which may be why Queiroz et al.[115] detected depletions in some genes at proteinbinding regions. However, this work was only applied to highly expressed RNAs (as this may
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mitigate the effects of enrichment) and not developed further and validated for all known
protein binding sites and on low expression RNAs. In my experiments, looking at only highly
expressed RNAs for depletions would greatly bias the downstream motif analysis as it may
exclude significant binding regions that are present on low expression RNAs. Hence, a better
bioinformatic analysis method was required.

Since the PUF proteins seemed to be causing an enrichment of their RNA binding partners in
the OOPS interface, I instead decided to apply the peak calling protocol to search for peaks
that were enriched in the PUF libraries compared to the control libraries. Motif analysis
yielded nearly the exact designed target sequence of the PUF28 protein (which was also
validated by in vitro fluorescence polarisation in Chapter 3). Nucleotides in positions 1 and 4,
however were amenable to slight promiscuity with some RNAs containing adenine and cytosine
in those position respectively. Such promiscuity has been observed previously[104] in PUF
proteins, however the PUF28 protein seems to have a generally high specificity since this
promiscuity is minimal as seen by the low bit depth of A and C at positions 1 and 4, and since
nucleotides at other positions match the designed sequence exactly.

Surprisingly, in contrast, PUF29 displays lower specificity for the designed target and PUF210
is even less specific for the designed target compared to PUF29. Zhao et al.[102] have suggested
that increasing the number of PUF repeats may allow binding in imperfect modes if the bound
repeats (promiscuous and non-promiscuous) provide enough energy to stabilize the PUF
protein on the non-target RNA. Additionally, as PUF repeats can be promiscuous, the nontarget RNA binding of longer PUF29 and PUF210 begins to make sense as the potential for
such promiscuous binding would increase due to the increased number of binding repeats. In
the future, competition FP assays between target and non-target cognate sequences for PUF29
and PUF210 detected here should be carried out to quantitatively assess the preference of the
PUF28, PUF29 and PUF210 proteins for these sites. The presence of complete mismatches in
motifs compared to the designed target sequence of PUF29 and PUF210 begs the question of
whether they would even bind to their designed target sequences. This is a question of how
much of the required binding energy for the PUF protein is provided by those particular
repeats. Furthermore, these positions may simply appear as complete mismatches in these
experiments because the particular designed target RNA was not available to bind in the cell,
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and thus was not enriched by OOPS and work in Chapter 7 shows that the 10-mer PUFs can
indeed bind their designed target cognate sequences suggesting this may be the case. in vitro
binding studies as mentioned earlier would also help further answer this question and verify
this hypothesis. Furthermore, the MEME motif analysis in these experiments does not account
for contextual binding of the PUF domains, i.e., how binding to a given nucleotide is affected
by its neighbouring nucleotides. Additional bioinformatics should be carried out to assess
whether a contextual motif search yields different results.

Thus, we have found that as PUF target length increases, binding promiscuity significantly
increases, and the proteins are able to bind many more potential cognate sequences rather
than simply the cognate sequence they were designed to target. This huge increase in potential
endogenous non-target cognate sites may overcome the theoretical reduction in the natural
frequency of sites as PUF length increases (which was originally the hypothesis to explain the
observations seen in previous Chapters). Thus, since PUF29 and PUF210 have so many more
potential cognate sequences than PUF28, they may undergo sequestration in the cell on these
non-target cognate sequences[90,104] which would reduce the available pool of these PUF
proteins to bind transfected RNA. This phenomenon has also been suggested by Abil et al.[90]
and is consistent with the decrease in split-GFP intensity when using 9- and 10-mer PUFs.
This hypothesis should be explored further in future studies using competition FP assays and
high-throughput in vitro binding assays, to test the sheer number of potential binding RNAs
detected by NGS, such as HiTS-Kin[186,187].

HiTS-Kin is a method that tests an RNA-binding protein against all possible RNA sequences
in a single reaction. For example, the 8-mer PUF protein would be tested for binding against
all potential 8-mer RNA sequences (generated through in vitro transcription or synthesis) at
different protein concentrations. Once the binding reaction is equilibrated, the bound RNA, at
the given protein concentrations, is separated and used for NGS library preparation.
Sequencing is subsequently carried out and the data can be used to calculate kinetic rate
constants and binding affinities for all the randomised 8-mer sequences tested[188]. This would
allow a study of the affinity landscape of the PUF proteins for all potential 8-, 9- and 10-mer
RNAs, along with an analysis of pairwise interactions of multiple deviations from the designed
target. In this way, it would delineate the NGS data into affinity data and provide a clearer
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picture of exactly how many RNA species can indeed be bound by the 8-, 9- and 10-mer PUFs.
For example, an RNA containing all the partial mismatches suggested by NGS may not bind
the PUF due to a lack of sufficient binding energy, but some numbers of partial mismatches
are clearly tolerated. Thus, elucidating the affinity map for these proteins would be crucial in
contextualizing the NGS data and verifying the sequestration hypothesis in relation to the
reduction in frequency of natural binding sites in the transcriptome hypothesis.

The data here also do not explain why the PUF28-HIVPRD29N fusion was active by itself since
PUF28 was not found to be significantly promiscuous. Thus, it likely the case that multiple
GCTGCTGC binding targets for PUF28 are located in proximity naturally in the cell
(confirmed by GGRNA – a tool to search for short RNA motifs in the transcriptome) allowing
PUF28-HIVPRD29N to activate. Although this method has been able to detect the binding site
of PUF28 that was validated in vitro, the robustness should further be verified using gold
standard CLIP-based technologies to check whether the same non-target cognate RNAs and
promiscuity are detected for the three PUF proteins (using both methods), and that any
additional artefactual motifs detected for each PUF protein due to the bioinformatics pipeline,
or lack of an RNase digestion step in the protocol, are indeed artefacts. Lastly, these
experiments should also be carried out for the other PUF proteins used in this thesis including
those fused to effector domains to ensure these results can be generalised. Since binding of
individual PUF domains has characterised by OOPS-seq, the next steps were to elucidate how
this affects concurrent binding of the PUF domains using split-GFP.

6.4.2 SPLIT-GFP FUSIONS ARE ACTIVE IN THE CELL

PUF-fused split-GFPs showed reconstitution, albeit there was no difference between the
cognate and scrambled RNAs. Reconstitution in the scrambled condition was unexpected from
literature claiming the PUF proteins are extremely specific. However, these studies were either
carried out in vitro[90,93,102] or used a different method to generate the designer PUF
domains[103]. Studies by Yamada et al.[169] and Tilsner et al.[170] confirms the observation that
in a PUF-split-GFP system, the presence of non-cognate RNA can indeed result in GFP
reconstitution, suggesting that there is a degree of non-specific binding by the PUF domains.
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Even with a flexible linker, no fluorescence was observed in the wild-type constructs (Figure
6.14), indicating that any re-constituted GFP fluorescence is not due to random encounters
between the split halves in the cell, but rather is due to PUF-RNA-induced dimerization. This
result is consistent with other studies that have shown that split-GFP halves do not reconstitute any activity unless they are fused to the PUF domains[169,170]. In contrast, some
fluorescence was observed for the GST-fused split-GFP constructs, however, the intensity was
low compared to the intensity seen for the PUF-fused GFPs suggesting that although the
flexible linker is important in maintaining GFP domain activity, GST may not be a good
positive control for dimerization as observed in Chapter 5 using the HIVPR-based system as
well.

6.4.3 UNDERSTANDING THE VARIABLES INFLUENCING PUFINDUCED SPLIT-GFP RECONSTITUTION

6.4.3.1

8-MER PUF DOMAINS

Initially, creating spacers of different lengths between the two PUF binding sites was tested,
as Qiu et al.[93] reported that spacing can increase the binding affinity of two PUF domains in
tandem. No increases in the diffuse green fluorescence were observed when the spacer length
was increased, and the fluorescence obtained for all spacer lengths was indistinguishable from
that of the scrambled control (Figure 6.16). To assess whether this was caused by low overall
split-GFP fluorescence, multiple binding site (MBS) versions of the cognate RNAs were
generated to increase the number of re-constituted split-GFP domains and thereby the GFP
fluorescence (Figure 6.26).

Figure 6.26: Schematic of expected PUF-split-GFP binding
on MBS RNA.
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Indeed, a slight increase in diffuse green GFP fluorescence is observed when using the MBS
RNA compared to the SBS RNA (Figure 6.16) suggesting that the PUF fusions are not fully
saturated using the SBS RNA. Although using MBS RNAs increases the fluorescence observed,
which may be clinically relevant for cancer-overexpressed RNAs containing repetitive elements,
such as HSATII in colorectal and pancreatic tumours[189,190], it is less important for single
element overexpression such as in the hTERT RNA.

Using inside-oriented PUF-split-GFP fusions resulted in much higher GFP fluorescence for all
SBS RNA spacer lengths compared to the outside-oriented fusions (Figure 6.17). In addition,
increased GFP fluorescence when using the MBS RNA was also observed relative to SBS RNA
for the inside-oriented fusion proteins combined with some of the RNA spacers (C0, C2, C6
and C10). The fact that this increase was not observed for all RNA spacer lengths suggests
that in order to increase the binding interaction between PUFs and RNA, it is not necessarily
sufficient to simply increase the number of sites available (explored further in Chapter 7).
Thus, based on these data it seemed that orienting the split-GFP domains towards each other
improved reconstitution likely due to more favourable orientations and proximity when facing
inwards. Although there was some variability in split-GFP reconstitution between the cells for
each set of constructs tested, these data provide a good foundation for further characterisation
using flow cytometry and the split-TEV system (to quantitatively assess concurrent binding
and reconstitution for much larger cell numbers) to reinforce these results since more reconstitution was observed in several cases using the cognate RNA compared to the scrambled
RNA suggesting that concurrent binding of PUF fusions is occurring.

6.4.3.2

9- AND 10-MER PUF DOMAINS

For the 9- and 10-mer PUF domains, the striking reduction in the GFP fluorescence (Figures
6.18 – 6.21) suggests that these PUF domains concurrently target fewer RNAs compared to
the 8-mer PUFs (as expected potentially due to the reduced natural frequency of these sites
in the cell).

However, the reduction in fluorescence intensity may also be due to increased sequestering of
individual 9- and 10-mer PUF fusions on endogenous non-target cognate RNA resulting in less
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non-specific binding to exogenous RNA and therefore reduced GFP intensity (effects on specific
binding cannot be determined from this data since GFP intensities were too low). The
sequestering is due to increased promiscuity of longer PUF proteins as suggested in Zhao et

al.[102] and supported by earlier OOPS-seq data in this Chapter of their increased non-target
cognate binding. Although it may appear that an increase in endogenous non-target cognate
binding of single PUF fusions would increase their ability to concurrently bind endogenous
non-target cognate sites (and therefore increase GFP intensity), there will be a balance
between PUF fusions being sequestered individually and concurrently. Additionally, there
would also be a balance between the increase in concurrent endogenous non-target cognate
binding for PUFs and the change in pool size of available fusion proteins to bind exogenous
RNA. Although the increased endogenous concurrent binding could increase the GFP
fluorescence, the consequent decrease in pool size of available fusion proteins to bind exogenous
RNA would result in less binding of the fusion proteins to the overexpressed RNA which may
have a greater effect, resulting in the overall reduction in observed GFP intensity.

However, this is simply a hypothesis, and the differences could also simply be due to the fact
that the 9- and 10-mer fusions have weaker affinities for RNA. Thus, further studies are
required to dissect the observed effects such as in vitro binding studies using the 9- and 10mer PUF domains to elucidate their binding affinities in unfused and fused forms. Differences
in specific binding in cognate conditions cannot be ascertained due to low fluorescence
intensities. Although some differences were noted using the 9- and 10-mers, these differences
were much smaller than for the 8-mers due to the significantly lower overall fluorescence
intensity.

6.4.4 CHALLENGES OF USING CONFOCAL MICROSCOPY

As mentioned previously, studies of the PUF-split-GFP system have used super-resolution
microscopy[168–170]. In order to detect the low split-GFP fluorescence using confocal microscopy
(including for the 8-mer PUF domains), non-standard settings on the confocal microscope had
to be used such as a high laser power, gain and pinhole width. Despite this, any potential
differences between constructs for the 9- and 10-mer PUF fusions were below the sensitivity
of the confocal. When attempting to quantify the fluorescence intensity to detect these smaller
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differences for 9- and 10-mer fusions, highly variable results were obtained which showed no
differences between conditions. The variability is likely due to artefacts generated due to the
unusual microscope settings used, such as autofluorescence (seen clearly in 9- and 10-mer PUF
fusion images). Additionally, using these settings also increased the intrinsic issues with
confocal microscope image quantification[191] (such as fluctuations in laser power and diffraction
artefacts), which led to an inability to accurately quantify any changes. Despite these
challenges, the simultaneous binding of PUF-split-GFP fusions for the 8-mer PUF domains
(showing these fusions can indeed bind RNA simultaneously in the cell), the improvement in
reconstitution observed from inside-oriented split-GFP domains in the 8-mer PUF fusions
relative to outside-oriented, and the reduction in diffuse GFP fluorescence when using 9- and
10-mer PUF fusions are all promising results.

6.4.5 QUANTITATIVE ANALYSIS OF FLUORESCENCE
INTENSITIES

Both plate reader assays and flow cytometry were carried out to quantify any fluorescence
differences between the brightest conditions observed using confocal microscopy. No GFP
fluorescence was seen for any of the conditions tested using the plate reader assay (Figure
6.22), likely because the light source in the plate reader is a xenon flash lamp coupled to a
monochromator, which produces a single wavelength output into the sample. This source has
a significantly lower excitation power than the lasers used in the confocal microscopy setup.

In flow cytometry, the 8-mer PUF domains indeed show a population of cells containing both
mCherry and GFP, however, the 9- and 10-mer PUF domains do not have this population
which is consistent with the data obtained from the confocal microscopy (Figure 6.23). As with
the microscopy, this is likely to be due to increased sequestering with the 9- and 10-mers
resulting in less GFP reconstitution falling below the sensitivity of the flow cytometer.
Interestingly, the dot plots for the 8-, 9- and 10-mer PUF domains showed no GFP
reconstitution in mCherry-negative cells (Figure 6.23), suggesting that any reconstitution from
naturally occurring concurrent binding sites is negligible. This result also indicates that the
GFP fluorescence for the 8-mer scrambled RNA must be due to non-specific binding
potentiated by overexpressed RNA rather than binding to natural concurrent PUF sites, and
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therefore that the reduction in fluorescence when using 9- and 10-mer PUF domains is due to
sequestering, rather than due to a reduction in the natural frequency of binding sites in the
cell. This result further contextualises the promiscuity observed in the OOPS-seq experiments
as well and suggests that in fact, the promiscuity of longer PUF domains leads to the
aforementioned sequestration effect rather than reduced binding to natural binding sites in the
transcriptome. However, the hypothesis that the 9- and 10-mers simply bind more poorly
cannot be excluded from these data.

Although this Chapter showed that PUF-split-GFP fusions seem to be concurrently binding
RNA in the cell, that the inside-oriented split-GFP domains result in an improvement in
reconstitution of split-GFP relative to outside-oriented domains, and that the 9- and 10-mer
PUF domains have less reconstitution than the 8-mer domains, it was not possible to quantify
smaller differences due to both a lack of sensitivity of the instrumentation and setup used, and
the overall low level of GFP reconstitution. The latter is likely because the split-GFP system
is not amplificatory, i.e a single re-constituted GFP produces a single signal output. Thus, I
moved to a system that would allow a single re-constituted split molecule to amplify its signal
output.
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CHAPTER 7 – SPLIT-TEV IN THE NASPER SYSTEM

7.1

INTRODUCTION

As the split-GFP system was not able to resolve the differences between the different
optimization conditions tested, there was need to use an amplificatory system to create higher
signals and thereby provide insight into the effects of different variables on the NASPER
system. A split-protease system satisfies this criteria – one re-constituted protease would cleave
multiple substrates resulting in an amplified signal, and additionally, it could be used in future
assays to activate a pro-apoptotic zymogen to induce apoptosis as is required for the NASPER
system. Hence a literature search into split protease systems was carried out to select the ideal
protease. Two potential split proteases were identified: 1) split-TEV[55,166,192-194] and 2) splitHRV3C[165]. The two proteases have similar mechanisms of actions, as they are both cysteine
protease, and they also share stringent substrate-recognition specificities[195,196]. Although
Wang et al.[165] showed that split-HRV3C outperforms the split-TEV protease, their study was
carried out in E. coli, whereas all studies of the split-TEV protease have been carried out in
mammalian cells. Furthermore, the split-TEV protease has also been used successfully to
activate a zymogen procaspase-3[55] resulting in apoptosis which is the end goal of the NASPER
system. Lastly, other studies optimizing the split-protease itself using site-directed mutagenesis
have been carried out[197] making it easier to troubleshoot and adapt the system.
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7.1.1

THE TEV PROTEASE

The TEV protease, derived from the Tobacco Etch Virus, is a 27 kDa cysteine protease with
stringent substrate specificity[198] (Figure 7.1)

Figure 7.1: Schematic of the crystal structure of TEV Protease
(PDB: 1Q31). The N-TEV structure is shown in blue, whereas the
C-TEV structure is shown in green. The split point is between
amino acids 118 and 119.

The protease recognises a consensus peptide sequence E-X-X-Y-X-Q-G/S (where X is any
residue) and cleaves after the glutamine residue resulting in the glycine or serine residue
becoming the new N-terminus of the protein[196,198]. The amino acids occupying the X positions
are important in determining the rate of cleavage, and the most common sequence used is
ENLYFQG[196]. This high specificity is why the TEV protease is commonly used in vitro as a
tool for removing affinity tags after protein purification[199]. However, the wild-type TEV
protease is relatively unstable, as it auto-cleaves to form a truncated protease with greatly
diminished catalytic activity[200-202]. Mutagenesis resulted in the creation of the S219V variant,
which has a significantly higher stability and catalytic activity and was shown to be active in

E. coli cells. The Itzhaki lab regularly using this variant of TEV for in vitro protein production,
and for these reasons this is the variant that will be split for use in the NASPER system in
this Chapter.
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7.1.2

SPLITTING THE TEV PROTEASE

Several studies have already been conducted using the split-TEV system. Wehr et al.[166]
carried out the first study in determining an optimal split sites within the full length protein.
Systematic screening identified candidate split sites, which were then verified using GBR1acc
and GBR2cc domains. GBR1 and GBR2 are two GABAB receptors that contain coiled-coil
domains which interact to form heterdimers[203]. Ultimately, the optimal split site was found
to be after amino acid 118 resulting in N-TEV and C-TEV fragments that are able to reconstitute around 30% - 40% activity of the full TEV protease. The group went on to further
validate the use of this split-TEV system in various cell-based models using both soluble and
transmembrane-tethered forms of the domains. After validation, the split-TEV domains were
used to monitor the biological interaction between the ErbB2 and ErbB4 receptor tyrosine
kinases (RTKs) upon Nrg-1 ligand addition. The ligand-induced dimerisation of the split-TEVfused RTKs at the cell membrane released a GAL4-VP16 protein which could then translocate
to the nucleus and drive the expression of luciferase whose luminescence was the assay
output[166]. Differences between Nrg-1 isoforms were successfully detected using this assay.
Figure 7.2 shows the principle of the split-TEV system used by Wehr et al.[166] and how it
would be used in the NASPER system; X and Y would represent the PUF1 and PUF2 RNA
binding domains.

Figure 7.2: Schematic of the principle of the split-TEV assay used by their study to
determine the optimal split site for the TEV protease. Adapted from Wehr et al.[166].

Wehr et al.[194,204] then moved on to apply this system to more transient biological proteinprotein interactions such as the phosphorylation-dependent interaction between the Bad
protein and adaptor protein 14-3-3ε, and Nrg-1 stimulated ErbB4 interactions with several
other adaptor proteins. The Estévez group[193] used this system to characterise the interaction
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between the Gαi subunit and its partner G-protein coupled receptor. Upon interaction, the
transcription factor GV activates the expression of sGluc producing a measurable light signal.
Most importantly this system has been used by Gray et al.[55] to activate a procaspase-3
zymogen and induce apoptosis in cells. They also optimised the system further and found that
slightly truncating the C-TEV domain resulted in less background activity without reducing
specific activity (this is the C-TEV domain that was used in my experiments). Using the
procaspase-3 protein, they were able to effectively induce apoptosis over the short-term in
mammalian cells as measured by DEVDase activity and cell staining for apoptotic markers.
Our experiments will be for a longer duration than those carried out by this group, as they
require transfection and expression of the constructs rather than simply small molecule
treatment. However, it is a good foundation as it matches our NASPER approach closely.

7.1.3

ASSAY DESIGN, AIMS AND OBJECTIVES

Thus, the aim of this Chapter was to develop a more sensitive system than the split-GFP
system and thereby optimize constructs and identify the lead split-TEV candidates to take
forward in apoptosis assays. To achieve these aims, the mCherry construct that was used to
deliver the cognate and scrambled RNAs was modified to contain a TEV cleavage site.
Cleavage of this mCherry protein would then be detected and quantified using Western
blotting. In this way, cells containing the substrate for TEV must also contain the RNA for
the PUF fusions to bind and therefore, any changes in cleavage detected between split-TEVonly and PUF-split-TEV in cognate and scrambled RNA can be attributed to differences in
PUF-RNA binding and split-TEV reconstitution (i.e, there is no background interference from
a population of cells containing the mCherry substrate but lacking the RNA). Additionally,
these changes can be normalized to total substrate present, which would allow an even more
robust analysis independent of any variations in transfection efficiency.
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Figure 7.3: Schematic of assay design to detect activity of the split-TEV system
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7.2

RESULTS

7.2.1

EXPRESSION OF SPLIT-TEV FUSION PROTEINS

The expression of the various split-TEV constructs, generated for initial testing of split-TEV
activity, in HEK293 cells was assessed by Western blot prior to starting the TEV cleavage
assay (Figure 7.4).

Figure 7.4: Western blot of split-TEV constructs. 300,000 HEK293T cells in a 12-well plate were transfected
with the constructs shown and harvested after 24h for Western blot. The blot was stained using either an antiFLAG monoclonal or anti-HA monoclonal primary antibody, and subsequently with an anti-Mouse or antiRat HRP-conjugated secondary antibody respectively. The blot was developed using ECL and imaged with an
exposure time of 2 minutes. Red boxes are used to highlight bands of interest. GAPDH was used as a loading
control. The two lanes under each title represent the two independent biological replicates.

Bands can be seen corresponding to the appropriate molecular weights of the constructs (Table
7.1). C-TEV was not detected initially, but upon re-running the sample with a shorter gel
running time and without cutting off the end of the gel, it was seen at approximately the
appropriate molecular weight.
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Construct Name

Approximate Molecular Weight (kDa)

N-TEV

17

C-TEV

15

GST-N-TEV

36

GST-C-TEV

34

PUF2-N-TEV

51

PUF1-C-TEV

50

Table 7.1: Approximate molecular weight of split-TEV constructs.

mCherry constructs containing a 3xFLAG tag, TEV cleavage site, a 3xHA site and either the
cognate or scrambled RNA sequences for the PUF1 and PUF2 proteins, were also generated
and expressed.

Figure 7.5: Western blot of TEV-cleavable mCherry. 300,000 HEK293T cells in a 12-well plate were transfected
with the constructs shown and harvested after 24h for Western blot. The blot was stained using either an antiFLAG monoclonal or anti-HA monoclonal primary antibody, and subsequently with an anti-Mouse or anti-Rat
HRP-conjugated secondary antibody respectively. The blot was developed using ECL and imaged with an
exposure time of 2 minutes. GAPDH or hsp60 was used as a loading control. Red boxes are used to highlight
bands of interest (full-length mCherry protein), whereas blue boxes highlight degraded mCherry protein. The
two lanes under each title represent the two independent biological replicates.
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Figure 7.5 shows the expression of these constructs probed using either an anti-FLAG or antiHA antibody to ensure detection by both. Both the cognate and scrambled mCherry showed
the same pattern of cleavage. On the anti-FLAG blot, two bands were observed in each sample
– one at approximately 48 kDa and one at approximately 18 kDa. On the anti-HA blot two
bands were observed again in each sample – one at around 48 kDa and the other at around 27
kDa. It should be noted that the sum of molecular weights of the lower bands from the antiFLAG and anti-HA blots add up to approximately the molecular weight of the higher band
on both blots. The smearing observed below the 48 kDa band on the anti-HA gel is likely an
artefact of the Western blot. Based on the molecular weights of the fragments observed on the
Western blot, it was determined that cleavage was occurring somewhere within the mCherry
protein itself, away from the TEV cleavage site. This phenomenon has been observed
previously and is thought to be mCherry degradation within the cell[205]. Thus, because the
TEV site was not thought to be affected, TEV cleavage could still be detected using this
substrate. Hence, I moved on to testing it using split-TEV proteins lacking PUF domains,
split-TEV domains fused to GST, and split-TEV domains fused to 8-mer PUF domains.

164

7.2.2

ACTIVITY OF SPLIT-TEV SYSTEM

Activity of the split-TEV system was then measured by the cleavage of TEV-cleavable
mCherry in Western blots.

A

U

B

C
U
C

1

2

3

4

Lane

Figure 7.6: Western blot of triple transfected split-TEV constructs. 300,000 HEK293T cells in a 12-well plate were
transfected with the constructs shown and harvested after 24h for Western blot. The blot was stained using either an
anti-FLAG monoclonal (A) or anti-HA monoclonal primary antibody (B), and subsequently with an anti-Mouse or
anti-Rat HRP-conjugated secondary antibody respectively. The blot was developed using ECL and imaged with an
exposure time of 2 minutes. GAPDH was used as a loading control. The three lanes under each title represent the
three independent biological replicates. Uncleaved and cleaved bands are marked as U and C respectively. (C): The
normalised proportion of mCherry cleaved as determined from the anti-HA blot is shown. Error bars represent the
SEM of three independent biological experiments.
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Figure 7.6 shows the results obtained after co-transfecting HEK293T cells with various
different combinations of split-TEV constructs. Panel A shows the Western blot after being
probed with an anti-FLAG primary antibody. Lanes 1 and 2 show the typical cleavage pattern
for mCherry when probed with anti-FLAG as seen in Figure 7.5, whereas lanes 3 and 4 contain
an additional band at a higher molecular weight corresponding to the PUF2-N-TEV
constructs. There is no visible difference in band intensity of the full-length mCherry between
any of the four combinations.

Panel B shows the anti-HA blot for the same samples as Panel A. The pattern seen across all
combinations is typical for the anti-HA mCherry with bands at 48 kDa and 27 kDa. However,
an additional band at approximately 42 kDa is seen across all samples, and a band at around
50 kDa is seen in samples 3 and 4 corresponding to the PUF1-C-TEV.

Panel C shows the quantification of cleavage as a proportion of total mCherry (a ratio of the
42 kDa, and 42 kDa + 48 kDa band (corresponding to cleaved and uncleaved, respectively)
bands) from the anti-HA blot as this compensates for the loading and transfection efficiencies.
No significant differences were observed between the different combinations, which suggests
that any activity due to concurrent binding of the PUF domains and subsequent reconstitution of split-TEV as per the NASPER mechanism is masked by the non-specific reconstitution of the split-TEV domains. Thus, the system needed to be optimized such that
NASPER activity could be increased and detected above this background re-constitution of
split-TEV, and so that the activity is higher using cognate RNA versus scrambled RNA.

7.2.3

OPTIMISATION OF THE SPLIT-TEV SYSTEM

Various optimisations of the split-TEV system were carried out similarly to those described in
Chapter 6 for the split-GFP (Figure 6.15) system to maximise activity compared to the
scrambled control. First, the expression of these new constructs was tested. The blots also
show the various constructs produced for the split-GFP system in the previous Chapter. These
were run on the same blots and are hence shown together as they could not be separated well.
The constructs generated for this Chapter are shown in Table 7.2, along with the PUF target
sites fused to the 3’-end of the mCherry mRNA (Table 7.3), and an optimization schematic in
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Figure 7.7. Similar to the split-GFP system, scrambled RNA 1 was used as the control for all
assays as no differences in activity were observed compared to scrambled RNA 2 indicating
RNA and spacer length do not influence non-specific binding (Appendix E). As seen in Figures
7.8 and 7.9, all new constructs expressed at the correct molecular weights as expected.

C

C

N

N C

N

C

N

Figure 7.7: Schematic diagram of different parameters tested using the PUF-split-TEV system.
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Construct Name

Protein Tag

Notes

PUF28-N-TEV

3xFLAG

-

PUF29-N-TEV

3xFLAG

-

PUF210-N-TEV

3xFLAG

-

PUF18-C-TEV

3xHA

Outside-oriented

PUF19-C-TEV

3xHA

Outside-oriented

PUF110-C-TEV

3xHA

Outside-oriented

C-TEV-PUF18

3xHA

Inside-oriented

C-TEV-PUF19

3xHA

Inside-oriented

C-TEV-PUF110

3xHA

Inside-oriented

mCherry SC0

3xFLAG and 3xHA

Cognate, SBS, 0-nt spacer

mCherry SC2

3xFLAG and 3xHA

Cognate, SBS, 2-nt spacer

mCherry SC4

3xFLAG and 3xHA

Cognate, SBS, 4-nt spacer

mCherry SC6

3xFLAG and 3xHA

Cognate, SBS, 6-nt spacer

mCherry SC8

3xFLAG and 3xHA

Cognate, SBS, 8-nt spacer

mCherry SC10

3xFLAG and 3xHA

Cognate, SBS, 10-nt spacer

mCherry MC0

3xFLAG and 3xHA

Cognate, MBS, 0-nt spacer

mCherry MC2

3xFLAG and 3xHA

Cognate, MBS, 2-nt spacer

mCherry MC4

3xFLAG and 3xHA

Cognate, MBS, 4-nt spacer

mCherry MC6

3xFLAG and 3xHA

Cognate, MBS, 6-nt spacer

mCherry MC8

3xFLAG and 3xHA

Cognate, MBS, 8-nt spacer

mCherry MC10

3xFLAG and 3xHA

Cognate, MBS, 10-nt spacer

mCherry Scrambled 1

3xFLAG and 3xHA

*

mCherry Scrambled 2

3xFLAG and 3xHA

*

Table 7.2: Summary of constructs generated to optimise split-GFP system. Scrambled constructs labelled with
a * are discussed in Section 6.3.3. C0 – C10 in the construct names refer to the number of nucleotides between
the PUF binding sites. All mCherry constructs contain a TEV cleavage site at the N-terminus and were generated
as required for the 8-, 9- and 10-mer PUF domains.
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Construct Name

Target Site

8-mer mCherry SC0

CUG—CGACA

----------

GCU--GCUGC

8-mer mCherry SC2

CUG—CGACA

AA--------

GCU--GCUGC

8-mer mCherry SC4

CUG—CGACA

AAAA------

GCU--GCUGC

8-mer mCherry SC6

CUG—CGACA

AAAAAA----

GCU--GCUGC

8-mer mCherry SC8

CUG—CGACA

AAAAAAAA--

GCU--GCUGC

8-mer mCherry SC10

CUG—CGACA

AAAAAAAAAA

GCU--GCUGC

9-mer mCherry SC0

CUGA-CGACA

----------

GCUA-GCUGC

9-mer mCherry SC2

CUGA-CGACA

AA--------

GCUA-GCUGC

9-mer mCherry SC4

CUGA-CGACA

AAAA------

GCUA-GCUGC

9-mer mCherry SC6

CUGA-CGACA

AAAAAA----

GCUA-GCUGC

9-mer mCherry SC8

CUGA-CGACA

AAAAAAAA--

GCUA-GCUGC

9-mer mCherry SC10

CUGA-CGACA

AAAAAAAAAA

GCUA-GCUGC

10-mer mCherry SC0

CUGAUCGACA

----------

GCUA-GCUGC

10-mer mCherry SC2

CUGAUCGACA

AA--------

GCUAUGCUGC

10-mer mCherry SC4

CUGAUCGACA

AAAA------

GCUAUGCUGC

10-mer mCherry SC6

CUGAUCGACA

AAAAAA----

GCUAUGCUGC

10-mer mCherry SC8

CUGAUCGACA

AAAAAAAA--

GCUAUGCUGC

10-mer mCherry SC10

CUGAUCGACA

AAAAAAAAAA

GCUAUGCUGC

mCherry Scrambled 1

CAATCGAG

AAAAAAAAAA

CTCCGGGT

mCherry Scrambled 2

CAATCGAGCTCCGGGTCTTCTCAATCGAGCTCCGGGT

Table 7.3: Summary of PUF target sequences fused to the 3’-end of mCherry mRNA. Scrambled constructs labelled
with a * are discussed in Section 6.3.3. C0 – C10 in the construct names refer to the number of nucleotides between
the PUF binding sites. MBS RNAs are not shown in this table as the font size requires to display them is too
small. Bold and underlined = PUF1 binding site, italics and underlined = PUF2 binding site, underlined-only =
scrambled site, unmodified text = spacer between the PUF sites.
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Figure 7.8: Western blot of inside-oriented PUF18 split-TEV and split-GFP constructs.
300,000 HEK293T cells in a 12-well plate were transfected with the constructs shown
and harvested after 24h for Western blot. The blot was stained using an anti-HA
monoclonal primary antibody, and subsequently with an anti-Rat HRP-conjugated
secondary antibody respectively. The blot was developed using ECL and imaged with
an exposure time of 2 minutes. hsp60 was used as a loading control

Figure 7.9: Western blots of PUF split-TEV, split-GFP constructs and non-fusion constructs using 9-mer or 10-mer
PUF domains. 300,000 HEK293T cells in a 12-well plate were transfected with the constructs shown and harvested
after 24h for Western blot. The blot was stained using either an anti-FLAG or an anti-HA monoclonal primary
antibody, and subsequently with an anti-Mouse or anti-Rat HRP-conjugated secondary antibody respectively. The
blot was developed using ECL and imaged with an exposure time of 2 minutes. hsp60 was used as a loading control
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7.2.3.1

8-MER SITES

OUTSIDE-ORIENTED SPLIT-TEV DOMAINS

Once it was verified that all the constructs produced to optimise the split-TEV system
expressed correctly, TEV activity assays could be carried out. Outside-oriented 8-mer PUF
proteins were tested for activity with various spacer lengths in the RNA between the binding
sites for the two PUFs as this has been shown previously to improve PUF concurrent binding
and was therefore expected to increase split-TEV re-constitution. These assays were conducted
using mCherry constructs containing a single binding site (SBS) of both PUF proteins. For all
results obtained in this section, the data are provided as Western blot and its normalized
quantification. Although differences between different spacers cannot be visualized
qualitatively on the blot (Figure 7.10), the cleavage pattern seen is as expected from Figure
7.6. The quantitation shown in Figure 7.10 is also consistent with Figure 7.6 in that the C0
spacer does not have significantly increased cleavage over the scrambled control. In fact, the
data suggest that none of the different spacers result in an increased cleavage proportion
compared to the scrambled control. Thus, I attempted to change the orientation of the splitTEV domains to facilitate reconstitution.

A

B

U
C

Figure 7.10: (A) Western blot of triple transfected outside-oriented split-TEV constructs with 8-mer PUF domains, and
SBS RNAs. 300,000 HEK293T cells in a 12-well plate were transfected with the constructs shown and harvested after 24h
for Western blot. The blot was stained using an anti-HA monoclonal primary antibody and subsequently with an anti-Rat
HRP-conjugated secondary antibody. The blot was developed using ECL and imaged with an exposure time of 2 minutes.
Hsp60 was used as a loading control. Uncleaved and cleaved bands are marked as U and C respectively. The two lanes
under each title represent the two independent biological replicates. (B): The normalised proportion of mCherry cleaved
from the anti-HA blot is shown. Error bars represent the SEM of two independent biological experiments. Significance
levels; * – p < 0.05, ** – p < 0.01, *** – p < 0.001 are in comparison to scrambled control. Significance levels; # – p <
0.05, ## – p < 0.01, ### – p < 0.001 are in comparison between groups.
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INSIDE-ORIENTED SPLIT-TEV DOMAINS

Inside-oriented 8-mer PUF proteins were tested as we hypothesised that due to the increased
proximity of the split-TEV halves, activity may be improved. Comparisons were made between
the activity of inside- and outside-oriented split-TEV domains (Figure 7.10).

A

UU
CC

B

C

Figure 7.11: (A) Western blot of triple transfected inside-oriented split-TEV constructs with 8-mer PUF domains,
and SBS RNAs. 300,000 HEK293T cells in a 12-well plate were transfected with the constructs shown and
harvested after 24h for Western blot. The blot was stained using an anti-HA monoclonal primary antibody and
subsequently with an anti-Rat HRP-conjugated secondary antibody. The blot was developed using ECL and
imaged with an exposure time of 2 minutes. Hsp60 was used as a loading control. Uncleaved and cleaved bands
are marked as U and C respectively. The two lanes under each title represent the two independent biological
replicates. (B): The normalised proportion of mCherry cleaved from the anti-HA blot is shown. Error bars
represent the SEM of two independent biological experiments. (C): The normalised proportion of mCherry cleaved
for outside- versus inside-oriented split-TEV domains. Error bars represent the SEM of two independent biological
experiments. Significance levels: * – p < 0.05, ** – p < 0.01, *** – p < 0.001 are in comparison to control.
Significance levels: # – p < 0.05, ## – p < 0.01, ### – p < 0.001 are in comparison between groups.
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The inside-oriented split-TEV domains did indeed show enhanced cleavage activity (Figure
7.11). Cleavage using the C0 RNA is significantly increased (p<0.01) compared to the
scrambled RNA control. The activity peaks for C2 RNA (p<0.001) and then shows a steady
decrease in activity when the spacer length is further increased, and the Tukey’s post-hoc test
shows that these differences are significant. In particular, the activity when the C2 spacer is
used is significantly higher than C0 (p<0.05), C4 (p<0.05) and C6 (p<0.01). Moreover, for
the C0, C2 and C4 spacers, the inside-oriented split-TEV showed significantly higher activity
(p<0.01, p<0.001, p<0.01 respectively) than the outside-oriented counterpart. Thus, due to
the improved re-constitution of inside-oriented split-TEV domains, trends in PUF binding due
to a change in spacer length also became apparent and correlate well with published data
suggesting slightly increasing the spacer length improved PUF binding. The activity for the
C2 spacer was also significantly higher than the activity using split-TEV domains alone and
this set of constructs was selected as the lead candidate for NASPER. Although this was
promising, further experiments were carried out using MBS RNAs to contextualise
observations from the split-GFP system, and to assess whether the activity of the system could
be increased even further.
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MBS RNA COGNATE SITES

In this regard, outside- and inside-oriented 8-mer PUF proteins with various spacer lengths
were tested with an MBS of each PUF protein. Comparisons were made between the activity
of SBS and MBS sites.
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Figure 7.12: (A, C) Western Blot of Triple Transfected Outside- and inside-oriented split-TEV constructs with 8-mer PUF
domains using MBS mCherry constructs. 300,000 HEK293T cells in a 12-well plate were transfected with the constructs
shown and harvested after 24h for Western blot. The blot was stained using an anti-HA monoclonal primary antibody,
and subsequently with an anti-Rat HRP-conjugated secondary antibody. The blot was developed using ECL and imaged
with an exposure time of 2 minutes. Hsp60 was used as a loading control. Uncleaved and cleaved bands are marked as U
and C respectively. The two lanes under each title represent the two independent biological replicates. (B, D): The
normalised proportion of mCherry cleaved for the SBS versus MBS blots. Error bars represent the SEM from two
independent biological replicates. Significance levels: * – p < 0.05, ** – p < 0.01, *** – p < 0.001 are comparisons within
groups.
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Figure 7.12 shows that in general, the MBS alternatives do not have greater activity than the
SBS RNAs. The inside-oriented split-TEV with the MBS RNAs show that their activity peaks
with the C4 RNA and decreases as spacer length is increased beyond this, which is similar to
the trend observed using the SBS RNAs.

Spacing

Fold-change

C0

1.40

C2

1.90

C4

1.40

C6

1.32

Table 7.3: Fold-change in activity compared to scrambled control for 8mer PUFs with inside-oriented split-TEV domains.
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7.2.3.2

9-MER SITES

Although the data for the 8-mer PUF domains was promising, there was still background
activity observed when using the scrambled RNA. From the split-GFP system, it seemed that
using 9- and 10-mer PUF domains reduced this background activity, however, it was to such
an extent that the microscopy was unable to detect differences between the cognate and
scrambled RNA. Thus, 9- and 10-mer PUF domains were tested next using the split-TEV
system to see whether similar reductions in background could be achieved while also detecting
activity when using cognate RNA. The 9-mer PUFs tested yielded unexpected results
compared to the 8-mer PUFs. The western blots in Figure 7.13 and show a similar cleavage
pattern to the 8-mer PUF proteins, but the cleaved and uncleaved bands are less clear and
there is laddering between the cleaved and uncleaved bands, and below the cleaved bands.
Quantifying these blots showed that there were no significant differences between the cognate
and scrambled sequences for any spacer length for outside- or inside-oriented split-TEV
domains (Figure 7.13 and 7.14). There were also no significant differences in activity between
the outside- and inside-oriented split-TEV domains.

OUTSIDE-ORIENTED SPLIT-TEV DOMAINS

A
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C

Figure 7.13: (A) Western blot of triple transfected PUF 9-mer outside-oriented split-TEV constructs using SBS
mCherry constructs. 300,000 HEK293T cells in a 12-well plate were transfected with the constructs shown and
harvested after 24h for Western blot. The blot was stained using an anti-HA monoclonal primary antibody and
subsequently with an anti-Rat HRP-conjugated secondary antibody. The blot was developed using ECL and imaged
with an exposure time of 2 minutes. Hsp60 was used as a loading control. Uncleaved and cleaved bands are marked
as U and C respectively. The two lanes under each title represent the two independent biological replicates. (B):
The normalised proportion of mCherry cleaved from the anti-HA blot is shown. Error bars represent the SEM from
two independent biological experiments. Significance levels: * – p < 0.05, ** – p < 0.01, *** – p < 0.001 are in
comparison to control. Significance levels: # – p < 0.05, ## – p < 0.01, ### – p < 0.001 are in comparison
between groups.
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INSIDE-ORIENTED SPLIT-TEV DOMAINS
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Figure 7.14: (A) Western blot of triple transfected PUF 9-mer inside-oriented split-TEV constructs using SBS
mCherry constructs. 300,000 HEK293T cells in a 12-well plate were transfected with the constructs shown and
harvested after 24h for Western blot. The blot was stained using an anti-HA monoclonal primary antibody
and subsequently with an anti-Rat HRP-conjugated secondary antibody. The blot was developed using ECL
and imaged with an exposure time of 2 minutes. Hsp60 was used as a loading control. Uncleaved and cleaved
bands are marked as U and C respectively. The two lanes under each title represent the two independent
biological replicates. (B): The normalised proportion of mCherry cleaved from the anti-HA blot is shown.
Error bars represent the SEM from two independent biological experiments. Significance levels: * – p < 0.05,
** – p < 0.01, *** – p < 0.001 are in comparison to control. Significance levels: # – p < 0.05, ## – p < 0.01,
### – p < 0.001 are in comparison between groups. (C): The normalised proportion of mCherry cleaved for
the outside- versus inside-oriented split-TEV domains.
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7.2.4

MBS RNA COGNATE SITES

Since no differences in activity was observed using SBS RNAs, I tried using MBS RNAs to see
whether the number of re-constitutions can be increased and whether this can therefore
increase activity enough to be detected over the activity from the scrambled RNA. The blots
for the 9-mer MBS RNAs (Figure 7.15) are different from the corresponding 8-mer blots. There
is significant laddering where the uncleaved and cleaved bands are expected to be to such an
extent that the uncleaved and cleaved bands cannot be distinguished well from these unknown
bands. Interestingly, the control hsp60 band was clearly resolved in both MBS blots with no
unknown bands above or below. This pattern is also seen in the SBS blots, as mentioned, but
to a much lesser degree. As such, the MBS blots could not be quantified reliably, and it is
likely that the quantifications for the SBS blots are also unreliable due to extensive laddering.
Potential explanations for this result are detailed in the Discussion section.
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Figure 7.15: Western blot of triple transfected PUF 9-mer outside- (A) and inside-oriented (B) split-TEV constructs
using MBS mCherry constructs. 300,000 HEK293T cells in a 12-well plate were transfected with the constructs
shown and harvested after 24h for Western blot. The blot was stained using an anti-HA monoclonal primary
antibody and subsequently with an anti-Rat HRP-conjugated secondary antibody. The blot was developed using
ECL and imaged with an exposure time of 2 minutes. Hsp60 was used as a loading control. Uncleaved and cleaved
bands are marked as U and C respectively. The two lanes under each title represent the two independent biological
replicates.
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7.2.3.3

10-MER SITES

Since the data and blots obtained using the 9-mer PUF domains were unreliable, I attempted
to use 10-mer PUF domains instead as these had the same effects on re-constitution using
scrambled RNA as the 9-mer PUF domains in the split-GFP system, and their blots may be
more reliably quantifiable using the split-TEV system than the blots for the 9-mer PUF fusions.

OUTSIDE-ORIENTED SPLIT-TEV DOMAINS

Again, although no visual differences can be observed on the blots, the cleavage patterns seen
are informative. All the blots in this section show slight smearing, between the uncleaved and
cleaved bands, and below the cleaved band. This shading is more than seen in the 8-mer site
blots, but less than in the 9-mer blots allowing for accurate quantification of the uncleaved
and cleaved bands to be carried out. The quantification shown in Figure 7.16 (outside-oriented
split-TEV) shows no significant differences between any spacer length and the scrambled
control, however, a similar trend to the 8-mer inside-oriented split-TEV domains can be seen
wherein the activity peaks at the C2 spacer and decreases consistently as spacer length
increases. No decrease in scrambled activity was observed compared to the 8-mer PUFs.
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Figure 7.16: (A) Western blot of triple transfected PUF 10-mer outside-oriented split-TEV constructs using SBS
mCherry constructs. 300,000 HEK293T cells in a 12-well plate were transfected with the constructs shown and
harvested after 24h for Western blot. The blot was stained using an anti-HA monoclonal primary antibody and
subsequently with an anti-Rat HRP-conjugated secondary antibody. The blot was developed using ECL and
imaged with an exposure time of 2 minutes. Hsp60 was used as a loading control. Uncleaved and cleaved bands
are marked as U and C respectively. The two lanes under each title represent the two independent biological
replicates. (B): The normalised proportion of mCherry cleaved from the anti-HA blot is shown. Error bars
represent the SEM from two independent biological experiments. Significance levels: * – p < 0.05, ** – p < 0.01,
*** – p < 0.001 are in comparison to control. Significance levels: # – p < 0.05, ## – p < 0.01, ### – p < 0.001
are in comparison between groups.
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INSIDE-ORIENTED SPLIT-TEV DOMAINS

Since no differences compared to scrambled RNA were detected using outside-oriented splitTEV domains, I tried using the more robust inside-oriented split-TEV domains to see whether
there was indeed any concurrent PUF binding and re-constitution occurring using the 10-mer
PUF domains. Inside-oriented split-TEV domains show a different trend to outside-oriented
split-TEV (Figure 7.16 and 7.17C) in that activity increases slightly as the RNA spacer length
is increased. Using a 10-nucleotide spacer showed significantly higher activity compared to the
scrambled RNA control, however this was not taken forward as the activity was not higher
than when split-TEV domains alone are used. There were no significant differences in activity
between the outside and inside orientations except for when the C10 RNA spacer is used
(p<0.001). No decrease in scrambled activity was observed compared to the 8-mer PUFs.
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Figure 7.17: (A) Western blot of triple transfected PUF 10-mer inside-oriented split-TEV constructs using SBS mCherry constructs.
300,000 HEK293T cells in a 12-well plate were transfected with the constructs shown and harvested after 24h for Western blot.
The blot was stained using an anti-HA monoclonal primary antibody and subsequently with an anti-Rat HRP-conjugated secondary
antibody. The blot was developed using ECL and imaged with an exposure time of 2 minutes. Hsp60 was used as a loading control.
Uncleaved and cleaved bands are marked as U and C respectively. The two lanes under each title represent the two independent
biological replicates. (B): The normalised proportion of mCherry cleaved from the anti-HA blot is shown. Error bars represent the
SEM from two independent biological experiments. Significance levels: * – p < 0.05, ** – p < 0.01, *** – p < 0.001 are in comparison
to control. Significance levels: # – p < 0.05, ## – p < 0.01, ### – p < 0.001 are in comparison between groups. (C): The
normalised proportion of mCherry cleaved for the outside- versus inside-oriented split-TEV domains.
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MBS RNA COGNATE SITES

Even though the 10-mer PUFs with inside-oriented split-TEV domains did show increased
activity compared to scrambled RNA, this was lower than what was detected using the 8-mer
PUF domains. MBS RNAs were used to assess whether this was because the PUF fusions were
not being saturated and to increase the activity further. Figure 7.18 show that in general, the
MBS alternatives do not have any different activity to the SBS for either the outside- or insideoriented split-TEV domains. The exceptions to this are C2 spacer which when oriented either
outwards or inwards has significantly higher activity in the SBS form compared to the MBS
form.
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Figure 7.18: (A, C) Western blot of triple transfected PUF 10-mer outside- and inside-oriented split-TEV constructs using
MBS mCherry constructs. 300,000 HEK293T cells in a 12-well plate were transfected with the constructs shown and
harvested after 24h for Western blot. The blot was stained using an anti-HA monoclonal primary antibody and subsequently
with an anti-Rat HRP-conjugated secondary antibody. The blot was developed using ECL and imaged with an exposure
time of 2 minutes. Hsp60 was used as a loading control. Uncleaved and cleaved bands are marked as U and C respectively.
The two lanes under each title represent the two independent biological replicates. (B, D): The normalised proportion of
mCherry cleaved from the anti-HA blot is shown. Error bars represent the SEM from two independent biological experiments.
Significance levels: * – p < 0.05, ** – p < 0.01, *** – p < 0.001 are comparisons within groups.
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7.2.4

MUTATIONAL OPTIMISATION OF THE SPLIT-TEV DOMAINS

Using 9- and 10-mers did not reduce activity when using scrambled RNA likely due to the
spontaneous re-constitution of the split-TEV halves. Thus, mutation of the split-TEV domains
was carried out in order to further optimize and reduce the background activity of the free
split-TEV domains. The mutation pair (i.e, one mutation in each of N- and C-TEV fragments)
with lowest activity without dimerisation induction was chosen, from a study by Dolberg et

al.[197], to be H75S for N-TEV and I163V for C-TEV (amino acid numbers correspond to the
appropriate amino acids from full length TEV protease). Western blots were then carried out
to see if these mutations did in fact reduce the background activity.
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Figure 7.19: Western blots of triple transfected mutant split-TEV and 8-mer PUF fusions with inside-oriented split-TEV
domains along with the SBS mCherry construct containing a two-nucleotide spacer between the PUF sites. 300,000
HEK293T cells in a 12-well plate were transfected with the constructs shown and harvested after 24h for Western blot.
The blot was stained using an anti-HA monoclonal primary antibody and subsequently with an anti-Rat HRP-conjugated
secondary antibody. The blot was developed using ECL and imaged with an exposure time of 2 minutes. Hsp60 was used
as a loading control. Uncleaved and cleaved bands are marked as U and C respectively. The three lanes under each title
represent the three independent biological replicates. Densitometry compared wild-type and mutant split-TEV domains
for split-TEV domains lacking PUF domains. For mutant PUF-split-TEV fusions, cognate and scrambled RNA conditions
were compared. Error bars represent the SEM from three independent biological experiments. Significance levels: * – p
< 0.05, ** – p < 0.01, *** – p < 0.001.
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The Western blot of the mutant split-TEV domains lacking PUF domains (Figure 7.19) shows
significantly less cleavage compared to the blot in Figure 7.6 when wild-type split-TEV
domains were used which is also confirmed by quantification (p<0.01). To assess the effects of
the mutation on the lead construct from the previous optimization, the Western blots using
cognate and scrambled RNA were repeated using the 8-mer PUF inside-oriented mutant splitTEV fusions with 2-nucleotide spacing. The intensity of the cleaved bands on the blot are
lower when compared to blots of the PUF fusions with wild-type split-TEV domains, and this
difference is reflected in the densitometry. Compared to wild-type data, the activities are lower.
The 8-mer lead has a significantly higher ratio (p<0.05) using cognate RNA compared to the
scrambled RNA control.

To test whether these effects are also present when targeting endogenous RNA, Western blots
were carried out in HeLa cells using 8-mer PUF domains which target hTERT RNA and
control PUF domains which do not. First, the expression of these new constructs was tested,
and they express as expected in Figure 7.20.

Figure 7.20: Western blots of inside-oriented split-TEV 8-mer PUF
constructs designed to target endogenous hTERT mRNA. 300,000
HEK293T cells in a 12-well plate were transfected with the constructs
shown and harvested after 24h for Western blot. The blot was stained
using an anti-HA monoclonal primary antibody and subsequently with
an anti-Rat HRP-conjugated secondary antibody. The blot was developed
using ECL and imaged with an exposure time of 2 minutes. Hsp60 was
used as a loading control.
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Once expression was confirmed, Western blots of the NASPER system were carried out in the
HeLa cells (Figure 7.21 and 7.22) which contain the hTERT mRNA that is endogenously
overexpressed (as HeLa cells are a telomerase-dependent cervical cancer cell line) to test
whether the lead constructs can cleave an mCherry substrate more when cognate PUF domains
are used compared to scrambled PUF domains in the context of endogenous RNA. The RNA
sequences on the hTERT mRNA targeted by these PUF domains are shown below:

1. Cognate PUF28 Target:

5’-GCGCGUAC-3’

2. Scrambled PUF28 Target:

5’-CGUGACCG-3’

3. Cognate PUF18 Target:

5’-GAUGUGAC-3’

4. Scrambled PUF18 Target:

5’-UGACGAUG-3’

As expected from previous data, the wild-type TEV domains result in greater cleavage of the
mCherry substrate as seen by the higher cleavage ratios (Figure 7.21B, 7.21C, 7.22B) compared
to the mutants, and the greater cleaved band density (Figure 7.21A). When the wild-type
split-TEV domains are used, no differences are seen between cognate and scrambled conditions
however, when the split-TEV domains are mutated, the cognate condition shows a significantly
higher cleavage ratio compared to the scrambled condition, due to reduction of non-specific
activity in scrambled condition to free split-TEV domain levels (Figure 7.21B), suggesting they
can indeed target endogenous RNA as well as overexpressed exogenous RNA.
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Figure 7.21: (A) Western blot and (B) densitometry of NASPER endogenous targeting in HeLa cells. 300,000
HeLa cells in a 12-well plate were transfected with the constructs shown, along with the TEV-cleavable mCherry
construct, and harvested after 24h for Western blot. The blot was stained using an anti-HA monoclonal primary
antibody and subsequently with an anti-Rat HRP-conjugated secondary antibody. The blot was developed
using ECL and imaged with an exposure time of 2 minutes. Hsp60 was used as a loading control. Uncleaved
and cleaved bands are marked as U and C respectively. The three lanes under each title represent the three
independent biological replicates. Densitometry of normal TEV conditions (B) and mutant TEV conditions (C)
was carried out in ImageJ. Error bars represent the SEM from three independent biological experiments.
Significance levels: * – p < 0.05, ** – p < 0.01, *** – p < 0.001.
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Figure 7.22: (A) Western blot and (B) densitometry of split-TEV domains lacking PUF domains in HeLa cells.
300,000 HeLa cells in a 12-well plate were transfected with the constructs shown, along with the TEV-cleavable
mCherry construct, and harvested after 24h for Western blot. The blot was stained using either an anti-HA
monoclonal primary antibody and subsequently with an anti-Rat HRP-conjugated secondary antibody. The
blot was developed using ECL and imaged with an exposure time of 2 minutes. Hsp60 was used as a loading
control. Uncleaved and cleaved bands are marked as U and C respectively. The three lanes under each title
represent the three independent biological replicates. Densitometry of normal compared to mutant TEV
conditions (B) was carried out in ImageJ. Error bars represent the SEM from three independent biological
experiments. Significance levels: * – p < 0.05, ** – p < 0.01, *** – p < 0.001.
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7.3

DISCUSSION

In this Chapter, a novel PUF-split-TEV system was used in order to test the NASPER concept.
Such split-TEV systems have been used in detecting protein-protein interactions by several
groups[55,166,192-194] and have even been used to activate caspases to cause apoptosis in cells[55].
Hence, combining this with the PUF proteins seemed to be ideal to provide proof-of-concept
for the NASPER system. In addition, it could be used to activate caspases in future
experiments if this initial study showed that they functioned as expected. Furthermore, since
the system using split-TEV domains is amplificatory, it would shed some light on the
differences between the optimization conditions tested that were not visible using the splitGFP system due to its low signal.

7.3.1

SPLIT-TEV FUSIONS ARE ACTIVE IN THE CELL

On the anti-HA blot (Figure 7.6), a clear cleaved band is seen below the highest molecular
weight band, which was not present on the blot with mCherry substrate alone. Thus, it was
determined that the split-TEV proteins could indeed cleave this mCherry substrate. However,
no differences were seen between the groups (Figure 7.6C). Even the GST-split-TEV
experiment (meant to be the positive control since GST is known to dimerise[206,207]) did not
show any higher activity than the wild-type. This is consistent with the split-GFP data where
GST-fusion did not result in any higher split-GFP reconstitution compared to the wild-type
further highlighting it may not be an efficient dimerisation inducer.

Since it was clear that the split-TEV could cleave the substrate, it was likely that cleavage
when using PUF-split-TEV proteins was not enough for a difference to be detected. Hence, as
for the split-GFP system, I next optimized various design features namely spacing between
the PUF sites[93], orientation of the split-TEV domains, the use of multiple PUF binding sites,
and using longer PUF domains, in order to improve cleavage efficiency.
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7.3.2

UNDERSTANDING THE VARIABLES INFLUENCING SPLITTEV ACTIVITY

8-MER PUF DOMAINS

Initially, the outside-oriented split-TEV domains (8-mer PUFs) were used to optimize the
spacing between the PUF28 and PUF18 sites on the RNA by changing the spacing linearly
from 0 to 10 nucleotides. Quantification of the western blot revealed no significant differences
between the different spacings or between cognate RNA and the scrambled RNA control
(Figure 7.10). Using MBS RNA did not result in any significant changes to the SBS
counterparts (Figure 7.12) suggesting that the PUF proteins are saturated with the highly
expressed SBS RNA, and an increase in the number of potential binding sites does not result
in an increase in the signal observed for any spacer lengths. This is different from what was
observed in the split-GFP system, and the reasons will be discussed later in this section.
However, changing the orientation of the of the split-TEV domains resulted in significantly
higher activity consistent with data from the split-GFP system. The linear spacer series
revealed a trend in the activity (Figure 7.11); the increase in activity upon increasing spacing
to 2 nucleotides is consistent with data from Qiu et al.[93] which suggests that this change
decreases the Kd of the PUF proteins by 2-fold. Spacing the PUF fusions on the RNA likely
also improved the orientation of the inside split-TEV domains which would contribute to the
increased cleavage observed. As the spacing increases further however, the activity decreases
likely because the PUF fusions are being separated and their split-TEV domains are no longer
in enough proximity to cleave the substrate.

The trends seen using SBS RNA were also observed when using the MBS RNA (Figure 7.12),
however, the peak activity was seen for the 4-nucleotide spacer rather than the 2-nucleotide
spacer, after which a decrease was observed. This result was surprising, as I expected the same
effects as seen in the SBS, except with significantly higher cleavage ratios when using the MBS
RNAs as seen in the split-GFP system. Additionally, for the 2-nucleotide spacer it even looks
as though the SBS RNA had higher activity than the MBS counter-part. Together, this result
suggests that PUF binding is in fact saturated with the SBS RNAs themselves and rather than
simply providing additional binding sites, the MBS RNAs may also be influencing the binding
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of the PUF fusions and the activity of their split-TEV domains by other means such as steric
effects on binding and alternate modes of interaction of the split-TEV domains on the RNA
(Figure 7.23).

Figure 7.23: Schematic diagram of different binding orientations and interactions of PUF
fusions and their split-TEV domains

These orientations and interactions of the PUF fusions and their split-TEV domains are likely
the cause of the differences in cleavage seen between the SBS and MBS RNAs, despite there
being no simple increases in cleavage. The observed increases in GFP fluorescence when using
the MBS RNAs but not in split-TEV cleavage suggests that the PUF fusions can indeed bind
in pairs onto MBS RNA (resulting in increased GFP fluorescence detected from a single RNA
that is better resolved by the microscope). However, the total number of re-constituted sites
are the same (resulting in the lack of increased signal using split-TEV as it is a bulk
measurement of cleavage). To verify that these differences, NMR or X-ray crystallography
should be carried out. Interactions between the proteins and RNA can be detected using
NOESY[208,209] and chemical shift perturbation upon titration of RNA into the protein, whereas
crystallography will allow protein-RNA interactions as well as interactions of the split-TEV
domains to be visualised. In particular, crystallography may not be as limited as NMR by the
repetitive nature of the RNA sequence and the fact that it is potentially the same proteins
interacting in multiple ways on a single RNA molecule.
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Thus, I found through these experiments that inside-oriented split-TEV PUF fusions were the
way forward and discovered a lead construct, a 2-nucleotide spacer with inside-orientation on
SBS RNA, with the highest fold change compared to the scrambled RNA (and split-TEV
domains alone), to carry forward to apoptosis assays. However, before this, I decided to also
test 9- and 10-mer PUF domains in the same conditions to try to improve the specificity of
this PUF-split-TEV system while maintaining the fold changes observed using the 8-mer PUF
fusions.

9-MER PUF DOMAINS

Using 9-mer PUF domains within the fusion proteins showed contrasting results to using the
8-mer domains. Neither the outside- nor inside-oriented split-TEV fusions displayed any
significantly increased cleavage compared to a scrambled control (Figures 7.13 and 7.14). This
was initially suspected to be because the 9-mer PUF domains are less effective in binding their
sequences, due to misfolding or stability issues, thus even though they are expected to be more
specific, they would bind their cognate sequences more poorly producing this result. However,
after seeing the unusual results for the MBS RNAs, the cause of these results became clearer.
When using the MBS RNAs, the blots show a number of fine bands below where the cleaved
band (Figure 7.15) is expected to be. In most cases, the cleaved band blends into the shading
greatly which likely affected the quantification. This is seen using SBS RNAs as well (Figures
7.13 and 7.14) and as a result, I believe the quantification for the 9-mer SBS RNA conditions
are not reliable.

The presence of this laddering suggests that the mCherry substrate is being cleaved at more
points than just the consensus TEV site. Another interesting factor is that these bands are
much less obvious when using the 8-mer PUF domains making the resolution of the cleaved
band much greater and amenable to accurate densitometry. Two properties of this system are
likely to be the cause of this promiscuous cleavage. Firstly, the TEV protease normally has an
extremely stringent specificity to its recognition site (Figure 7.24) primarily due to hydrogen
bonding with specific residues within the protease. The substrate binds in a solvent-facing
pocket of the protease[198,210], the interaction is stabilized by hydrogen bonding, and then it is
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cleaved through nucleophilic attack of the carbonyl group via the thiolate-imidazolium ion pair
within the active site as for other members of the cysteine protease family[211]. However, no
crystallography studies have been conducted on the interaction of split-TEV domains. Splitting
the protease and spacing the split domains apart could alter this binding groove compared to
the intact TEV, potentially broadening substrate specificity and therefore allowing
promiscuous cleavage of substrates. Only one other group used Western blots to identify splitTEV activity, but they used rapamycin-inducible dimerization which may not produce the
correct orientations and kinetics for non-specific cleavage[55] compared to using the 9-mer PUF
domains as I did here. The kinetics of binding of the 9-mer PUF fusions may also increase the
half-life compared to the other fusions.

Together, these properties would allow the 9-mer PUF fusions to bind to their RNA for a
longer duration and initiate promiscuous split-TEV cleavage. Furthermore, this explains why
the effect is enhanced when using MBS RNAs due to the presence of potentially two active
split-TEV dimers which could cleave a single mCherry substrate in tandem. However, these
hypotheses need to be tested further, opening avenues for further potential research into the
effects of splitting the TEV protease and characterizing both single and dual PUF binding
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kinetics using PUF domains of different lengths. The effects of splitting the TEV protease
could be investigated by X-ray crystallography to understand their interactions, and how it
compares to the full protease. Additionally, a high-throughput method developed by Salisbury

et al.[212] using peptide microarrays wherein fluorescence is produced upon peptide cleavage,
could be used to assess the change in specificity of the TEV protease upon splitting.
Characterizing the on- and off-rates of the PUF domains may be more challenging due to the
tendency of these proteins to be purified with bound RNA (see Chapter 3), but denaturation
and re-folding of the proteins may be able to liberate, and therefore separate, the bound RNA
facilitating these assays.

Due to these results however, the 9-mer PUF fusions were not suitable for the apoptosis assays.
Since the 9-mer fusions did not work as expected, 10-mer PUF domains were tested.

10-MER PUF DOMAINS

Inside-oriented split-TEV domains fused to 10-mer PUF domains had significantly higher splitTEV activity when a 10-nucleotide spacer was used (Figure 7.17) further suggesting that
inside-oriented split-TEV domains are more stable than outside-oriented split-TEV domains.
The 10-mer PUF fusions with inside-oriented split-TEV domains showed a different trend
(compared to the corresponding 8-mer fusions) that as spacer length was increased, split-TEV
activity increased. This is likely because they are bulkier than the 8-mer PUF domains leading
to more steric hindrance when binding concurrently. Hence, increasing the spacing between
the two fusions improves their ability to bind and properly orient the split-TEV domains
resulting in increased activity.

The MBS RNA for the inside-oriented split-TEV domains replicates this pattern of increasing
activity with increasing spacer length, but there is no increase in activity relative to the SBS
RNAs (Figure 7.18). At a spacing of 2 nucleotides, the SBS RNA seems to produce higher
activity than the MBS counterpart, further suggesting that the MBS RNAs are not simply
providers of additional binding sites and may be changing the binding modes of the PUF
fusions as suggested in Figure 7.23. The equilibrium between these different modes likely
produces the unexpected results using MBS RNAs observed in these experiments.
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However, the aim of using the 10-mer PUF domains was to reduce concurrent binding to
natural cognate sites and thus reduce split-TEV activity for the scrambled RNA compared to
8-mer PUF domains. No such decrease in activity was observed when using 10-mer PUF
domains (unlike in the split-GFP system), suggesting any changes in activity due to reduction
in binding to natural cognate sites, increases in sequestering[102], or poorer binding ability
(Chapters 6 and 9) are masked by the background reconstitution of the split-TEV domains
themselves which would be present even if the fusions are sequestered.

Surprisingly, using the 10-mer PUF fusions resulted in lower fold-changes in activity compared
to when the 8-mer PUF fusions were used. This suggests that the 10-mer PUF fusions are
forming fewer cognate split-TEV reconstitutions providing further evidence that there are
potential sequestering effects (as supported by Chapter 6), as these would also reduce the
number of these cognate reconstitutions since the 10-mers would have a smaller available pool
of proteins to bind exogenous target cognate RNA. However, this evidence could also apply to
the hypothesis that the 10-mer PUF domains bind less efficiently to their RNA targets and
thus, biophysical studies are required to elucidate which of these hypotheses leads to the
observed effects. These results do not support the hypothesis that there is a reduction in
concurrent binding to natural cognate sites because if this were true, split-TEV activity would
reduce equivalently when using cognate and scrambled RNAs, maintaining the fold changes
observed using the 8-mer PUF domains.

The 10-mer PUF fusions were not used further as none of the tested constructs showed a
significantly higher activity compared the scrambled RNA control and the split-TEV only
control. In parallel, in an attempt to reduce the background activity of the split-TEV domains
alone, site-directed mutagenesis of the split-TEV domains was attempted as explored by
Dolberg et al.[197].

7.3.3

MUTATION OF SPLIT-TEV REDUCES ACTIVITY

Dolberg et al.[197] attempted to reduce the spontaneous reconstitution of the split-TEV halves
through site-directed mutagenesis. They used the identical TEV split site as used in this thesis
(amino acid 118/119), and previous studies of split-TEV[55,166,192-194], in a computational model
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called SPORT which enabled them to carry out a mutational scan of residues buried within
the full-length TEV protease to look for perturbations in the interfacial energy across the splitTEV interface and the total stability of the mutated protein. They verified their mutations
experimentally using both a tethered and soluble split-TEV system in a luciferase-based
reporter assay with and without inducing dimerisation. I chose the optimal mutation pair,
having the lowest reporter activity when uninduced but significantly higher activity upon
induction, and applied it to the NASPER system in this thesis. Activity of the NASPER lead
when co-transfected with scrambled RNA was significantly decreased, however, so was the
activity with cognate RNA (Figure 7.19) suggesting that the mutations, despite reducing nonspecific activity may also decrease the specific activity of the split-TEV domains either through
a reduction in catalytic efficiency[197] or ability to dimerise in proximity. Despite this, using
the cognate RNA resulted in significantly higher activity compared to scrambled RNA.

To explore whether these effects were still present when targeting endogenous hTERT RNA,
further experiments were carried out. The region on hTERT RNA targeted was the alpha
region which is present on full length hTERT RNA that is required for telomerase activity[213],
whereas it is not present in normal tissue and non-cancer cell lines[31,32], such as BJ fibroblasts,
which contain the ∆4-13 variant. HeLa cells have been shown to be telomerase-dependent and
naturally contain the full-length hTERT RNA which allows them to avoid cellular senescence
and maintain a cancerous phenotype[31,32,203,213,214]. They also contain other hTERT variants
lacking the alpha and beta regions of hTERT (absent in normal cells), however variants
containing the alpha region are the most prominent[32] making the alpha region a better target.
These experiments showed that the NASPER lead can target endogenous RNA successfully
using mutant split-TEV. The effect was not observed using normal split-TEV domains likely
because the activity using cognate proteins was not sufficiently high to be observed over the
non-specific activity. Once this background was reduced by mutation to the level of mutant
split-TEV domains lacking PUF domains, the differences were revealed (Figure 7.21). This
extends the initial proof of concept of the NASPER system by showing that endogenous RNA
can also be specifically targeted by the system. The lead NASPER construct chosen here will
be tested further in downstream apoptosis assays, initially using exogenous RNA to show that
cells can be killed in the presence of this RNA, and subsequently attempts will be made to
target endogenous RNA in apoptosis assays also.
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CHAPTER 8 – CAN NASPER INDUCE APOPTOSIS?

8.1

INTRODUCTION

In the previous Chapter, a lead candidate for the NASPER system was identified based on the
cleavage of an mCherry substrate. Thus, experiments using this lead were carried out in order
to determine whether it could also activate a TEV-cleavable procaspase-3 zymogen to induce
apoptosis when co-expressed with cognate RNA.

8.1.1

APOPTOTIC PATHWAYS

Apoptosis is a highly regulated process that ultimately results in the controlled death of a cell.
There are two primary pathways that can result in the apoptosis cascade (Figure 8.1) – the
extrinsic and intrinsic pathways[215].

Figure 8.1: Schematic diagram of extrinsic and intrinsic apoptotic pathways
in the cell.
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The extrinsic pathway is initiated by the binding of a death ligand to a death receptor which
in turn results in the activation of procaspase-8 and procaspase-10. These upstream caspases
then go on to activate the effectors procaspase-3 and procaspase-7 which results in mass
proteolysis in the cell creating a point of no return in apoptosis and inevitable cell death[215217].

In contrast, the intrinsic pathway is activated by lethal stimuli such as hypoxia, which

also results in the activation of the aforementioned effector caspases. However, this process
occurs due to mitochondrial release of cytochrome c, which activates the apoptosome that goes
on to activate caspase-9 and this subsequently activates caspases 3 and 7[215,218,219].

8.1.2

CASPASE-3

Caspase-3 is the primary effector caspase active in the demolition phase of apoptosis. It is
expressed as a zymogen dimer that undergoes two cleavage events that result in its
activation[220].

Figure 8.2: Schematic diagram of procaspase-3 domain structure.

Activation then leads to the cleavage of key cellular proteins such as poly(ADP-ribose)
polymerase, cell cycle proteins and DNases[220]. Loss of these proteins and cleavage of DNA
result in cell condensation, blebbing and ultimately death, and hence Gray et al.[55] used
caspase-3 as an inducer of apoptosis in their split-TEV system. They modified the cleavage
site between the large and small subunits of procaspase-3 to be TEV-cleavable, thereby
creating a zymogen that can only be activated in the presence TEV protease activity. They
used a rapamycin-inducible system to show that dimerisation of split-TEV halves results in
subsequent activation of this new procaspase-3 which subsequently results in cell death. Hence,
I decided to use this substrate as the apoptosis effector in the NASPER system as well. There
are two key differences between the two systems – 1) Gray et al.[55] used small molecule
induction of dimerisation, which is a much more rapid process compared to the NASPER
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system which requires transfection and expression of mRNA and proteins to occur; and 2) they
used procaspase-3 stable cell lines compared to overexpression by transient transfection.
Overexpression of procaspase-3 itself can induce some apoptosis[221], however the NASPER
system should increase apoptosis levels above this background. Additionally, the measurement
time-course will have to be longer than that used by Gray et al.[55].

8.1.3

ASSAY DESIGN, AIMS AND OBJECTIVES

Thus, the aim of this Chapter was to test the NASPER candidate in apoptosis assays and
evaluate whether it can induce apoptosis in the presence of cognate RNA. The ApoTox-Glo
kit from Promega was used to measure cell viability and caspase-3 activity simultaneously. It
uses cleavage of a fluorogenic cell permeable peptide to measure cell viability, and cleavage of
a luminogenic caspase-3 substrate and luciferase to measure capsase-3 activity. Additionally,
since the RNA sequences for the PUF proteins to bind are fused to the 3’ end of the mCherry
mRNA (as in previous Chapters), mCherry fluorescence intensity can be used as a measure of
viability for the cell population containing the RNA of interest. Indeed, the use of fluorescent
proteins as a measure of cell viability has been verified by Strebel et al.[222] and is now widely
applied. This method works since apoptosis causes mass proteolysis, which includes fluorescent
proteins such as mCherry, and thus results in a decrease in fluorescence. Hence, the schematic
shown in Figure 8.3 was used to achieve these aims.

Figure 8.3: Schematic of assay design.
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8.2

METHODS

APOTOX-GLO TRIPLEX ASSAY

HEK293T cell seeding was carried out as per the methods section, scaled down to 10,000 cells
per well in a 96-well plate. Transfection of cells was carried out using an equimolar ratio of
the required plasmids (and empty vector was used for the appropriate controls) in a total of
115 ng DNA per well in the 96-well plate. ApoTox-Glo Triplex Assay (Promega) was carried
out at 0-, 24- and 48-hour time-points post-transfection according to the manufacturer’s
instructions. In brief, 10 µL of GF-AFC substrate was added to 2 ml of assay buffer, and the
contents of the Caspase3/7 Glo buffer bottle was added to the Caspase3/7 Glo substrate to
form the active reagent. At the appropriate time-points, 20 µL of prepared assay buffer was
added per well, the plate was shaken for 30 seconds using an orbital shaker and incubated at
37°C for 1 hour. Fluorescence was then measured using a Clariostar plate reader (BMG
Labtech) with an excitation wavelength of 398.2-56 nm and emission wavelength of 496-32
nm. The dichroic mirror used was 453.1 nm and gain was set to 600.

100 µL of Caspase3/7 reagent was then added per well, shaken for 30 seconds and incubated
at 37°C for 1 hour. Luminescence was then measured using a Clariostar plate reader (BMG
Labtech) without an emission filter using a gain of 2500. mCherry fluorescence intensity was
measured prior to substrate addition using an excitation wavelength of 561-15 nm and emission
wavelength of 610-20 nm. The dichroic mirror used was 584.2 nm and gain was set to 2614.
Background emission was also measured using the same settings prior to substrate addition
and was subtracted from measurements to correct readings.
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8.3

RESULTS

8.3.1

PROCASPASE-3 EXPRESSION

To check whether the procaspase-3 construct is expressed in HEK293T cells, Western blot was
used to probe for the FLAG-tag in the construct. Figure 8.4 shows that the procaspase-3
construct expressed at the expected molecular weight. Thus, subsequent cell viability, and
caspase, and mCherry fluorescence assays could be carried out using this construct and the
lead NASPER system candidate.

Figure 8.4: Western blot of procaspase-3 construct containing an N-terminus 3xFLAG-tag. 300,000 HEK293T cells
in a 12-well plate were transfected with the constructs shown and harvested after 24h for Western blot. The blot
was stained using either an anti-FLAG primary antibody, and subsequently with an anti-Mouse HRP-conjugated
secondary antibody respectively. The blot was developed using ECL and imaged with an exposure time of 2 minutes.
hsp60 was used as a loading control. The two lanes shown are the two biological replicates.

8.3.2

CELL DEATH ASSAYS

Both wild-type and mutant (H75S for N-TEV and I163V for C-TEV) split-TEV versions of
the lead candidate were tested in cell death assays, together with controls transfected using
procaspase-3-only, once the expression of procaspase-3 was verified. For controls without
procaspase-3, an empty vector was transfected instead so that the same number of plasmids
was used, maintaining comparable transfection efficiencies.
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8-mer PUFs with wildtype split-TEV domains

8-mer PUFs with mutant
split-TEV domains

Figure 8.5: Cell death assays of NASPER lead candidate with either wild-type or mutant split-TEV domains.
10,000 HEK293T cells were transfected in a 96-well plate with 8-mer PUF fusions, mCherry RNA containing
the PUF target sites separated by a 2-nucleotide spacer and with either the TEV-cleavable procaspase-3
construct or an empty vector. Cell viability, caspase-3 activity and mCherry fluorescence were measured using
the ApoGlo Triplex Assay at different time-points over 48 hours and normalised to t=0. Error bars represent
the SEM from three independent biological replicates.
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For 8-mer fusions with both wild-type and mutant split-TEV domains, the cell viability,
caspase-3 activity and mCherry fluorescence increases over the 48 hours. Differences can be
observed between the procaspase-3+ and procaspase-3– groups at the 48-hour time-point – cell
viability, caspase-3 activity and mCherry fluorescence were significantly lower when
procaspase-3 was added, but these differences were observed for both the cognate and
scrambled RNAs (Figure 8.5). For the wild-type split-TEV fusions, it appears that the cell
viability and mCherry fluorescence with procaspase-3 is lower when using scrambled RNA
compared to cognate RNA, however this difference is not seen using the mutant split-TEV 8mer fusions.

This result is the opposite of what is expected – the cell viability and mCherry fluorescence
was expected to be lower for the cognate RNA due to NASPER-induced activation of
procaspase-3 and subsequent apoptosis. Additionally, there are differences in cell viability,
caspase-3 activity and mCherry fluorescence between the cognate and scrambled RNA even
when empty vector was used instead of procaspase-3 suggesting this needs to be considered.
Thus, fold changes upon procaspase-3 addition would provide a more robust analysis (Figure
8.7). Interestingly, the differences between procaspase-3 + and procaspase-3 – groups appear
to be greater for mCherry fluorescence than for cell viability for both the wild-type and mutant
split-TEV fusions. Controls using only procaspase-3 were tested to assess whether the effects
of procaspase-3 on these variables are due to the NASPER system or simply due to procaspase3 overexpression.
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Using procaspase-3-only as a control also resulted in a small reduction in cell viability, caspase3 activity and mCherry fluorescence for procaspase-3 + groups at the 48-hour point (Figure
8.6).

Procaspase-3-only

Figure 8.6: Cell death assays of procaspase-3-only controls. 10,000 HEK293T cells were transfected in a
96-well plate with mCherry RNA and either the TEV-cleavable procaspase-3 construct or an empty
vector. Cell viability, caspase-3 activity, and mCherry fluorescence were measured using the ApoGlo
Triplex Assay at different time-points over 48 hours and normalised to t=0. Error bars represent the
SEM from three independent biological replicates.
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To better visualise the differences between cell viability and mCherry fluorescence in cognate
and scrambled conditions, and to compare this to the procaspase-3-only control, fold changes
upon procaspase-3 addition were calculated (Figure 8.7).

Using 8-mer fusions with either wild-type or mutant split-TEV does not result in any
significant changes in cell viability between cognate RNA, scrambled RNA and procaspase-3only. This same pattern was seen when using mCherry fluorescence as a measure of cell death.
Although the fold decreases in mCherry fluorescence using NASPER appear to be greater than
that of the procaspase-3-only control, the difference is not significant. To further investigate
the cause, Western blotting was carried out to check whether the procaspase-3 substrate is
being cleaved by the split-TEV in the NASPER system.
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Western blots show only the presence of a band at the molecular weight of the full-length
procaspase-3 construct with no bands corresponding to the cleaved construct using the
NASPER lead with either normal or mutant split-TEV domains (Figure 8.8). To verify
whether this was due to the procaspase-3 construct being uncleavable, in vitro cleavage assays
were carried out using HEK cell lysate containing procaspase-3. Addition of full-length TEV
protease resulted in the formation of a band corresponding to the cleaved procaspase-3
construct in either 10 mM Tris-HCl pH 7.5 (Buffer A) or 20 mM HEPES pH 7.5 (with 5 mM
KCl, 1.5 mM MgCl2 and 1 mM DTT, Buffer B) buffers.

A
U

B

U
C

Figure 8.8: Western blot of procaspase-3 cleavage using 8-mer NASPER (A). 300,000 HEK293T cells in a 12-well plate
were transfected with the 8-mer PUF fusions, mCherry RNA containing the PUF target sites separated by a 2nucleotide spacer and the TEV-cleavable N-terminus 3xFLAG-tag procaspase-3 and harvested after 24h for Western
blot. The blot was stained using either an anti-FLAG primary antibody, and subsequently with an anti-Mouse HRPconjugated secondary antibody respectively. The blot was developed using ECL and imaged with an exposure time of
2 minutes. hsp60 was used as a loading control. Uncleaved and cleaved bands are marked as U and C respectively.
The three lanes shown are the three biological replicates. (B) shows an in vitro procaspase-3 cleavage assay using fulllength TEV protease where lanes A and B refer to different buffers tested. Uncleaved and cleaved bands are marked
as U and C respectively.
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Lastly, to establish whether the lack of cleavage observed in the blots was due to cleavage of
the prodomain resulting in loss of the FLAG-tag, the experiments were repeated using a
procaspase-3 construct containing the FLAG-tag on the C-terminus (Figure 8.9). No bands
corresponding to the cleaved procaspase-3 were visible on the blot (Figure 8.9) suggesting the
NASPER system is not cleaving the procaspase-3 construct.

U

Figure 8.9: Western blot of C-terminal 3xFLAG-tag procaspase-3 cleavage using 8-mer NASPER (A). 300,000
HEK293T cells in a 12-well plate were transfected with the 8-mer PUF fusions, mCherry RNA containing the PUF
target sites separated by a 2-nucleotide spacer and the TEV-cleavable C-terminus 3xFLAG-tag procaspase-3 and
harvested after 24h for Western blot. The blot was stained using either an anti-FLAG primary antibody, and
subsequently with an anti-Mouse HRP-conjugated secondary antibody respectively. The blot was developed using
ECL and imaged with an exposure time of 2 minutes. hsp60 was used as a loading control. Uncleaved and cleaved
bands are marked as U and C respectively. The three lanes shown are the three biological replicates.
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8.4

DISCUSSION

The aim of this Chapter was to test the lead candidate for the NASPER system identified in
the previous Chapter using apoptosis assays to see whether they could indeed cause greater
apoptosis in the cognate condition compared to the scrambled condition by cleaving a TEVcleavable procaspase-3 zymogen as developed by Gray et al.[55]. The lead candidate was tested
using wild-type and mutated split-TEV domains.

The data showed that all three variables measured – cell viability, caspase-3 activity and
mCherry fluorescence – increase over the time-course tested. This is likely due to normal
growth of the cells themselves resulting in greater viability and total caspase-3 activity.
mCherry fluorescence increases over time due to increased expression of the mCherry protein
in the cell. However, when procaspase-3 replaced the empty vector, the data for all these
variables was shifted down suggesting although there is still growth of cells resulting in the
increase over the time-course, the cells have lower viabilities, caspase-3 activity and mCherry
fluorescence at any given time-point, indicative of cell death. Although caspase-3 activity was
expected to increase due to increased cleavage of procaspase-3, a paradoxical decrease was
observed. This phenomenon was also observed in Yoon et al.[223] and is because as cells with
activated caspases die, the caspases get degraded as well and you get a decrease in the total
caspase activity (similar to the reason why mCherry is lost as a cell dies). The effect was also
seen by Gray et al.[55] – their experimental design allowed them to detect an increase in caspase3 activity due to split-TEV cleavage, however this increase was incredibly transient and only
present when the cell viabilities were unaffected. As the viability of their cells decreased due
to the subsequent apoptosis, the caspase-3 activity also decreased.

Although Figures 8.5 and 8.6 only show that there decrease in the measured variables upon
procaspase-3 addition, they cannot be used to identify differences between cognate and
scrambled conditions because there are differences in the dependent variables even without
procaspase-3 addition. Thus, it was necessary to calculate fold changes upon procaspase-3
addition and use these as a comparator since this would normalise for those differences.
Theoretically, addition of procaspase-3 should show a greater fold decrease in viability and
mCherry fluorescence in cognate conditions compared to scrambled if NASPER is indeed
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increasing cleavage of procaspase-3 and thus causing apoptosis. Data for caspase-3 activity
were not analysed further since it was only used as a method to detect procaspase-3 cleavage
which did not work. Additionally, cell viability and mCherry fluorescence are better measures
of apoptosis even though caspase-3 activity decreased upon procaspse-3 addition since this
decrease was linked to the cell viability itself.

No differences in the fold changes for cell viability or mCherry fluorescence were detected when
using the lead candidates compared to the procaspase-3-only control. Although fold changes
would account for some of the variability in transfection efficiency (as seen by the error bars)
this is still a limitation to the assays used in this Chapter. To troubleshoot the lack of effects
due to NASPER, Western blotting was used to check whether the procaspase-3 substrate is
being cleaved by the system. Figure 8.8 showed that in fact, it does not seem to be cleaved by
the lead candidate tested, but it is cleavable by full length TEV protease in vitro. This suggests
that procaspase-3 is not cleaved by the NASPER system, but this is contradictory to the
cleavage observed by the split-TEV system used by Gray et al.[55]. Alternatively, the
procaspase-3 may be cleaved but this cleavage is not detected either because the cleaved form
of procaspase-3 is rapidly ubiquitinated and degraded[55,224,225] or because prodomain
cleavage[220] results in loss of the FLAG-tag impairing Western blot detection. However, using
a procaspase-3 construct containing a C-terminus FLAG-tag which would not be lost upon
prodomain cleavage did not result in any visible cleavage either. This is unlikely to be due to
ubiquitination and degradation of active caspase-3, because Gray et al.[55] observed the cleavage
on Western blot using their system despite this. Alternatively, cleaved procaspase-3 may not
be detected by Western blot because cells in which procaspase-3 is being activated would
undergo apoptosis and subsequent degradation of the caspase-3. Although this phenomenon is
observed in the cell death assays, it is very unlikely to be the reason that caspase-3 is not
being detected by Western blot because there would still be a population of cells in the early
phase of apoptosis when caspase-3 is not yet degraded (which is why Gray et al[55] were able
to detect the cleavage using Western blot). Furthermore, if this was indeed the case, greater
cell death would have been detected using the lead NASPER candidate compared to the
procaspase-3-only control in the cell death assays (which it was not). However, to test this
other explanation, the Western blots could be repeated using a caspase-3 inhibitor such as ZDEVD-FMK to see whether caspase-3 can then be detected. The system used by Gray et al.[55]
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should also be obtained to ensure the Western blots and ApoGlo Triplex assays were working
as expected and shown by them.

Hence, the most likely explanation is that the orientations achieved by the PUF-based
dimerisation are not appropriate for cleavage of the procaspase-3 substrate clearly indicating
a substrate-dependency on split-TEV cleavage which has been observed previously[197,226].
There are two potential avenues for future work here – 1) re-optimising the NASPER system
using the procaspase-3 construct to check whether any constructs used in Chapter 7 are able
to cause cleavage and 2) using a new substrate that is more representative of the TEV cleavage
site on the mCherry substrate such as a peptide-drug conjugate pro-drug[227] where activation
occurs due to removal of the peptide domain by TEV releasing a cytotoxic drug such as
staurosporine.
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CHAPTER 9 – CONCLUSIONS AND FUTURE WORK
Cancer constitutes a diverse range of diseases with an even greater number of different
potential treatments. Several of these treatments are for specific cancers, such as Enzalutamide
and Abiraterone for prostate cancer[228,229], but there is currently no single treatment applicable
to different types of cancers. In an attempt to find a common feature between cancers that
could provide a broadly applicable target, I identified telomerase, which is upregulated in
around 90% of cancers[20]. Therapies targeting this enzyme have been unsuccessful, as they do
not kill cancer cells, allowing them to divide and survive with shorter telomeres promoting
alternative methods of senescence prevention[230]. Hence, rather than targeting telomerase, a
potentially better approach is to use the overexpression of hTERT mRNA as a marker for
cancer and exploit this to kill the cell. I named this method Nucleic Acid Scaffold Proximitymediated Enzyme Response (NASPER). It involves co-localising two fusion proteins (each
comprising an RNA-binding PUF domain and an effector domain) on the hTERT mRNA to
induce proximity and thereby activate the effector domains to kill the cell. This thesis describes
experiments aimed to demonstrate proof of concept of the NASPER system, from which the
following conclusions can be drawn, and areas of future research envisaged:

In Chapter 3 I found that the PUF proteins can simultaneously bind to a single RNA in vitro
using fluorescence polarisation, which showed that polarisation obtained when the cognate
sites for both PUF proteins are present is significantly higher than when only one cognate site
is present, suggesting a larger complex is assembled on the RNA indicative of concurrent PUF
binding. In Chapter 4, the purification of one of the selected effector domains– the HIV

protease – was optimised in order to verify that it was active before proceeding to cell-based
assays. This protease is a notoriously difficult molecule to produce recombinantly, and current
purification methods all require the use of inclusion body denaturation followed by refolding[111113,231].

There are some studies suggesting methods for soluble expression[113,232], but these could

not be replicated in our hands. The His-lipoyl tag[134] was found to yield soluble expression of
the HIVPR, but subsequent purification was challenging. Although the tagged HIVPR could
be purified, cleavage of the tag caused the protein to stick to the SEC column. Furthermore,
as the tagged protein has a very similar molecular weight to that of the dimeric cleaved
HIVPR, SEC would not be able to separate them. Despite these challenges, a fluorescence-
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based protease activity assay showed that the solubly purified HIV protease is indeed active.
Further work could focus on improving the efficiency of tag cleavage and optimizing the
purification of the cleaved HIV protease by finding a buffer for SEC where the cleaved HIV
protease does not dimerise. In Chapter 5 it was shown that the HIV protease cannot be used

as an effector domain in the NASPER system, as it has activity even when only a single PUFHIVPR fusion protein is expressed in the cell, producing background activity that makes it
impossible to detect any true NASPER activity. Additional mutations to those (including
combinations) used in this Chapter could be used to try to reduce this background so that the
HIVPR can work as an effector domain in the NASPER system. These could target the termini
dimerisation interfaces, since targeting the active site dimerisation interface proved
unsuccessful. The mutations could include truncations of the last four amino acids of the Cterminus, rather than a complete deletion, which may have a milder effect on the activity
when the PUF fusions come into proximity.

In Chapter 6, a novel assay using organic orthogonal phase separation linked to next-generation

sequencing (NGS) was used to probe the specificity of the PUF domains and the dependence
on PUF length. 9- and 10-mer PUF domains were found to bind target sequences that were
different from the sequences they were designed to target. These effects are expected to be due
to the ability of PUF modules to be promiscuous[104]. Longer PUFs will have a greater tendency
to bind these non-target RNAs, since the reduction in binding energy due to promiscuity could
be offset by the increase in binding energy due to the number of PUF repeats present thus
providing enough energy to bind despite there being mismatches between the alignment of the
repeats and nucleotides. This led to the hypothesis that an increase in the number of potential
endogenous sites that 9- and 10-mer PUF domains can bind could result in the sequestering
of the PUF proteins. In other words, the equilibrium of PUF domain binding would be shifted
away from the target RNA towards endogenous non-target RNAs (Figure 10.1).
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Figure 10.1: Schematic illustration of the sequestering hypothesis. As PUF length increases, the number of
endogenous binding sites increases resulting in increased sequestering. This means there are fewer PUF
proteins available to bind target RNA resulting in a decreased signal output. In other words, the binding
equilibrium shifts to endogenous non-target sites rather than target sites.

This sequestering could explain the decrease in GFP fluorescence, when using 9- and 10-mer
PUF domains (observed in later experiments using split-GFP), as binding to transfected RNA
was greatly reduced compared to the 8-mer PUF domains. Increased binding to endogenous
RNA did not result in increased GFP fluorescence likely because the proteins are sequestered
away individually rather than in proximity. An alternative hypothesis could be that the 9- and
10-mer PUF domains simply do not bind their target RNA as effectively as the 8-mer PUF
domains. To elucidate the true cause of these differences, high-throughput biophysical
characterization should be carried out using a method such as HiTS-Kin[186,187]. Not only does
this technique allow the measurement of binding affinity to the target RNA, HiTS-Kin allows
an affinity landscape for RNA binding proteins to be established by testing binding against all
potential RNA sequences for a given RNA binding protein in parallel. Thus, it would also
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enable the contextualization of the NGS data to see which RNA sequences detected can
actually be bound by the PUF domain and thus how many non-target RNAs they can
effectively bind. Although this novel method was validated by in vitro fluorescence polarisation
using PUF28, it should be further validated against gold standard CLIP methodologies as well
to ensure that the detected non-target binding of the PUFs does indeed occur. Such data would
demonstrate that the method is a suitable alternative to the very labour-intensive CLIP
experiments. Lastly, the data for the single 8-, 9- and 10-mer are being extrapolated to all 8-,
9- and 10-mers used in this thesis (including those fused to effector domains). These
experiments should therefore be repeated using all of the proteins used in this thesis to ensure
that this generalization is valid and that fusion to an effector domain does not alter the binding
properties of the PUF domains. Subsequently, a split-GFP system was used to show that the

concurrent binding of PUF proteins to RNA observed in vitro (Chapter 3) also occurs in
cellulo. Several variables influencing PUF binding and split-GFP reconstitution were optimized
in this Chapter:

1. Spacing between the two PUF binding sites (0 – 10 nucleotide spacing)
2. Orientation of the split-GFP domains (outside- or inside-oriented)
3. Single (SBS) or multiple (MBS) binding sites for the PUFs on a single RNA
4. PUF domains of different lengths with different RNA target lengths (8-, 9- and 10-mers)

When using 8-mer PUF domains, higher GFP reconstitution was observed using multiple
cognate binding sites compared to the scrambled RNA control. The data observed provided
some initial insights into the complex network of variables governing concurrent PUF binding
and effector domain reconstitution. Using inside-oriented split-GFP domains yielded
significantly higher GFP intensities for the 8-mer PUF domains (compared to outside-oriented
split-GFP domains) suggesting an improvement in orientation or stability of the re-constituted
halves. Using SBS RNAs with inside-oriented split-GFP domains and 8-mer PUF domains
showed greater GFP reconstitution for some spacings than the scrambled RNA control further
indicating that the PUF domains can concurrently bind a single RNA molecule. However,
using MBS RNAs did not always result in an increased GFP intensity compared to the SBS
RNAs, suggesting that increasing the number of binding sites on a single RNA may not directly
result in an increased GFP fluorescence. Additionally, using 9- and 10-mer PUF domains
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resulted in a drastic decrease in GFP fluorescence compared to the 8-mer PUF domains to the
extent that no differences between the constructs tested could be observed. Thus, an important
experiment to carry out is using super-resolution microscopy techniques such as STED or
TIRF[233]. Indeed, TIRF was the microscopy technique of choice for other labs using PUF
domains fused to split-GFP to localize RNA[168-170] suggesting the signals from this system are
intrinsically low. Although 8-mer PUF domains are compatible with confocal microscopy for
split-GFP detection to an extent, 9- and 10-mer domains are not. Furthermore, it is unclear
whether the best constructs in the split-GFP system are the best constructs in the split-TEV
system and thus the apoptosis assays.

In Chapter 7, using the amplificatory split-TEV system instead of split-GFP allowed for the

detection of activity in the presence of cognate RNA that was higher than that in the presence
of scrambled RNA for the 8- and 10-mer PUF domains. The 8-mer PUF fusion with insideoriented split-TEV domains was used as a lead candidate for subsequent apoptosis assays.
This study demonstrates the first use of PUF domains fused to split-TEV halves. Previous
efforts have focused on using directly dimerising domains such as the GCN4 coiled-coil
domain[166], G-protein subunits[193] or the rapamycin-inducible FKBP-FRB system[55,234]. These
dimerisation domains directly interact with each other, whereas the NASPER system uses
PUF proteins that do not directly interact with each other, but rather come together via
binding to an RNA molecule. This creates a lot more variables that can potentially influence
the system (and need to be optimized), as mentioned for the split-GFP system. Using the splitTEV system yielded further information regarding the variables governing the NASPER
system. Here as well, inside-oriented effector domains were better at producing cleavage
activity, compared to outside-oriented domains, using the 8-mer and 10-mer PUF domains.
Certain constructs (8-mer with 2 nucleotide spacing) produced greater activity than the
scrambled RNA control, and the split-TEV domain only constructs, providing proof of concept
that the NASPER system can target cells containing exogenous, overexpressed RNA. Using
MBS RNAs did not result in the increased activity, as observed using split-GFP suggesting
the total number of re-constituted effector domains are the same using SBS or MBS RNA even
though multiple binding may be occurring. The effect of changing the spacing between the
PUF binding sites also showed different trends for the different PUF proteins: activity for the
8-mer PUF proteins peaked at a short spacing and decreased as spacing was increased further,
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whereas activity for the 10-mer fusions increased as RNA spacing increased. This difference is
likely caused by steric hindrance and/or different orientations due to the differences in the
overall structure of the different length PUF domains. While testing this system, a study using
computational methods to reduce the background activity of the split-TEV halves was
published, which led to testing of mutant split-TEV domains. The mutations indeed reduced
the background activity as expected, which was thought to be due to reduced spontaneous
reconstitution of the effector domains[197] and a reduction in catalytic activity since activity
using cognate RNA was also reduced. Thus, there is great scope for the use of the NASPER
system, and even further optimization using additional mutations tested in the Dolberg et

al.[197] computational optimization study (such as N-TEV75S with C-TEVwt, and N-TEVwt with
C-TEV163V. Both combinations show higher activity than the mutations tested, with a
sufficiently low background signal). Further experiments also showed that the mutant splitTEV domains can be used with 8-mer PUF domains in order to specifically target endogenous

hTERT RNA with significantly higher cleavage observed using cognate PUF domains
compared to scrambled PUF domains, extending the initial proof of concept that NASPER
can target exogenous RNA. Since this proof has been established, the proteins should be further
tested in primary cancer cells rather than cultured cancer cells. Furthermore, these experiments
should also be conducted using stem cells to assess the potential side-effects from treatment
with the NASPER system as adult stem cells and germ cells also contain some full-length

hTERT RNA[235]. However, one area significantly lacking in current literature is any structural
or in vitro enzymatic data using the split-TEV domains. Consequently, there is no clear
understanding of the folding of the split-TEV halves and whether the re-constituted enzyme
has a similar structure to the intact TEV protease. Such data are essential in contextualizing
the results of cell-based assays; non-specific cleavage of the TEV substrate was found when
using 9-mer PUF domains suggesting a slightly different structure of the dimerized halves that
may, in certain situations, allow promiscuous cleavage. Hence, future work should be directed
towards improving the understanding of the split-TEV halves from a structural and biophysical
perspective.

In Chapter 8, the lead candidate from the optimization experiments was then tested in

apoptosis assays, but no induction of apoptosis was observed relative to the procaspase-3 only
controls. Death of cells containing only the RNA of interest was monitored using mCherry
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fluorescence as a measure of viability[222] (since assays of total cell viability did not show any
differences relative to the procaspase-3 only controls likely due to the presence of significant
background from RNA-negative cells). However, even with this assay neither wild-type nor
mutant split-TEV domains showed increased cell death compared to the control.
Troubleshooting using Western blot subsequently showed that the NASPER system is unable
to cleave the procaspase-3 substrate, which is surprising since Gray et al.[55] showed that
cleavage can be achieved using an FKBP-FRB split-TEV system. This work highlights a gap
in the literature: - there is a clear substrate-dependent effect on the activity of the split-TEV
system, which has also been observed previously[197,226], however the cause of this needs to be
elucidated through structural studies of the split-TEV domains. Furthermore, the difference
between the published split-TEV procaspase-3 cleavage and the lack of cleavage using
NASPER must be due to the use of PUF domains causing sub-optimal dimerisation of splitTEV. Thus, structural work should follow to establish how this may occur. Alternatively,
different effector domains could be used in the NASPER system, such as a receptor. Splittyrosine phosphatases and kinases have been used by Camacho-Soto et al.[236] to tune molecular
circuitry, and since phosphorylation is intricately linked to apoptosis, this system may be
applicable to NASPER. In the extrinsic pathway, dephosphorylation of Y232 and Y291 of Fas
by tyrosine phosphatase 1 results in a switch from the anti-apoptotic to pro-apoptotic state[237].
Thus, there is potential for these split-receptors to be used with PUF domains to induce
apoptosis specifically in cancer cells.

Thus, based on the findings from this thesis, some final key conclusions can be drawn:

1. The split-GFP system did provide some insights into PUF concurrent binding to single
RNA molecules, however these findings are not directly translatable to the split-TEV
system, i.e, the brightest constructs from the split-GFP system are not the ones that
show the most activity in the split-TEV system. This is likely because the split-GFP
and split-TEV domains interact in different manners.

2. The split-TEV system showed that cells containing the RNA of interest can be
specifically targeted using both transfected and endogenously overexpressed RNA,
however these assays cannot be used to infer activity in apoptosis assays which is why
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the lead construct selected from the split-TEV activity assays was not successful in
apoptosis assays.
3. No apoptosis was detected using the split-TEV NASPER system, as it was unable to
cleave the procaspase-3 substrate. This indicates a substrate dependency which has
previously been noted. A follow-up study to the initial split-TEV procaspase-3 study
by Gray et al.[55] also noted this substrate dependency as their split-TEV FKBP-FRB
system was unable to efficiently cleave a different caspase-activated DNase (CAD)
substrate to the extent that the group instead used a doxycycline-inducible intact TEV
protease to achieve the cleavage required[226]. However, the original study[55] showed
that procaspase-3 can be cleaved by split-TEV, and this proof of concept implies that
the system can in principle work but is simply not working with the NASPER system.

Since the experiments in this thesis have shown that NASPER can target cells with the RNA
of interest, and the Gray et al.[55] study showed that procaspase-3 can be cleaved by splitTEV, future work should focus on optimizing the NASPER system to induce apoptosis. There
are different ways that this effect can be achieved:

1. Optimising the NASPER system to cleave the procaspase-3 construct. The experiments
carried out in Chapter 7 to optimize the NASPER system using the mCherry substrate
could be repeated to find the optimal PUF site spacing and split-TEV orientation to
cleave the procaspase-3 construct. Since the TEV cleavage site in procaspase-3 is within
the protein structure, spacings greater than the 2 nucleotides used in this thesis can be
tested to better accommodate the bulkier procaspase-3 construct. Furthermore, Gray

et al.[55] also found that swapping the N- and C-TEV fragments between the FKBP
and FRB dimerisation domains had a significant effect on the activity of their system.
This could be another variable that could be optimized in the NASPER system; rather
than using PUF2-N-TEV and C-TEV-PUF1, the alternate combination, C-TEV-PUF2
and PUF1-N-TEV could be tested.

2. Different substrates, with a more accessible TEV cleavage site could be tested to induce
apoptosis. Peptide-drug conjugates could serve as an alternate substrate[227]. A
cytotoxic drug such as doxorubicin[238] or staurosporine can be inactivated by
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conjugation to a peptide containing a TEV-cleavable linker (Figure 10.2). This site
would be more representative of the flexible, exposed nature of the TEV site in the
mCherry substrate and may translate better to the apoptosis assays compared to the
procaspase-3 substrate used. The pro-drug would thus only be activated in cells where
NASPER is active, i.e, cancer cells.
3. A split-caspase system can be used with the PUF domains instead of trying to activate
a procaspase-3 through the use of a re-constituted protease. Chelur et al.[239] have
developed a split-caspase-3 system which is able to kill cells upon re-constitution of the
caspase-3 due to the induction of dimerisation. They found that there is no apoptotic
activity without fusing the split halves to dimerisation inducing leucine zippers
highlighting the specificity of this system. Using these domains fused to NASPER may
be an exciting way forward to specifically kill cancer cells without needing to optimise
protease cleavage and substrate type.

Figure 10.2: TEV-cleavable doxorubicin peptide-drug conjugate. TEV cleavage site is shown as a red lightning
symbol

The NASPER system designed in this thesis represents a step forward in the fundamentals of
rational drug design. While it fits in with current trends of designing multispecific therapeutics
which can harness cellular machinery for therapeutic gain, it goes beyond this by expanding
the types of cellular machinery that can be hijacked to include RNA as well. Most modern
cancer drug development focuses on monoclonal antibodies to target epitopes on particular
cancers either through intravenous delivery, or delivery in the form of CAR-T cells[240]. This
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fits with a moving focus towards personalised clinical medicine in hopes of reducing side-effects
and increasing efficacy, however the NASPER method deviates from this as it was intrinsically
designed to be a broad-spectrum therapy. In this way it could overcome some of the limitations
of these novel, personalised therapies such as cost – a single CAR-T therapy per patient can
cost upwards of $500,000[240]. If this system is optimised to be used as a cancer therapeutic in
the future, it could represent another shift towards the rational design of less personalised
therapies with the high efficacy and specificity of current personalised therapies.

However, there are still limitations in the use of this system in patients. As is, it would require
the delivery of at least two sets of genes, or proteins, into cancer cells. Delivery of the proteins
themselves would pose a challenge due to their molecular weight, and the need to delivery
them to the same cell[241]. Delivery of the genes would also pose similar challenges due to
multiple genes, immunogenicity, long-term transgene expression issues, and efficient cell
entry[242]. However, using multi-cistronic plasmid vectors, or adeno-associated viral vectors
harbouring multiple genes in a single vector, to deliver these genes may overcome these
barriers.

Despite being currently limited as a therapeutic option, the NASPER system could be applied
for research purposes in the future as well. For example: specifically tuning protein activation
based on the transcriptome allowing for much finer control of protein activation, activating
phosphorylation related pathways in response to subtle transcriptomic changes[236], using
RNases tethered to the PUF domains to provide a novel method of RNA silencing or tethering
the PUF domains to modifying proteins such as m6A demethylase for targeted RNA posttranscriptional modification[243].

Ultimately, although the experiments in this thesis provide evidence to show that the NASPER
system can target cells containing an RNA of interest when tethered to a protease, further
work is required to provide proof of concept that this can cause apoptosis of the targeted cells,
and even if this is possible, further work will be needed to optimise delivery for clinical use of
this system.
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APPENDIX A (CHAPTER 3)
Appendix A contains the amino acid sequences for constructs used in experiments
carried out in Chapter 3.
A.1

PROTEIN SEQUENCES
A.1.1 PUF MODULE SEQUENCES

Repeat
1¢

Recognition

AA sequence

1
1
1
1

A
G
U
C

MGRSRLLEDFRNNRYPNLQLREIAG
HIMEFSQDQHGSRFIQLKLERATPAERQLVFNEILQ
HIMEFSQDQHGSRFIELKLERATPAERQLVFNEILQ
HIMEFSQDQHGNRFIQLKLERATPAERQLVFNEILQ
HIMEFSQDQHGSRFIRLKLERATPAERQLVFNEILQ

2
2
2
2

A
G
U
C

AAYQLMVDVFGCYVIQKFFEFGSLEQKLALAERIRG
AAYQLMVDVFGSYVIEKFFEFGSLEQKLALAERIRG
AAYQLMVDVFGNYVIQKFFEFGSLEQKLALAERIRG
AAYQLMVDVFGSYVIRKFFEFGSLEQKLALAERIRG

3
3
3
3

A
G
U
C

HVLSLALQMYGCRVIQKALEFIPSDQQNEMVRELDG
HVLSLALQMYGSRVIEKALEFIPSDQQNEMVRELDG
HVLSLALQMYGNRVIQKALEFIPSDQQNEMVRELDG
HVLSLALQMYGSRVIRKALEFIPSDQQNEMVRELDG

4
4
4
4

A
G
U
C

HVLKCVKDQNGCHVVQKCIECVQPQSLQFIIDAFKG
HVLKCVKDQNGSHVVEKCIECVQPQSLQFIIDAFKG
HVLKCVKDQNGNHVVQKCIECVQPQSLQFIIDAFKG
HVLKCVKDQNGSHVVRKCIECVQPQSLQFIIDAFKG

4
4
4
4

A
G
U
C

HVLKCVKDQNGCYVVQKCIECVQPQSLQFIIDAFKG

5
5
5
5

A
G
U
C

QVFALSTHPYGCRVIQRILEHCLPDQTLPILEELHQ

6
6

A
G

6
6

U
C

HTEQLVQDQYGCYVIQHVLEHGRPEDKSKIVAEIRG
HTEQLVQDQYGSYVIEHVLEHGRPEDKSKIVAEIRG
HTEQLVQDQYGNYVIQHVLEHGRPEDKSKIVAEIRG
HTEQLVQDQYGSYVIRHVLEHGRPEDKSKIVAEIRG

7
7

A
G

7
7

U
C

NVLVLSQHKFACNVVQKCVTHASRTERAVLIDEVCTMNDGPHS
NVLVLSQHKFASNVVEKCVTHASRTERAVLIDEVCTMNDGPHS
NVLVLSQHKFANNVVQKCVTHASRTERAVLIDEVCTMNDGPHS
NVLVLSQHKFASYVVRKCVTHASRTERAVLIDEVCTMNDGPHS

8
8

A
G

ALYTMMKDQYACYVVQKMIDVAEPGQRKIVMHKIRP
ALYTMMKDQYASYVVEKMIDVAEPGQRKIVMHKIRP

HVLKCVKDQNGSYVVEKCIECVQPQSLQFIIDAFKG
HVLKCVKDQNGNYVVQKCIECVQPQSLQFIIDAFKG
HVLKCVKDQNGSYVVRKCIECVQPQSLQFIIDAFKG
QVFALSTHPYGSRVIERILEHCLPDQTLPILEELHQ
QVFALSTHPYGNRVIQRILEHCLPDQTLPILEELHQ
QVFALSTHPYGSRVIRRILEHCLPDQTLPILEELHQ
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8
8
8¢

U
C

ALYTMMKDQYANYVVQKMIDVAEPGQRKIVMHKIRP
ALYTMMKDQYASYVVRKMIDVAEPGQRKIVMHKIRP
HIATLRKYTYGKHILAKLEKYYMKNGVDLG

APPENDIX B (CHAPTER 5)
Appendix B contains the primer sequences used for NEBuilder cloning of the constructs
in Chapter 5.
B.1

NEBUILDER DATA
B.1.1 PRIMERS AND TEMPLATES THAT THEY CAN AMPLIFY
Plasmid
Template
3xFLAG

Primer Names

5’-3’ Primer Sequences (OVERLAP-ANNEAL)

3xFLAG_1fwd

CACCACACTGGACTAGTATGGACTACAAAGACCATG

3xFLAG_1rev
p6HIVPR_1fwd

GGACACGGTGCCCTGCTTGTCATCGTCATCCTTG
GATGACGATGACAAGCAGGGCACCGTGTCCTTC

p6HIVPR_1rev

CTGATCAGCGGTTTAAACTTTCATCAAAAGTTCAGTGTGGCG

GST fwd

CACCACACTGGACTAGTATGTCCCCTATACTAGGTTATTG

3xFLAG
p6HIVPR/p6HIVPRD25N
p6HIVPR/p6HIVPRD25N
GST

GST rev
3xFLAG_2fwd
3xFLAG_2rev
3xHA_fwd

GTCATGGTCTTTGTAGTCCGATTTTGGAGGATGGTC
ACCATCCTCCAAAATCGGACTACAAAGACCATG
AAGGACACGGTGCCCTGCTTGTCATCGTCATCCTTG
CACCACACTGGACTAGTATGTACCCGTACGACGTCCCTG

GST
3xFLAG
3xFLAG
3xHA

3xHA_rev
PUF1_fwd
PUF1/2_rev

CAGCAGCCGAGATCTGCCGGCGTAATCCGGCACATC
ATGTGCCGGATTACGCCGGCAGATCTCGGCTGCTG
CTGATCAGCGGTTTAAACTTTCATCAGCCCAGGTCCAC

3xHA
PUF1
PUF1/PUF2

3xFLAG_3rev
PUF2_fwd
PUF1/2_flex_rev
PUF1/2_rig_rev
flexi_
PUF1/2_fwd
Flexi_rev

AGCACGCGAGATCTGCCCTTGTCATCGTCATCCTTG
AAGGATGACGATGACAAGGGCAGATCTCGGCTGCTG
GCCGCTAGACTTTCCCTCGCCCAGGTCCACGCCGTTCTTC
GCTTCTTTAGCGGCGGCTTCGCCCAGGTCCACGCCGTTCTTC
AGAAGTACTACATGAAGAACGGCGTGGACCTGGGCGAGGGAAAGTCTAGCGGCTC

Rigid_flexi_fwd

CTAAAGAAGCTGCTGCCAAAGAGGCCGCTGCCAAGGAGGGAAAGTCTAGCGGCTC

3xFLAG
PUF2
PUF1/PUF2
PUF1/PUF2
Flexible
Linker
Flexible
Linker
Flexible
Linker

GTGATCTGAGGGAAGTTGAAGGACACGGTGCCCTGTGTGCTCTTGCTCTCGCTGC
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Rigid_fwd
Flexi_rigid_rev
HIVPR_rigid_rev
Flexi_HIVPR_fwd

AGAAGTACTACATGAAGAACGGCGTGGACCTGGGCGAAGCCGCCGCTAAAGAAGC
TTGCTCTCGCTGCCAGAGCCGCTAGACTTTCCCTCCTTGGCAGCGGCCTCTTTGGC
GTGATCTGAGGGAAGTTGAAGGACACGGTGCCCTGCTTGGCAGCGGCCTCTTTGGC
AGCGAGAGCAAGAGCACACAGGGCACCGTGTCCTTCAAC

Rigid_HIVPR_fwd

CCAAAGAGGCCGCTGCCAAGCAGGGCACCGTGTCCTTCAAC

Rigid Linker
Rigid Linker
Rigid Linker
p6HIVPR/p6HIVPRD25N
p6HIVPR/p6HIVPRD25N
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B.1.2 FRAGMENTS AND PRIMER PAIRS TO AMPLIFY THEM

Fragment
Names
B
C

C1
D
E
F
G
H
I
J
J1
K
K1
L
M
M1
N
N1
O
P
Q

Primer Pairs

3xFLAG_1fwd and 3xFLAG_1rev
p6HIVPR_1fwd and
p6HIVPR_1rev
p6HIVPR_1fwd and
p6HIVPR_1rev
GST fwd and GST rev
3xFLAG2_fwd and 3xFLAG2_rev
3xHA_fwd and 3xHA_rev
PUF1_fwd and PUF1/2_rev
3xFLAG_1fwd and 3xFLAG_3rev
PUF2_fwd and PUF1/2_rev
PUF1_fwd and PUF1/2_flex_rev
PUF2_fwd and PUF1/2_flex_rev
flexi_HIVPR_fwd and
p6HIVPPR_1rev
flexi_HIVPR_fwd and
p6HIVPPR_1rev
flexi_PUF1/2_fwd and flexi_rev
PUF1_fwd and
PUF1/2_rigid_rev
PUF2_fwd and
PUF1/2_rigid_rev
rigid_HIVPR_fwd and
p6HIVPPR_1rev
rigid_HIVPR_fwd and
p6HIVPPR_1rev
rigid_fwd and HIVPR_rigid_rev
rigid_fwd and flexi_rigid_rev
rigid_flexi_fwd and flexi_rev

Annealing Tm
(°C)
53
67

3xFLAG
p6HIVPR

67

p6HIVPRD25N

58
53
68
68
53
68
68
68
67

GST
3xFLAG
3xHA
PUF1
3xFLAG
PUF2
PUF1
PUF2
p6HIVPR

67

p6HIVPRD25N

69
68

Flexible Linker
PUF1

68

PUF2

67

p6HIVPR

67

p6HIVPRD25N

71
71
69

Rigid Linker
Rigid Linker
Flexible Linker

Template
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B.1.3 FRAGMENT COMPOSITION OF CONTRUCTS

Construct
Number
1
2
3
4
5
6
7
8

B.2

Fragments Required

A+B+C
A + B + C1
A+D+E+C
A + D + E + C1
A+F+J+L+K
A + H + J1 + L + K
A + F + J + L + K1
A + H + J1 + L + K1

MUTAGENESIS
B.2.1 HIVPR MUTAGENESIS PRIMERS

Mutant Name
R8Q

Primer Pair
5'-gtgaccaggggctgcttccacaggg-3'
5'-ccctgtggaagcagcccctggtcac-3

T26A

5'-cggcgcctgcatccagcagggcctct-3'
5'-agaggccctgctggatgcaggcgccg-3’

D29N

5'-cgatcactgtatcgttggcgcctgtatccag-3'
5'-ctggatacaggcgccaacgatacagtgatcg-3'

R87K

5'-gatctgggtcagcagattcttgccgatgatgttgataggt-3'
5'-acctatcaacatcatcggcaagaatctgctgacccagatc-3'

∆C

5'-ggtttaaactttcatcaggcgccgatctgggtc-3'
5'-gacccagatcggcgcctgatgaaagtttaaacc-3'
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APPENDIX C (CHAPTER 6, 7 and 8)
Appendix C contains the primer sequences used in NEBuilder cloning carried out in
Chapters 6, 7 and 8.
C.1

PRIMERS FOR NEBUILDER FRAGMENT GENERATION

C.1.1 FIRST SET OF CONSTRUCTS
PRIMER NAME

PRIMER SEQUENCE
(5’-3’)

GST_rev_NGFP

ccttggacacCTTGTCATCGTCATCCTT
G

GST_rev_CGFP

tgccgttcttCTTGTCATCGTCATCCTT
G

GST_rev_NTEV

ggctctcgccCTTGTCATCGTCATCCTT
G

GST_rev_CTEV

tcatgctcttCTTGTCATCGTCATCCTT
G

PUF_rev_NGFP

ccttggacacTGTGCTCTTGCTCTCGCT
G

PUF_rev_CGFP

tgccgttcttTGTGCTCTTGCTCTCGCT
G

PUF_rev_NTEV

ggctctcgccTGTGCTCTTGCTCTCGCT
G

PUF_rev_CTEV

tcatgctcttTGTGCTCTTGCTCTCGCT
G

NTEV_GST_fw
d
NTEV_PUF_fw
d
CTEV_GST_fw
d
CTEV_PUF_fw
d
NGFP_GST_fw
d
NGFP_PUF_fw
d

cgatgacaagGGCGAGAGCCTGTTCAAG

CGFP_GST_fw
d
CGFP_PUF_fw
d

cgatgacaagAAGAACGGCATCAAAGTG

caagagcacaGGCGAGAGCCTGTTCAAG
cgatgacaagAAGAGCATGAGCAGCATG
caagagcacaAAGAGCATGAGCAGCATG
cgatgacaagGTGTCCAAGGGCGAAGAA
C
caagagcacaGTGTCCAAGGGCGAAGAA
C

caagagcacaAAGAACGGCATCAAAGTG

PRIMER
TEMPLAT
E
GST-FLAG
constructs
GST-FLAG
constructs
GST-FLAG
constructs
GST-FLAG
constructs
PUF1/2
constructs
PUF1/2
constructs
PUF1/2
constructs
PUF1/2
constructs
N-TEV
constructs
N-TEV
constructs
C-TEV
constructs
C-TEV
constructs
N-GFP
constructs
N-GFP
constructs

FRAGMENT
PRODUCED

C-GFP
constructs
C-GFP
constructs

CGFP_GST

GST_NGFP
GST_CGFP
GST_NTEV
GST_CTEV
PUF2_NGF
P
PUF1_CGF
P
PUF2_NTE
V
PUF1_CTE
V
NTEV_GST
NTEV_PUF
2
CTEV_GST
CTEV_PUF
1
NGFP_GST
NGFP_PUF
2

CGFP_PUF
1
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NEBuilder_fwd

CACCACACTGGACTAGTATG

GFP/TEV_rev

CTGATCAGCGGTTTAAACTT

All
constructs
All
constructs

* NEBuilder_fwd was used alongside the ‘rev’ primers
** GFP/TEV_rev was used alongside the ‘fwd’ primer

C.1.2 FLEXIBLE SPLIT-GFP SYSTEM CONSTRUCTS
PRIMER NAME

PRIMER SEQUENCE

Flag_flexi_rev

5’TGTGCTCTTGCTCTCGCTGCCAGAGCCGCTAGACTTTCCCTCCTTGTCATCGTCATCCTTG3’

Flexi_NGFP_fwd

5’GAGGGAAAGTCTAGCGGCTCTGGCAGCGAGAGCAAGAGCACAGTGTCCAAGGGCGAAGAAC3’
5’TGTGCTCTTGCTCTCGCTGCCAGAGCCGCTAGACTTTCCCTCGGCATAGTCGGGGACGTC3’
5’GAGGGAAAGTCTAGCGGCTCTGGCAGCGAGAGCAAGAGCACAAAGAACGGCATCAAAGTG3’

HA_flexi_rev
Flexi_CGFP_fwd

PRIMER
TEMPLATE
GST-N-GFP

FRAGMENT
PRODUCED

GST-N-GFP

FLAG_flexi
GST_FLAG_flexi
Flexi_NGFP

HA-C-GFP

HA_flexi

HA-C-GFP

Flexi-CGFP

* NEBuilder_fwd was used alongside the ‘rev’ primers
** GFP/TEV_rev was used alongside the ‘fwd’ primers

C.1.3 PUF1 CONSTRUCTS WITH N-TERMINUS SPLIT DOMAIN
PRIMER
NAME

PRIMER SEQUENCE

Flexi_PUF1_f
wd
CG_flexi_rev

5’GAGGGAAAGTCTAGCGGCTCTGGCAGCGAGAGCAAGAGCACAGGCAGATCTCGGCT
G-3’

CT_flexi_rev

5’TGTGCTCTTGCTCTCGCTGCCAGAGCCGCTAGACTTTCCCTCCACCATGAACACCT
TGTG-3’

5’TGTGCTCTTGCTCTCGCTGCCAGAGCCGCTAGACTTTCCCTCCTTGTACAGCTCAT
CCATGC-3’

PRIMER
TEMPLAT
E
PUF1
constructs
Flexi-CGFP
constructs
CT
constructs

FRAGMENT
PRODUCED

Flexi_PUF1
Flexi_CG_fle
xi
CT_flexi

* NEBuilder_fwd was used alongside the ‘rev’ primers
** GFP/TEV_rev was used alongside the ‘fwd’ primer

C.1.4
FRAGMENT
CONSTRUCTS
CONSTRUCT NAME
GST-N-TEV
GST-C-TEV
GST-N-GFP
GST-C-GFP
FLEXI-N-GFP
FLEXI-C-GFP
GST-FLEXI-N-GFP
GST-FLEXI-C-GFP

COMBINATIONS

FRAGMENT 1
GST_NTEV
GST_CTEV
GST_NGFP
GST_CGFP
FLAG_flexi
HA_flexi
GST_FLAG_flexi
GST_FLAG_flexi

FOR

SPLIT

SYSTEMS

FRAGMENT 2
NTEV_GST
CTEV_GST
NGFP_GST
CGFP_GST
Flexi_NGFP
Flexi_CGFP
Flexi_NGFP
Flexi_CGFP
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PUF2-NTEV
PUF2-NGFP
PUF1-CTEV
PUF1-CGFP
CTEV-PUF1
CGFP-PUF1

C.2

PUF2_NTEV
PUF2_NGFP
PUF1_CTEV
PUF1_CGFP
Flexi_PUF1
Flexi_PUF1

NTEV_PUF2
NGFP_PUF2
CTEV_PUF1
CGFP_PUF1
CT_flexi
Flexi_CG_flexi

PRIMERS FOR mCherry CONSTRUCTS
C.2.1 TEV-CLEAVABLE mCherry

mCherry_T_0_SBS_Cog8 was used as the template for all reactions. Site-directed
mutagenesis was used to generate the following constructs.

Mutant Name
mCherry_T_2_SBS_Cog8

5'-gaaggcagcagctttgtcgcagattggcataatctgg-3'
5'-ccagattatgccaatctgcgacaaagctgctgccttc-3'

mCherry_T_4_SBS_Cog8

5'-ccagattatgccaatctgcgacaaaaagctgctgccttc-3'
5'-gaaggcagcagctttttgtcgcagattggcataatctgg-3'

mCherry_T_6_SBS_Cog8

5'-ccagattatgccaatctgcgacaaaaaaagctgctgccttc-3'
5'-gaaggcagcagctttttttgtcgcagattggcataatctgg-3'

mCherry_T_8_SBS_Cog8

5'-ccagattatgccaatctgcgacaaaaaaaaagctgctgccttc-3'
5'-gaaggcagcagctttttttttgtcgcagattggcataatctgg-3

mCherry_T_10_SBS_Cog8

5'-gaaggcagcagctttttttttttgtcgcagattggcataatctgg-3'
5'-ccagattatgccaatctgcgacaaaaaaaaaaagctgctgccttc-3'

mCherry_T_10_SBS_Scr8

5'-catcaagaagacccggagttttttttttctcgattgattggcataa-3'
5'-ttatgccaatcaatcgagaaaaaaaaaactccgggtcttcttgatg-3'

Mutant Name
mCherry_T_0_SBS_Co
g9

Primer Pair

Primer Pair
5'- CACCACACTGGACTAGTATG -3'
5'CTGATCAGCGGTTTAAACTTTCATCAAGAAGGCAGCTAGCTGTCGTCAGATTGGCATAATCTG
GCACGTC -3'

mCherry_T_2_SBS_Co
g9

5’-aaggcagctagctttgtcgtcagattggcataatct-3’
5’-agattatgccaatctgacgacaaagctagctgcctt-3’

mCherry_T_4_SBS_Co
g9

5’-agattatgccaatctgacgacaaaaagctagctgcctt-3’
5’-aaggcagctagctttttgtcgtcagattggcataatct-3’

mCherry_T_6_SBS_Co
g9

5’-agattatgccaatctgacgacaaaaaaagctagctgcctt-3’
5’-aaggcagctagctttttttgtcgtcagattggcataatct-3’

225

mCherry_T_8_SBS_Co
g9

5’-ccagattatgccaatctgacgacaaaaaaaaagctagctgccttc-3’
5’-gaaggcagctagctttttttttgtcgtcagattggcataatctgg-3’

mCherry_T_10_SBS_C
og9

5’-ccagattatgccaatctgacgacaaaaaaaaaaagctagctgccttc-3’
5’-gaaggcagctagctttttttttttgtcgtcagattggcataatctgg-3’

Mutant Name
mCherry_T_0_SBS_Co
g10

Primer Pair
5'- CACCACACTGGACTAGTATG -3'
5'CTGATCAGCGGTTTAAACTTTCATCAAGAAGGCAGCATAGCTGTCGATCAGATTGGCATAAT
CTGGCACGTC -3'

mCherry_T_2_SBS_Co
g10

5'-aggcagcatagctttgtcgatcagattggcataatc-3'
5'-gattatgccaatctgatcgacaaagctatgctgcct-3'

mCherry_T_4_SBS_Co
g10

5'-gattatgccaatctgatcgacaaaaagctatgctgcct-3'
5'-aggcagcatagctttttgtcgatcagattggcataatc-3'

mCherry_T_6_SBS_Co
g10

5'-aggcagcatagctttttttgtcgatcagattggcataatc-3'
5'-gattatgccaatctgatcgacaaaaaaagctatgctgcct-3'

mCherry_T_8_SBS_Co
g10

5'-cagattatgccaatctgatcgacaaaaaaaaagctatgctgcctt-3'
5'-aaggcagcatagctttttttttgtcgatcagattggcataatctg-3'

mCherry_T_10_SBS_C
og10

5'-cagattatgccaatctgatcgacaaaaaaaaaaagctatgctgcctt-3'
5'-aaggcagcatagctttttttttttgtcgatcagattggcataatctg-3'

NEBuilder was used to generate the following constructs by insertion of the PCR product into
a pcDNA3.1(-) vector.

Clone Name
mCherry_T_0_MBS_Cog8

Reverse Primer
5’-CTGATCAGCGGTTTAAACTTTCATCAAGAAGGCAGCAGCTGTCGCAGAGAAGGCAGCAGCTGTCGCAG-3’

mCherry_T_2_MBS_Cog8

5’-CTGATCAGCGGTTTAAACTTTCATCAAGAAGGCAGCAGCTTTGTCGCAGAGAAGGCAGCAGCTTTGTCGCAG-3’

mCherry_T_4_MBS_Cog8

5’-CTGATCAGCGGTTTAAACTTTCATCAAGAAGGCAGCAGCTTTTTGTCGCAGAGAAGGCAGCAGCTTTTTGTCGCAG-3'

mCherry_T_6_MBS_Cog8

5’-CTGATCAGCGGTTTAAACTTTCATCAAGAAGGCAGCAGCTTTTTTTGTCGCAGAGAAGGCAGCAGCTTTTTTTGTCGCAG-3’

mCherry_T_8_MBS_Cog8

5’-CTGATCAGCGGTTTAAACTTTCATCAAGAAGGCAGCAGCTTTTTTTTTGTCGCAGAGAAGGCAGCAGCTTTTTTTTTGTCGCAG3’

mCherry_T_10_MBS_Cog8

5’CTGATCAGCGGTTTAAACTTTCATCAAGAAGGCAGCAGCTTTTTTTTTTTGTCGCAGAGAAGGCAGCAGCTTTTTTTTTTTGTCGCAG3’

mCherry_T_10_MBS_Scr8

5’CTGATCAGCGGTTTAAACTTTCATCAAGAAGACCCGGAGTTTTTTTTTTCTCGATTGAGAAGACCCGGAGTTTTTTTTTTCTCGATTG3’
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Clone Name
mCherry_T_0_MBS_Cog9

Reverse Primer
5’- CTGATCAGCGGTTTAAACTTTCATCAAGAAGGCAGCTAGCTGTCGTCAGAGAAGGCAGCTAGCTGTCGTCAG -3’

mCherry_T_2_MBS_Cog9

5’- CTGATCAGCGGTTTAAACTTTCATCAAGAAGGCAGCTAGCTTTGTCGTCAGAGAAGGCAGCTAGCTTTGTCGTCAG -3’

mCherry_T_4_MBS_Cog9

5’- CTGATCAGCGGTTTAAACTTTCATCAAGAAGGCAGCTAGCTTTTTGTCGTCAGAGAAGGCAGCTAGCTTTTTGTCGTCAG -3'

mCherry_T_6_MBS_Cog9

5’- CTGATCAGCGGTTTAAACTTTCATCAAGAAGGCAGCTAGCTTTTTTTGTCGTCAGAGAAGGCAGCTAGCTTTTTTTGTCGTCAG 3’

mCherry_T_8_MBS_Cog9

5’CTGATCAGCGGTTTAAACTTTCATCAAGAAGGCAGCTAGCTTTTTTTTTGTCGTCAGAGAAGGCAGCTAGCTTTTTTTTTGTCGTCAG -3’

mCherry_T_10_MBS_Cog9

5’CTGATCAGCGGTTTAAACTTTCATCAAGAAGGCAGCTAGCTTTTTTTTTTTGTCGTCAGAGAAGGCAGCTAGCTTTTTTTTTTTGTCGTCAG
-3’

Clone Name
mCherry_T_0_MBS_Cog10

Reverse Primer
5’- CTGATCAGCGGTTTAAACTTTCATCAAGAAGGCAGCATAGCTGTCGATCAGAGAAGGCAGCATAGCTGTCGATCAG -3’

mCherry_T_2_MBS_Cog10

5’- CTGATCAGCGGTTTAAACTTTCATCAAGAAGGCAGCATAGCTTTGTCGATCAGAGAAGGCAGCATAGCTTTGTCGATCAG -3’

mCherry_T_4_MBS_Cog10

5’- CTGATCAGCGGTTTAAACTTTCATCAAGAAGGCAGCATAGCTTTTTGTCGATCAGAGAAGGCAGCATAGCTTTTTGTCGATCAG -3'

mCherry_T_6_MBS_Cog10

5’- CTGATCAGCGGTTTAAACTTTCATCAAGAAGGCAGCATAGCTTTTTTTGTCGATCAGAGAAGGCAGCATAGCTTTTTTTGTCGATCAG
-3’

mCherry_T_8_MBS_Cog10

5’CTGATCAGCGGTTTAAACTTTCATCAAGAAGGCAGCATAGCTTTTTTTTTGTCGATCAGAGAAGGCAGCATAGCTTTTTTTTTGTCGATCAG 3’

mCherry_T_10_MBS_Cog1
0

5’CTGATCAGCGGTTTAAACTTTCATCAAGAAGGCAGCATAGCTTTTTTTTTTTGTCGATCAGAGAAGGCAGCATAGCTTTTTTTTTTTGTCGATC
AG -3’

* NEBuilder_fwd was used as the forward primer in all cases
** The template used was the corresponding SBS clone
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C.2.2 mCherry without TEV Cleavage Site
NEBuilder was used to generate the following constructs by insertion of the PCR product into
a pcDNA3.1(-) vector.

Mutant Name
mCherry_N_0_SBS
_Cog9

Primer Pair
5'- CACCACACTGGACTAGTATGGTGAGCAAGGGCGAGG-3'
5'CTGATCAGCGGTTTAAACTTTCATCAAGAAGGCAGCTAGCTGTCGTCAGATTCTTGTACAGCTCGT
CCATGCCG -3'

mCherry_N_0_SBS
_Cog10

5'- CACCACACTGGACTAGTATGGTGAGCAAGGGCGAGG-3'
5'CTGATCAGCGGTTTAAACTTTCATCAAGAAGGCAGCATAGCTGTCGATCAGATTCTTGTACAGCTC
GTCCATGCCG -3'

mCherry_N_2_SBS
_Cog8

5’-CACCACACTGGACTAGTATGGGCTCTGGCGGCATGGTG-3’
5’CTGATCAGCGGTTTAAACTTTCATCAAGAAGGCAGCAGCTTTGTCGCAGATTCTTGTACAGCTCGT
CCATTCCGCC-3’

mCherry_N_10_SBS
_Cog10

5’-CACCACACTGGACTAGTATGGGCTCTGGCGGCATGGTG-3’
5’CTGATCAGCGGTTTAAACTTTCATCAAGAAGGCAGCATAGCTTTTTTTTTTTGTCGATCAGATTCT
TGTACAGCTCGTCCATTCCGCC-3’

mCherry_N_Scr_1

5’-CACCACACTGGACTAGTATGGGCTCTGGCGGCATGGTG-3’
5’CTGATCAGCGGTTTAAACTTTCATCAAGAAGACCCGGAGTTTTTTTTTTCTCGATTGATTCTTGTA
CAGCTCGTCCATTCCGCC-3’
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APPENDIX D
Appendix D contains all the primer sequences used for NEBuilder cloning of the
constructs for endogenous targeting in Chapter 7.
D.1

NEBUILDER PRIMERS

Fragment Name
P28 Fragments

Primer Pair
5'- CACCACACTGGACTAGTATG - 3'
5'- TGTGCTCTTGCTCTCGCTGCCAGAGCCGCTAGACTTTCCCTCGCCGAGGTCCACGCCG
-3'

P18 Fragments

5'- GAGGGAAAGTCTAGCGGCTCTGGCAGCGAGAGCAAGAGCACAGGCAGAAGCAGACTGCTGG -3'
5'- CTGATCAGCGGTTTAAACTT -3'

NT Mutant Fragment

5'- GAGGGAAAGTCTAGCGGCTCTGGCAGCGAGAGCAAGAGCACAGGCGAGAGCCTGTTCAAG -3'
5'- CTGATCAGCGGTTTAAACTT - 3'

CT Mutant Fragment

5'- CACCACACTGGACTAGTATG -3'
5'- TGTGCTCTTGCTCTCGCTGCCAGAGCCGCTAGACTTTCCCTCCACCATGAACACCTTGTGG -3'

•

Appropriate templates containing the sequences to be amplified were used

CONSTRUCT NAME
P28C-NTEVm
P28S-NTEVm
CTEVm-P18C
CTEVm-P18S

FRAGMENT 1
P28C
P28S
P18C
P18S

FRAGMENT 2
NTEVm
NTEVm
CTEVm
CTEVm
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APPENDIX E
Appendix E contains data showing that scrambled RNA 1 and scrambled RNA 2 were
nearly identical in both split-GFP reconstitution, and TEV cleavage, assays.
E.1

CONFOCAL MICROSCOPY OF DIFFERENT SCRAMBLED RNA
(OUTSIDE-ORIENTED)
Scrambled RNA 1

Scrambled RNA 2

8-mer
PUF

9-mer
PUF

10-mer
PUF

Figure E.1: Confocal microscopy of outside-oriented PUF-split-GFP fusions transfected with either
scrambled RNA 1 or 2. No differences were observed between the two RNAs.
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E.2

CONFOCAL MICROSCOPY OF DIFFERENT
CONSTRUCTS (INSIDE-ORIENTED)

Scrambled RNA 1

SCRAMBLED

Scrambled RNA 2

8-mer
PUF

9-mer
PUF

10-mer
PUF

Figure E.2: Confocal microscopy of inside-oriented PUF-split-GFP fusions transfected with either
scrambled RNA 1 or 2. Minimal differences were observed between the two RNAs.
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E.3

DENSITOMETRY OF DIFFERENT SCRAMBLED CONSTRUCTS
(OUTSIDE-ORIENTED)

Figure E.3: Western blot densitometry of outside-oriented PUF-split-TEV fusions transfected with either
scrambled RNA 1 or 2 and the split-TEV domains lacking the PUF domain. No differences were observed
between the two RNAs and the PUF negative control for either the 8- or 10-mer PUF domains tested.
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E.4

DENSITOMETRY OF DIFFERENT SCRAMBLED CONSTRUCTS
(INSIDE-ORIENTED)

Figure E.4: Western blot densitometry of inside-oriented PUF-split-TEV fusions transfected with either
scrambled RNA 1 or 2 and the split-TEV domains lacking the PUF domain. Minimal differences were observed
between the two RNAs and the PUF negative control for either the 8- or 10-mer PUF domains tested.
Differences did not affect statistical tests carried out in Chapter 7 for the respective constructs.
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