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Abstract

The expansion of the fluorescent protein (FP) colour palette through discovery of
more species possessing FPs and by subjecting them to intensive protein engineering
efforts has greatly aided the effectiveness of FP-based biosensor designs. Currently, the
main FP-based methods for detecting protein-protein interactions, enzymatic activity, and
changes in small molecule concentration in live cells, are Forster resonance energy transfer
(FRET) and bimolecular fluorescence complementation (BiFC). A new biosensor strategy
has recently been introduced by our group: dimerization-dependent FPs (ddFPs). This
novel platform is based on the change in fluorescence intensity resulting from the reversible
heterodimeric association of two distinct ddFP monomers. We believe that ddFPs can
overcome some challenges in live cell imaging currently imposed by traditional biosensor
platforms. For example, ddFPs may facilitate multicolour imaging of biosensors in live
cells due to the fact that they have a narrower spectral profile than a FRET pair.

In this thesis, we describe our efforts to expand the range of applications of ddFP in
live cells. We report the creation of systems for the sensing of global O-linked B-N-
acetylglucosamine (O-GlcNAc) modifications in live cells by O-GlcNAc transferase (OGT)
and validation of OGT protease activity to host-cell factor-1 which may be the link between
nutrient levels and the cell cycle. In addition, we apply ddFPs for sensing of tomosyn-1
SUMOylation by small ubiquitin modifier 1 (SUMO-1) in pancreatic islet cells. The
creation of these plasmids is a proof of the versatility and modularity of the ddFP and its
related FP exchange (FPX) biosensor design strategy.

We also report the engineering of a dark “A” copy (DA) for ddFP applications. By a
simple rational mutation of the chromophore of dimerization-dependent green A copy
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(GA), DA was generated. We confirmed that DA competes with GA for binding to the B
copy. Specifically, we demonstrated the utility of DA in combination with GA and B as an
intensiometric “turn on” biosensor for monitoring caspase-3 activity. Using both ddFPs and

DA we endeavour to develop a facile multiparameter imaging platform.
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Chapter 1: Introduction

1.1Background

The introduction of fluorescent proteins (FP) as genetically encoded reporters has
given researchers a superb platform for non-invasive real-time imaging of biomolecules in
live cells. The cloning and first recombinant expression of the green fluorescent protein
(GFP) derived from the bioluminescent jellyfish Aequorea victoria occurred two decades
ago [1-3]. Today, FPs are extensively used as molecular biosensors to detect bioanalyte
flux, protein localization and protein interaction in cells [4, 5]. Increased knowledge on
cellular dynamics, particularly protein interactions which play a critical role in many
cellular processes, is essential to combat diseases such as cancer. FPs are one of the most
powerful class of tools in the molecular biologist’s toolbox.

The ability of FPs to absorb and emit light is attributed to its intrinsic chromophore.
The FP sequence encodes a tripeptide which, through a process of a self-sufficient
cyclization, oxidation and loss of a water molecule, is converted into the chromophore [6].
The eleven-stranded B-barrel structure of FPs wraps around the central alpha-helix where
the chromophore resides thus ensuring a rigid environment to protect the chromophore
from bulk solvent and collisional quenching by oxygen species [7]. The central location of
the chromophore in the barrel places it in the immediate environment of a number of amino
acid residue side chains which the chromophore interacts with [8]. Mutation of interacting
residues can confer dramatic changes to the fluorescent properties of an FP [9].

Substantial protein engineering efforts on the Aequorea GFP further expanded the

available colour spectrum from blue to yellow [10, 11]. However, a red FP was still much



sought after, as lower excitation energy (i.e., longer wavelength) will reduce phototoxicity
during imaging of live cells [12]. Furthermore, with a greater range of colour variants
multiparameter imaging of multiple structures or processes in a cell is facilitated. At lower
wavelength excitation light associated with red FPs tissue autofluorescence, scattering and
absorbance by hemoglobin, melanin and water is decreased [12, 13]. This allows deeper
tissue penetration which is of particular importance for in vivo and deep tissue imaging in
small animals such as mice and rats. The discovery of DsRed derived from Discosoma sp.
finally provided a potentially useful red FP, but unfortunately it suffered from some
limitations [14]. DsRed is an obligate tetramer and has been found to emit green
fluorescence during its slow maturation [15]. Imaging of DsRed that is genetically fused to
certain proteins in cells have also revealed mislocalization due to the inherent tetrameric
character of the protein [16]. Understanding these complications and knowing the
tremendous potential of a practically useful monomeric variant led to an intensive protein
engineering effort. Disruption of the protein-protein contacts on the interface of DsRed
yielded a dimeric intermediate [17]. A total of 33 substitutions resulted in monomeric RFP1
(mRFP1; Aex = 584 nm Ay, = 607 nm), the first-generation red monomeric protein [17].
However, it is important to note that loss of oligomerization greatly affected fluorescence.
Further rounds of directed-evolution, to rescue photostability, quantum yield and extinction
coefficient of mRFP1 yielded a new range of FPs, known as the mFruit series which
introduced emission hues extending from green to far red [18, 19].

Using FPs as genetically encoded molecular tools has greatly facilitated both the
visualization and perturbation of a variety of biochemical events in living cells [4]. Of
continuing importance is the discovery, validation, and detailed investigation of protein
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interaction in cells. It is important to note that the category of protein interactions is not
only limited to protein-protein interactions, but encompasses a very wide range of
biological activities including enzymatic activity, protein-DNA, protein-RNA, and protein
interaction with small molecules. An intricate network of these protein interactions governs
the everyday life and eventual death of the cell. Undeniably, tremendous efforts have been
placed in the study of these protein dynamics which have yielded breakthroughs, such as
the discovery of compartmentalized kinase signalling in cardiomyocytes [20]. However, the
cell is a universe unto itself. The vast majority of protein interactions have yet to be studied
or even discovered. This fact reveals the necessity of expanding and improving the range of
FP-based biosensors to further accommodate new protein interaction studies, as each
biosensor has its shortcomings and may not always be appropriate for the application in
question. Currently, the two standard FP-based methods for detecting protein interactions in
live cells are Forster Resonance Energy Transfer (FRET) and FP complementation.
1.1.1 FP-based FRET reporters

The seminal paper by Chalfie et al. presented the first demonstration of a FP as a
molecular tool for labeling of the neurons of the worm Caenorhabditis elegans [2]. This
triggered the explosion of interest in genetically encoded biosensors, first exemplified by
the FRET-based strategy [21]. FP-based FRET reporters consist of two FPs with
appropriate spectral overlap between the donor emission spectrum and acceptor absorbance
spectrum [22]. The efficiency of nonradiative transfer of excited-state energy from the
donor to the acceptor depends on the orientation and proximity between them, which

ultimately affects the ratio of the donor fluorescent intensity to that of the acceptor’s [22].



There are two general types of FP-based FRET biosensor designs, intramolecular
and intermolecular [21]. The intramolecular design has a molecular recognition element
sandwiched between the two FPs and the presence of an analyte will result in a binding
event that changes the distance between the two FPs (Figure 1.1). Intramolecular FRET-
based biosensor designs are useful in determining protein and analyte interactions as well
as enzymatic activity and function. The intermolecular designs have the FPs separated into
individual constructs. This design is best suited for the study of protein-protein interactions
in which the interacting proteins-of-interest are each fused to each of the donor and

acceptor FPs [21].
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Figure 1.1. Intra- and intermolecular FP-based FRET reporter design strategies. (A)
Protease reporters. (B) Intramolecular reporters of small molecules. (C) Post-translational
modification (PTM) reporter. (D) Intermolecular reporter of protein-protein interaction.
Donor FP is notated as D, and Acceptor FP as A.

Using the two general design strategies, a plethora of FP-based FRET reporters
have been developed to detect numerous biological events, such as voltage sensing, analyte
flux, enzymatic activity, protease activity, and protein-protein interactions [23], hence,

making it the largest class of FP-based biosensors. It is also useful for high throughput

screening applications [24]. FP-based FRET biosensors enable real-time monitoring of
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cellular dynamics. The ratiometric readout has the advantages of being easily calibrated and
providing reduced cell-to-cell variability compared to probes with intensiometric output
signals, in which readout can be affected by out-of-focus movements [21, 23].

Although FP-based FRET biosensors are conceptually well suited for a wide variety
of applications, there are some drawbacks that must be considered. FRET-based reporters
are limited by the dynamic range and the sensitivity of the donor-acceptor pair [25, 26].
Moreover, implementation with multiple fluorescent probes poses a challenge since two
spectral windows are already occupied to image one cellular event. For example, the FRET
pair of cyan FP (CFP) plus yellow FP (YFP), popularly used due to its good spectral
overlap, has two distinct excitation profiles and emission profiles in the blue and yellow
region, thus, leaving only the red region of the spectrum open for sensing another activity
of interest [23, 24]. In this case a maximum of two events can be imaged, which greatly
undermines the potential and effectiveness of simultaneous imaging with multiple probes
which can reveal spatiotemporal relationships between complex signalling pathways.

It is important to note that design of FRET fusion protein constructs based on either
an intra- or intermolecular strategy cannot be generalized and must be treated on a case-by-
case scenario. Linker length must be optimized in order to achieve optimal changes in
FRET efficiency and allow sufficient freedom for the interacting domains to orient
themselves [27]. An extra challenge associated with intermolecular FRET studies is that the
two expressed protein chimeras in the cell can vary in stoichiometry.

In response to the drawbacks found in FP-based FRET reporters and demand for an
expanded variety of reporters for detecting protein interactions, additional biosensing

strategies have been developed. In this introduction, we will briefly discuss the protein



complementation assays for the study of protein interactions and focus specifically on FP
complementation strategies.
1.2 General introduction on protein complementation assays

The introduction of the “classic” yeast two-hybrid (Y2H) system popularized and
inspired a new generation of genetic screening and selection platforms aimed at
investigation of protein interaction networks. Specifically, these platforms can be applied
towards validation of hypothesized protein interactions, screening for inhibitors, dissecting
protein function, and high-throughput screening of genomic libraries for protein-protein
interactions (PPIs) [28]. Although robust and highly utile, Y2H assays typically cannot
address the kinetics and spatiotemporal dynamic aspects of PPIs (Figure 1.2A) [29, 30].
Furthermore, the necessity of the protein complex to enter the nucleus to initiate the
transcription event effectively prohibits its application to extracellular interactions,
membrane-bound proteins, and proteins that exhibit a strong localization signal for
exclusion from the nucleus. As a result, only a subset of the complete interactome can be
detected via most two-hybrid assays [29, 31]. This is where protein fragment reconstitution
assays (also known as protein complementation assays (PCAs)) are useful for the

investigation of protein interaction networks.
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Figure 1.2. Schematic summary of the yeast-two hybrid (Y2H) assay and protein
complementation assay (PCA). (A) Y2H system, Protein X is tethered to a DNA-binding
domain (DBD) and Y to a transcription activating domain (AD). Co-localization of proteins
X and Y due to association between the two, brings the AD in proximity to interact with the
RNA polymerase II complex to initiate transcription of the reporter gene such as /acZ. (B)
PCA, interaction of proteins X and Y leads to reconstitution of the reporter.

Protein fragment complementation-based assays operate on a straightforward
principle. Similar to the Y2H, proteins-of-interest (‘X’ and ‘Y’ or more often designated as
‘bait’ and prey’) are tethered respectively to the two fragments of the effector protein which
have been “split” or separated into two fragments (Figure 1.2B) [32]. Reassembly of the
fragments, hence rescue of reporter activity, occurs upon interaction of the bait and prey.
Reporter fragments have been engineered not to spontaneously associate, since this would
elicit false-positive signals [32]. When developing a PCA system, the fused proteins-of-
interest must be given enough freedom to orient and associate as hindrance may lead to

false-negative results. It is also important to note that formation of reporter protein is

irreversible in the large majority of cases [33]. This effectively traps transient oligomeric



protein interactions which are of particular interest [30]. However, these irreversible
complexes may perturb protein-complex localization or turnover, though this is not
generally observed [32]. If reconstitution occurs, the reporter readout will be provided as
colony survival, a fluorescent signal, luminescence, or a change in colour [32]. Many
reporter proteins have been manipulated or “split” for PCA purposes. Of these, ubiquitin
[30], TEM1 B-lactamase [34], murine dihydrofolate reductase (mDHFR) [35], luciferases
[36] and notably, FPs [37] are the more prominent reporters used.
1.2.1 FP complementation strategies

FP complementation techniques are one of the most widespread PCAs used in
research today. They are highly transferable between a wide variety of organisms such as
Escherichia coli, Saccharomyces cerevisiae, Caenorhabditis elegans, Drosophila
melanogaster, plants, and mammalian cells [32]. Some general concerns of FP PCA
include photobleaching, phototoxicity to the cells, and high autofluorescence during in vitro
and in vivo imaging. Despite this, the ability of FP PCA to detect weak interactions with
subcellular resolution offers information on the precise localization of cellular components
and rapid dynamics of interacting proteins in their endogenous environment [29, 38].This
important advantage greatly overshadows its shortcomings. Another advantage of FP
complementation, relative to techniques such as split mDHFR, split luciferase and split 3-
lactamase, is the lack of exogenous reagents required to obtain an output signal [34-36].

Exogenous agents can be unstable and introduce toxicity to the host organism.
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Figure 1.3. Flow chart presenting the categorization of the different protein
complementation assays. Note that FP complementation encompasses not only BiFC but
also, tripartite split GFP, alternate -strand switch FPs and ddFPs.

To date, FP complementation techniques have been applied to reveal the subcellular
localization of PPIs [39], validate Y2H results [29] and even in the identification of off-
target effects of drugs [40]. The popularity and applicability of FP complementation has
extended beyond the traditional bimolecular fluorescence complementation (BiFC). Many
FP complementation techniques have been developed and cannot be categorized as BiFC,
due to fundamental differences in their design and implementation. Here, we will discuss
the FP complementation technologies that are currently available and their biological

applications. There will be an extensive discussion on BiFC technology as it has been

around the longest.



1.2.1.1 Traditional approaches to FP complementation: Bimolecular Fluorescence
Complementation (BiFC)

Less than two decades ago, Ghosh et al. successfully dissected the 238 amino acid
Aequorea victoria GFP (avGFP) into two fragments and induced its reassembly via the
noncovalent heterodimerization of antiparallel leucine zippers [37]. This initial
demonstration opened up a new biosensor platform for FPs as a tool for PPI detection
studies. Briefly, the construction of an FP for BiFC is as follows, the FP is genetically
divided to yield two fragments. These “split” sites are often introduced at non-conserved
amino acid residues within loops [41]. The newly formed amino (N)-terminal fragment and
carboxyl (C)-terminal fragments are then each fused to their protein-of-interest, known as
the bait and prey. Upon PPI interaction, the unfolded FP fragments reassemble, undergo the
autogenic steps of posttranslational modification necessary to form the chromophore, and
thereby create the functional reporter that provides a fluorescent signal. After the bait and
prey interacts, there is a delay of many minutes before the output signal is detected due to
the slow maturation rate of the chromophore [29]. As a result, real-time interaction kinetics
for BiFC cannot be detected [41]. Once the reconstituted FP complex is formed, the process
is irreversible. Over time, the observed signal intensity increases due to the accumulation of
the mature FP which leads to difficulty in distinguishing fluorescence intensity arising from
non-specific assembly of the FP fragments versus specific interaction of the protein-of-
interests [42]. This is of important consideration when using BiFC technology. Since split
avGFP, the spectrum of available BiFC reporters has greatly expanded. The scientific
community has embraced this development and they have stretched the limits of BiFC

discoveries beyond the imaging of protein interactions in live cells.
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1.2.1.1.1 The expansion of the BiFC colour palette and its versatility
1.2.1.1.1.1 YFP and CFP variants

One of the first applications of BiFC was for the investigation of interactions
between the bZIP and Rel family of transcription factors in COS-1 cells using a split YFP
(Aex = 500 nm; Aey = 535 nm) [41]. Following this, BiFC multicolour imaging was
inaugurated with the split CFP (A = 436 nm, Aey = 470 nm) [39]. Using both split YFP
and split CFP two physiological events can be imaged simultaneously without spectral
overlap. With regards to BiFC multicolour imaging, its true utility is in the imaging of
proteins with several binding partners. The design is as follows, the C-terminal fragment of
YFP and CFP are each tethered to their respective proteins-of-interest, we designate those
as ‘Y’ and ‘Z’, and the N-terminal fragment of the split FP is fused to a protein, designated
as ‘X’ that has the potential to bind to both Y and Z. Importantly, the C-terminal fragment
determines the spectral properties of the complex, binding event of X to Y leads to a yellow
fluorescence while binding of X to Z leads to cyan [39]. Multicolour BiFC was conducted
using this design to study the ability of seven G protein y subunits binding to the £ subunit
[43]. Split YFP suffers from sensitivity of chromophore maturation at physiological
conditions [44]. This prompted the development of split Venus and split Citrine, which are
two improved YFP variants [45, 46]. Use of these improved YFPs meant that the previous
inconvenience of preincubating cells at a lower temperature could be avoided. At the same
time, Cerulean, a variant with a 2.5-fold increase in fluorescence intensity to its predecessor
ECFP, was split, hence, increasing the advantage of utilizing BiFC technology. Pursuing
along the lines of the widespread CFP-YFP FRET pair, Shyu ef al. introduced BiFC-FRET
for the study of ternary complex formation of Fos-Jun heterodimers and the NF-xB subunit,

11



p65 which may be a factor in the life-death determination of the cell [47]. Similar to FRET,
BiFC-FRET has a donor, Cerulean, and acceptor, split Venus. Shyu et al. attached p65 to
Cerulean, and the basic region leucine zipper domain of c-Jun (bJun) and c-Fos (bFos) to
the N-terminal and C-terminal fragments of split Venus. Association of bJun-bFos to each
other formed the complex known as activator protein 1 (AP-1) and reconstituted the full
Venus to allow FRET with Cerulean when AP-1 interacted with p65. Interestingly, this
interaction revealed the enhanced binding in the presence of p65 of AP-1 to the AP-1
consensus sequence 12-O-tetradecanoylphorbol-13-acetate (TPA) response element which
induces target-gene transcription. Recently, BiFC-FRET has assisted in the first known
visualization of subunit interactions and subcellular localization of individual Protein
Phosphatase 2A (PP2A) holoenzymes in live cells [48].
1.2.1.1.1.2 GFP variants

It is interesting to note that although avGFP was the first FP to be split, its use under
physiological conditions is not as widespread as its Venus counterpart [49, 50]. In fact,
BiFC applications for avGFP have not been successfully applied in mammalian cells due
largely to poor solubility [39]. Notably, tagging and tracking of proteins with just wild-type
GFP in cells is not as simple and ideal as postulated because of challenges related to
solubility of the protein-of-interest and aggregation [51, 52]. In an effort to overcome these
problems, a split GFP was developed from superfolder GFP (sfGFP) (Figure 1.4) [53].

Compared to previous BiFC reporters focussed on determining PPI, the split stGFP
is a reporter for protein folding, expression, and promoter activity, while also being useful
for protein tagging and localization experiments [54]. To use this system to report on

protein folding, f-strand 11 of the GFP (GFP11) is fused to the protein-of-interest and
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optimized GFP f-strands 1-10 (GFP1-10 OPT) is expressed separately. If the protein-of-
interest is properly folded and soluble, then GFP11 will be accessible and spontaneous
reconstitution with GFP1-10 OPT will occur to form the functional sfGFP. This split sSftGFP
system has been used to explore cell to cell contact and define connectivity of synapses in
the nervous system of model organisms such as C. elegans. This particular application is

known as GFP reconstitution across synaptic partners (GRASP) [55].

M

Figure 1.4. Scheme of split sSfGFP. As long as the protein-of-interest (POI) is folded
properly and soluble, GFP11 will be available to reconstitute to GFP 1-10 OPT to rescue
green fluorescence

As a result of the folding issues related to split avGFP fragments, efforts to expand
upon the green hued BiFC were redirected to alternative GFP-like variants. Filling up this
demand was a split variant of monomeric Kusabira-Green (mKG, Aex = 494 nm; ey = 507
nm), an evolved variant of its oligomeric predecessor Kusabira-Orange derived from the
stony coral Fungia concinna [56, 57]. Split mKG has been used to study the intra- and
intermolecular interactions of p677", p47™*, and p40°™* during FcyR-mediated
phagocytosis [56]. In addition, the mKG system has been applied to study the real time
interactions of heat shock protein 47 (Hsp47) and collagen triple helix in live cells [58].
Other green variants developed for BiFC applications include a split version of Dronpa (Aex
=503nm; Aem = S17nm, Ao = 488/405). Dronpa is a GFP-like reversibly photoswitchable
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FP in which its “on” and “off” fluorescence state can be light controlled [59]. Being
photoswitchable is an advantage for repeated measurements of protein behaviour in live
cells and useful for superresolution fluorescence imaging [60]. Split Dronpa has been
applied to analyze the interaction of hHusl and hRadl, proteins involved in the cellular
response to DNA damage and functions [61].
1.2.1.1.1.3 RFP variants

With the increasing acceptance of BiFC technology in the beginning of the
millennium and the monomerization of DsRed to mRFP1 [17], the development of split red
FPs was a natural next step. The availability of split red FPs would greatly complement
other spectral variants for multicolour BiFC imaging. Furthermore, when imaging RFP
variants, there is reduced autofluorescence, lower phototoxicity, lower light scattering, due
to the use of longer wavelength light [12]. One of the first red variants to be split was
mMRFP1-Q66T (Aex = 549 nm; Ay = 570 nm). The introduction of a GIn66Thr point
mutation to mRFP1 conferred faster maturation, greater photostability, and photobleaching
properties [62]. Its applications have mainly been in plants where it has been used to reveal
the interaction matrix of ten proteins from the plum pox virus in N. benthamiana leaf
epidermal cells [63]. mCherry (Aex = 587 nm; Aoy, = 610 nm) was the successor to mRFP1
and benefited from faster maturation, higher photostability, excellent pH resistance and
most importantly, longer wavelength [18]. Accordingly, the split mCherry variant provided
a number of improvements relative to split mRFP1-Q66T for these reasons [64]. Beyond
the typical PPI studies, the split mCherry has been used as a trimolecular fluorescence
complementation system (TriFC) (see section 1.2.1.1.2) [65]. In addition, fusing the two
fragments of split mCherry to zinc finger (ZF) DNA-binding domains, ZF Zif268 and ZF
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PBSIIL, a selective double-stranded DNA detection system termed sequence-enabled
reassembly (SEER) was created [66]. Swapping of the ZF DNA-binding domains to a
methyl cytosine-guanine (mCpQG) dinucleotide binding domain (MBD2) created a reporter
selective for methylation at CpG sites [66]. TagRFP (A = 555 nm; A, = 584 nm), a
monomeric red FP with 2.8-fold brighter fluorescence than mCherry has also been
manipulated for BiFC applications [67, 68]. Another current use of BiFC is to couple it
with superresolution imaging techniques such as photoactivated localization microscopy
(PALM). The BiFC-PALM technique has been used for imaging PPIs at nanometer
resolution (see section 1.2.1.1.4) [69, 70]. Thus far, the only photoswitchable protein to be
split is Dronpa. However, split Dronpa has not yet been applied for PALM due to the low
number of photons emitted per activation cycle [71]. A photoactivatable mCherry
(PAmCherryl, Aex = 564 nm; Aem = 595 nm) has been split for superresolution imaging of
Ras/Raf interactions [71].

Recent advances in the field of BiFC have concentrated on the creation of split far
red FP variants which may enable deeper imaging into tissue. Deep tissue imaging in
conjunction with BiFC would facilitate efforts to visualize PPIs in living animals. The far-
red monomeric FP, mKate (Ax = 588 nm; Aeyn = 625 nm) has fast maturation and high
photostability but suffers from low brightness [13]. Hence, it was evolved to produce a 2-
fold brighter variant, mLumin (Aex = 587 nm; Aem= 621 nm), which was subsequently split
and used to demonstrate the direct interaction of epidermal growth factor receptor (EGFR)
with signal transducers and activators of transcription (STATS) in COS-7 cells [72].
Compared to the previously mentioned split RFP systems, only split mLumin can mature

efficiently under physiological conditions of 37 °C [13, 72]. However, the emission
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wavelengths of less than 650 nm seen in both variants leave much to be desired for in vivo
applications. The near infrared (NIR) optical “window” is between 650 nm and 900 nm
where tissue is most transparent due to lower absorption of hemoglobin, melanin and water
[12].

Additional efforts to create a far red FP-based probe for BiFC applications resulted
in development of split mNeptune (Aex = 600 nm; Ay, = 650 nm) [73]. The excitation peak
of mNeptune at 600 nm is ideal as excitation light below 600 nm is absorbed by
hemoglobin which hinders intravital imaging in live mice. The emission peak of 650 nm
just falls into the NIR optical window. The split mNeptune has also been applied to TriFC
(see section 1.2.1.1.2) [74].
1.2.1.1.1.4 Bacterial phytochrome photoreceptors for near infrared BiFC

The discovery of GFP-like FPs in reef-building corals was truly a breakthrough that
expanded the colour palette of FPs into the red region. Similarly, the latest efforts to expand
the colour palette to the NIR region are focussed on bacterial phytochrome photoreceptors
(BphPs) found in photosynthetic and non-photosynthetic bacteria [75]. The absorbance and
fluorescence of BphPs goes beyond the limited 660/680 nm excitation/emission of current
FPs and red FPs developed from plant and cyanobacterial phytochromes [75]. These NIR
fluorophores allow better penetration of excitation light for deep-tissue and whole body
imaging which is invaluable in stem cell biology, gene therapy, monitoring bacterial and
viral infections, monitoring tumour growth, and visualization of metastasis and
angiogenesis in cancer [76, 77]. BphPs are comprised of a photosensory core module (PCM)
and an output effector module. The PCM includes a Per-ARNT-Sim repeats (PAS) domain,

cGMP phosphodiesterase/adenylate cyclase/FhlA transcriptional activator (GAF) domain
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and a phytochromes-specific (PHY) domain which are all connected by a-helix linkers
[75] . Biliverdin IXa (BV), a product of heme catabolism is ubiquitously present in
mammalian tissue [76] and binds to the GAF domain to create the fluorescent adduct.
BphPs from Deinococcus radiodurans, an extremophilic bacterium, has been evolved to
create the first monomeric NIR FP, IFP1.4 (A = 684 nm; Ae,, = 708 nm) [76]. IFP1.4
retains only the chromophore-binding domain, PAS and GAF, as they are sufficient for the

covalent incorporation of BV.

Figure 1.5. Design of iSplit. Interaction of the protein partners (are shown in blue and
orange, respectively) causes PAS and GAF to come into close proximity so that GAF with
biliverdin IXa bound can interact with the catalytic cysteine on PAS to reform the full iRFP.

Using a similar design, Filonov ef al. developed infrared FP (iRFP, (Aex = 690 nm;
Aem= 713 nm) from the photosynthetic bacterium Rhodopseudomonas palustris with higher
molecular brightness, intracellular stability, affinity for BV, and protein expression level
compared to IFP1.4 [77]. The higher affinity to BV is the result of randomly mutating GAF,

this GAF variant is known as GAF,. Imaging of iRFP in mouse phantoms showed

improved signal-to-background ratio relative to mNeptune [77]. Filonov ef al. then split
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iRFP at the unstructured loop connecting PAS and GAF domain to create iSplit for BiFC
applications (Figure 1.5) [78]. MTLn3, highly invasive breast adenocarcinoma cell line,
was transfected with plasmids for expression of iSplit fragments fused to their respective
partners, PAS-FRB and FKBP-GAF,,. These cells were injected into mice that were then
injected with rapamycin. Rapamycin-induced association of FRB and FKBP induced strong
NIR fluorescence thus demonstrating iSplit’s utility for in vivo imaging applications to
study PPIs [78]. iSplit has been reported to have a tendency to dimerize spontaneously
[79] . Another split NIR probe based on iRFP has been reported [80]. It has been applied in
vitro to visualize lens epithelium-derived growth factor (LEDGF/p75) and HIV-1 integrase
interaction, critical for HIV-1 integration and replication, and used to screen for antiviral
drug inhibitors for this particular interaction [80]. Recently, a BiFC system has also been
evolved from IFP1.4 and subsequently named IFP PCA. Most importantly, this system was
reported to be reversible. It has been tested in vitro in HeLa cells to visualize SHC1-GRB2
temporal modulation by epidermal growth factor (EGF) receptor. Despite being reversible,
which allows quantitative studies on PPI spatiotemporal dynamics, this split version
exhibits a lower quantum yield, lower brightness and still requires exogenous BV to boost
its fluorescence, just like its parent IFP1.4. In vivo imaging applications of [FP PCA have
yet to be tested [79].
1.2.1.1.2 BiFC in RNA-protein interaction

Recent achievements in the area of RNA imaging in live cells have largely been led
by FPs due to their genetically-encoded properties and the fact that no exogenous reagents
are necessary to induce fluorescence. RNA is more easily accessible than DNA and, by

studying genes at the RNA level, many genetic and infectious diseases can be targeted.
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Single RNA detection for the study of their posttranscriptional dynamics, kinetics and
distribution in live cell is of interest as it leads to further understanding of the complex
process of gene expression. For RNA-protein detection it is vital to achieve high specificity
for the RNA sequence of interest and this fundamentally relates to the specificity of the

RNA binding protein (RBP).
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Figure 1.6. Schematic of live-cell visualization of RNA using the bacteriophage MS2
coat protein (MCP)-GFP construct and trimolecular fluorescence complementation
(TriFC). (A) A MCP-GFP construct is expressed in cells along with the mRNA of interest
with a tandem MS2 binding site comprised of stem loops on the 3’ UTR end. A stem loop
can bind two MCPs. This may create double the signal intensity than expected. (B) A
TriFC system where two RNA binding proteins (RBPs) (red and blue, respectively) are
tethered to their respective split FP halves. Association of both RBPs to their respective
target RNA sequence allows the mature FP to form. This significantly reduces background.
The RNA in this case can be exogenously introduced like the MS2 system or if both RBPs
are specific for a particular RNA then no exogenous introduction is needed. However,
signal will be comparatively reduced.

The MS2 system pioneered by Singer and co-workers revolutionized the study of
RNA in living cells and intact animals at the molecular level (Figure 1.6A) [81]. However,
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this system has been fraught with problems such as non-specific background signal from
free bacteriophage MS2 coat protein (MCP)-FP constructs [81]. To reduce background and
increase specificity, the split FP was exploited to create a three component approach known
as trimolecular fluorescence complementation (TriFC). Originally developed by Rackham
and Brown, this strategy involves a fragment of the split Venus attached to the MCP while
the other fragment will be attached to the RBP of interest (Figure 1.6B) [65]. The target
RNA of interest must encode the MS2 binding site (MBS) at its 3° untranslated region
(UTR). Only when the MBS and RNA binding site of interest is bound to the target RNA is
a fluorescent signal generated. As such, TriFC allows improved imaging of RNA due to
decreased background fluorescence. Nonetheless, transfection of an exogenous RNA is still
required for this strategy to work. This may lead to perturbation of cellular dynamics in the
host organism. Further perturbation with respect to RNA kinetics can occur since RNA in
complexes with RBPs display higher stability [82].

Using the TriFC system, Rackham and co-workers were able to gain insight into the
interactions of two RBPs, fragile X mental retardation protein (FMRP) and insulin-like
growth factor mRNA-binding protein 1 (IMP1), and their possible link in the mRNA
localization process [65]. TriFC has also been extended to GFP-like variants such as split
mCherry [64]. In one application, the mCherry FP halves were used to examine the
interactions of influenza A viral mRNAs to adaptor proteins such as Aly/REF, UAPS56,
hnRNP Al, or 9GS in the cellular Tip-associated protein (TAP) export pathway for viral
mRNA nuclear export [83]. Split mNeptune has also been applied for TriFC applications to
monitor human polypyrimidine-tract-binding protein (PTB) and HIV-1 mRNA elements in

live mice [74]. PTB may play a role in HIV-1 mRNA processing. It is important to note
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that the signal generated from a reconstituted split FP binding will be less than 10% of the
fluorescence of full-length FP [84]. Another TriFC system utilized PP7 bacteriophage coat
protein (PCP) and MCP as the RBP to recognize a tandem array of MBS and PP7 binding
sites on an exogenous RNA [85].

In another example, eukaryotic initiation factor 4A (elF4A), an ATP-dependent
RNA helicase important in protein synthesis initiation, was split into two fragments and
fused to the fragments of split EGFP [86]. Using this approach, it was possible to visualize
the localization of ribosomes in E. coli at the cell poles with reduced background signal
compared to using full-length EGFP. This demonstrates the ability for correct RNA
recognition without using MCP as long as the RBP is specific enough. With this system,
real-time visualization of RNA spatiotemporal patterns and quantification of the early
stages of RNA synthesis was enabled [87]. In order to reduce the interference on bacterial
or eukaryotic cell metabolism, a smaller RNA detection system with respect to the
previously mentioned e1F4A, was created by the same research group [88]. A split EGFP
was fused to the RNA-binding viral peptides, HIV-1 Rex peptide and bacteriophage AN
peptide, which binds to their respective cognate aptamers that are spaced close enough to
each other to trigger reassembly of the split EGFP.

Some RNA sequences do not have a specific RBP. In order to expand the diversity
of RNA that can be recognized in a similar TriFC design, mutated variants of the pumilio
homology domain (PUM-HD) from human PUMILIO1 were each attached to split EGFP
fragments [89]. PUM-HD is a RNA-binding domain comprised of eight sequence repeats
with each repeat recognizing a specific base [90]. Site-directed mutagenesis can alter the

RNA sequence specificity in a rational manner. Using this design, Ozawa ef al. were able to
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tailor the PUM-HD to recognize the two specific RNA sequences flanking the NADH
dehydrogenase subunit 6 (ND6) in mitochondrial RNA (mtRNA) [89]. In doing so, ND6
mtRNA spatial and temporal dynamics under oxidative conditions in living mammalian
cells were observed. Notably this method requires no exogenous RNA, thus reducing the
probability of false localization of the RNA of interest [91]. It is important to keep in mind
that reconstitution of the mature FP can take up to thirty minutes which hinders analysis of
mRNA dynamics [92].
1.2.1.1.3 BiFC for genome-wide PPI screening

The Y2H assay has already been available for over a quarter of a century. Since the
first report of this system, it has and continues to aid scientists in the investigation of
proteomic interaction networks [93, 94]. The limitations of the Y2H in detecting integral
membrane protein interactions have been rectified with the development of the membrane
yeast two-hybrid (MYTH) assay [95-97]. This assay incorporates the fragments of the split-
ubiquitin system, which are respectively fused to the potentially interacting integral
membrane proteins-of-interest. Interaction initiates recombination of the split ubiquitin
which then causes release and translocation of a transcription factor to the nucleus to
generate a fluorescence or luminescence signal. Recently the MYTH system been
transplanted to mammalian cells to create mammalian-membrane two-hybrid (MaMTH)
assay [31]. Moreover, a genome wide screen in yeast using a DHFR survival-selection PCA
revealed 2770 interactions among 1124 endogenously expressed proteins of which
approximately 80% are previously unknown interactions [33]. This is the first noted use of

a PCA for conducting such a large scale analysis of PPI identification. Despite, the wealth
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of tools that are available, a large subset of the proteomic interaction networks remains to
be explored, particularly in mammalian cells.

In many cases, BiFC is used as an orthogonal assay to verify the PPI identified by
more-established assays such as Y2H or MYTH when dealing with integral membrane
proteins [98, 99]. However, the advantage of BiFC over other available PCAs lies in its
fluorescence output signal and as such, the subcellular localization of the PPI can be
identified [29]. One of the main challenges in implementing BiFC or even other PCAs is
the development of cDNA or genome-wide prey libraries in various cell types [49]. In yeast,
a high throughput screen for SUMO target proteins was completed using BiFC [100]. This
was a huge undertaking as a Saccharomyces cerevisiae fusion library was created so that
95% of all open reading frames (ORF) listed in the Saccharomyces genome database (as of
April 2001) was expressed with its appropriate FP fragment. Using BiFC for analysis of
this interactome revealed 224 previously unknown SUMO target proteins and their
subcellular localization. The authors attribute these findings to the BiFC method, unlike
previous efforts, the PPI are measured in the natural cellular context [100].

The interaction-induced fluorescence of BiFC lends itself to a powerful combination
with flow cytometry. Previous studies have demonstrated the utility of BiFC with flow
cytometry in bacteria for the detection of the SH3 domain from c-Abl tyrosine kinase to
natural and designed targets [101]. A genome-wide search for telomere regulators was one
of the first applications of BiFC combined with flow cytometry in mammalian cells [102].
In this study, a large retroviral array library of 12,212 ORFS tagged to the C-terminal YFP
fragment was established. The retroviruses were then created and transfected into bait cells

which were each harbouring one of the six core telomeric proteins fused to the N-terminal
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fragment of YFP. Of importance in this study was the development of the data analysis
platform, CytoArray, for management of the large amount of flow cytometry data from the
arrayed screen. Through the stringent selection procedures imposed by this program,
followed by validation of bait-prey interaction by co-precipitation, 300 proteins were
identified to have association with the six telomeric proteins [102].

High-throughput screening with BiFC for drug discovery has also been explored.
Using a simple and robust adenovirus high-throughput system (AdHTS) [103], G protein-
coupled receptors (GPCRs) were tagged with the C-terminal Venus fragment for an
adenovirus-based f-arrestin BiFC assay to monitor GPCR activation in response to agonists
and antagonists [104]. Through use of an adenovirus gene delivery system a more uniform
BiFC from a large number of cells was achieved compared to plasmid-mediated BiFC
[104]. BiFC was applied to screen for synthetic drug inhibitors targeting the HIV-1 Nef
dimerization interface [105]. By another BiFC assay, Eugenol, the major active compound
of Syzgium aromaticum L., was found to inhibit Beclinl-Bcl2 heterodimer dissociation
[106]. This inhibitor caused the arrest of autophagy which led to the impairment of
influenza A virus replication [106].
1.2.1.1.4 BiFC for single-molecule localization-based superresolution imaging

It has almost been a decade since the introduction of the closely related single-
molecule localization-based superresolution imaging methods which includes stochastic
optical reconstruction microscopy (STORM) [107], photoactivated localization microscopy
(PALM) [108], fluorescent PALM (fPALM) [109]. These wide-field techniques allow
imaging of individual fluorophores within a sample at high precision. Accordingly, ultra-

structural imaging, tracking and study on the dynamics of macromolecular assemblies in
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live cells can be achieved [107, 110, 111]. Diffraction-limiting images are overcome by
stochastically activating different subset of fluorophores at different time points. In this
way, the position of otherwise spatially overlapping fluorophores can be resolved. Over a
series of imaging cycles, the coordinates of each fluorophores is mapped and recorded to
reconstruct an overall image [112]. Since these novel optical techniques have appeared, the
development of photoactivatable, photoconvertible, and photoswitchable FPs with suitable
characteristics for live-cell superresolution imaging have been playing catch up in order for
these microscopy techniques to be practical.

FP properties that are desired or required include: a high intensity contrast between
the “on” and “off” states, high photon budget which affects localization precision, high
signalling efficiency, and a monomeric structure [108, 110, 113]. During an evaluation of
the twelve most commonly used photoactivatable FPs (PAFP), Wang et al. found that none
of the twelve exhibited optimal scores in all four of the preferred properties [110]. This
brings us as to why BiFC has not been widely applied in complementation with
STORM/PALM/fPALM. Since the advent of the first useful PAFP, photoactivatable GFP
(PA-GFP) (Aye = 413 nm; Ay = 488 nm; Ay = 517 nm), there has been continual
development to this field and a variety of suitable proteins are now available. mEo0s3.2 (A,
=405 nm; Aex = 561 nm; A,y = 580 nm) displayed the best photon budgets among current
PAFPs, excellent on-off ratio, and no detectable dimerization tendencies [110]. Recently,
mEos3.2 was modified for BiFC applications such that high-density PPIs in the bacterial
cell can be imaged at the nanometer resolution [69]. This system was used to visualize the
interactions between EF-Tu and Mre-B with high specificity and spatial-temporal

resolution in E. coli. EF-Tu is a prokaryotic translation elongation factor discovered to

25



interact with MreB, an actin cytoskeleton homologue, in a process that is relevant to
Bacillus subtilis cell wall synthesis [114]. Both proteins are present in high abundance in E.
coli. By the BiFC-PALM technique, EFTu-MreB-PPI heterogeneous dynamics and
distribution could be observed [69]. In another study, BiFC-PALM was successfully
employed in eukaryotic cells to “track” growing microtubule plus ends [70]. A split
photoactivatable FP was designed from PA-GFP and retained the spectral characteristics of
its parent and exhibited low spontaneous complementation. The fragments were each fused
to end-binding 1 (EBI) protein which is known to form homodimers [115, 116]. EB1
protein is part of the family of EB proteins which interacts with growing microtubule plus
ends and recruits cell polarity and signalling molecules to microtubule tips [117].
Homodimerization of EB1 indicated reassembly of PA-GFP that enabled visualization of
the dynamics of the microtubule plus ends at the leading and tailing edge of the cell and
cell body [70]. In the same time frame of the introduction of split PA-GFP for PALM, split
PA-mCherry was developed [71]. KRas and Ras-binding domain, CRaf, are proteins
involved in signal transduction and often highly deregulated in oncogenesis. Both were
individually fused to the N- and C-terminal fragments of split PA-mCherry. From the
PALM imaging experiments, clustering of multiple Ras/Raf complexes were observed to be
heterogeneously distributed on the cell membrane of U20S cells [71].

Although both BiFC and PALM have been around for more than a decade, only
recently has the combination of the two been explored. With the debut of both split PA-
GFP and PA-mCherry, dual colour BiFC-PALM applications will become a reality in the

near future. Expanding and improvement of split PAFPs for greater photostability and

26



brightness with minimized blinking will surely extend the practicality of BiFC-PALM for
greater applications in protein interaction imaging [70].
1.2.1.1.5 BiFC applications for labelling protein dynamics

Not only do researchers want to analyze specific protein localization in cells, but
they also want to obtain detailed temporal information related to the life cycle of a protein
from synthesis to turnover to degradation. Of course, there have been assays made for these
purposes such as the mass spectrometry-based approaches of stable isotope labelling with
amino acids in cell culture (SILAC), fluorescent non-canonical amino acid tagging
(FUNCAT), and bio-orthogonal non-canonical amino acid tagging (BONCAT) [118-120].
These methods are powerful tools for the quantitative analysis of proteomic changes,
identification of newly synthesized proteins, and even the visualization of newly
synthesized protein localizations. However, this is all undertaken at the global level of the
cell. Specific labelling of the protein-of-interest remains a challenge. Proteins-of-interest
identified in screens from the above strategies can be used in conjunction with FP-based
BiFC.

TimeSTAMP is a novel genetically-encoded technique of which a drug is used to
control the maturation of the FP domain [121] in a way that mimics classical pulse-chase
experiments [122]. In this design, Hepatitis C NS3 protease is sandwiched between two of
its cognate protease cleavage sites, which is in turn placed between the N-terminal and C-
terminal fragment of split Venus (Figure 1.7). The protein-of-interest is located at the N-
terminus of the final construct. In the “pulse” component, addition of BILN-2061 inhibits
NS3 thus giving time for the split fragments to form the irreversible, mature Venus which

effectively tags the protein-of-interest. If no NS3 inhibitor BILN-2061is continually added,
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then the active NS3 will cause protease-mediated fragmentation at both its adjacent
cleavage sites and therefore no FP reconstitution can result, the “chase” component. A
version of this system that incorporates a split mKO2 orange FP has also been created for
simultaneous imaging of two proteins [121]. This method was used to elucidate the
stimulus-dependent translation and local synaptic accumulation of PSD95 in neurons.
MiniSOG, a genetically encoded singlet oxygen generator was placed into the
TimeSTAMP construct to mediate photo-oxidation of diaminobenzidine (DAB) for
ultrastructural imaging by electron microscopy. By doing so PSD95 labelling at immature

versus mature synapses was made possible [121].

L]
NS3 protease  NS3 protease cleavage sites  BILN-2061 Protein of Interest

Figure 1.7. Principle of TimeSTAMP for tracking protein fate. The NS3 protease will
cleave its protease sites if no inhibitor BILN-2061 has been added leading to a loss of
fluorescence and N-end rule mediate degradation of the NS3 protease. Addition of inhibitor
blocks NS3 protease activity thus, fluorescence is rescued and the protein-of-interest is
tagged.

Fluorescent timers (FT) are another way to label protein dynamics. The underlying
theory of FT for tracking proteins is relatively simple. It depends on the FP chromophore
maturation to gauge time since spectral changes occur during the oxidation and dehydration
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maturation process of the chromophore. For studying protein turnover and degradation, the
use of FTs is relatively straightforward compared to traditional techniques such as pulse-
chase and radiolabelling [123]. Only transfection of the fusion construct into the cell or
organism of interest is necessary to determine protein localization, turnover, and
degradation [124, 125]. Despite the obvious practicalities of FTs, it has only recently
experienced somewhat of a renaissance. Recently, rational mutations were introduced into
mCherry to influence the blue to red chromophore maturation rate. This generated the aptly
named Fast and Medium FT with maturation rates of 7.1 and 3.9 hours respectively [126].
These FTs have been fragmented into the BiFC design to detect temporal alternation of the
aggregation process of a-synuclein Glu46Lys mutant in living cells [127].
1.2.1.2 Tripartite split-GFP

Despite the versatility of BiFC, there remain issues related to fragment solubility,
folding, and spontaneous association that leads to increased background signals. Possible
solutions to some of these issues would be to introduce a smaller tag to reduce aggregation
and folding interference. This line of reasoning led to the creation of a tripartite split GFP
complementation assay [128]. Developed by the same research group involved with split
sfGFP, the design bears a strong resemblance. In order to create a smaller tag, the GFP is
divided into three fragments: two small tagging peptides, B-strand 10 (GFP10) and B-strand
11 (GFP11) which are approximately 20 amino acids in length and a third fragment with
the remaining B-strands of the barrel, GFP1-9 detector (GFP1-9) (Figure 1.8A) [128].
Reassembly of a mature FP will only occur if the two tagged proteins come into close
proximity to bind and form a complex with GFP1-9. Now, unstable protein complexes that

do not complement well with the existing bulky fragments of BiFC can be studied using
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these smaller protein tags. Without any interaction partners fused, less self-association and
background was observed for this three-body system. The authors demonstrated the
interaction of the large protein complexes Ku70 and Ku80, important in the non-
homologous end joining pathway (NHEJ) for DNA repair by fusing GFP10 and GFP11 to
Ku80 and Ku70 respectively and transfecting them into Chinese hamster ovary (CHO) cells

with the detector fragment [128].

GFP 1-9 OPT
L Eé

GFP 1-9 OPT
——

A

Figure 1.8. Schematic illustration of tripartite split-GFP and tetramolecular
fluorescence complementation (TetFC). (A) General design of tripartite split-GFP where
a PPI will bring together strands GFP10 and GFP11 thus allowing subsequent
complementation with GFP 1-9 OPT to successfully reconstitute the full GFP. (B) TetFC
where presence of the RNA strand (red) with corresponding sequences matching the two
Pumilio homology domains (purple) brings together GFP10 and GFP11 which allows
complementation with GFP 1-9 OPT to release the green fluorescent signal.

The introduction of the tripartite split GFP system for detecting PPIs has inspired a

new RNA-protein detection system, tetramolecular fluorescence complementation (TetFC)
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[129]. Kellerman et al. attached two unique PUM-HD, wild-type PUM-HD (PUM-WT)
and a mutated PUM-HD variant (PUM-Varl), to the tagging fragments GFP10 and GFP11
(Figure 1.8B) [129]. They were able to detect the signal within ten minutes and distinguish
ssRNA with high sequence specificity from total RNA extracted from E. coli. Background
was also minimal. If no RNA was present, slight fluorescence was observed after ten hours
[129]. However, application of this system in both prokaryotes and eukaryotes remains to
be tested.

Although Pumilio can be designed for sequence specific recognition of any eight
nucleotide stretch of RNA, the RNA target sequence must begin with a 5> UGUR, where R
is a purine [130]. To bypass the necessity to engineer Pumilio and to search for a 5> UGUR
sequence in the RNA of interest, Rath ef al. introduced the use of RNA staples to their
TetFC system [131]. The RNA staple will bind the complementary RNA sequence of
interest and encode a generic PUM-HD recognition site on the other end of its sequence.
With this approach, the PUM-HD does not have to be modified at all if the target RNA is
changed, only the RNA staple. By implementing two sets of RNA staples with the previous
TetFC system, they were able to differentiate spliced and unspliced HIV transcripts where
spliced variants represent early stage of infection and unspliced represent the late phase.
Maximum signal was achieved after 5 hours using the RNA staple approach [131]. This
compares favourably with the previously reported 10 hours without the staples [129]. The
fluorescence signal gives a good estimate of the amount of ribonucleoprotein complex
formed. However, it remains to be seen whether this system can withstand live cell
conditions for single RNA imaging. Some of its limitations are the long time span required

for maximum signal output and the intracellular stability of the RNA staple itself.
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1.2.1.3 Alternate FP beta strand modifications inspired by split sSfGFP

The novelty of the split sfGFP system inspired more experimentation on its
characteristics which resulted in a novel FP complementation approach called an alternate
FP B-strand displacement system [132]. By circular permutation, s10**" (B-strand 10 with
threonine at residue 203) was placed at the N-terminal of the sfGFP sequence while s10**Y
(B-strand 10 with residue 203 mutated from threonine to tyrosine) was placed at the C-
terminus. The s10***" strand confers a yellow fluorescence when in complementation with
the rest of the GFP B-barrel (Figure 1.9) [132]. Through control of the lengths of the two
linker sequences joining each s10 strand to the rest of the protein, an initial bias of yellow

0%%Y strand

fluorescence over green was created. A protease cleavage site between the sl
and the protein creates a light-driven protease sensor. Following cleavage by the protease,
405 nm light irradiation caused accelerated photodissociation of s10°”*Y [133]. Irreversible

203T
0

intramolecular replacement by sl then occurs to produce a green fluorescent signal.

This sensor gives a ratiometric dynamic change of over 2000-fold [132].

Prot X
rotease
Photo-
dissociation

Figure 1.9. General graphic illustration of the B-strand displacement system. The
s10°"Y strand confers a yellow fluorescence, cleavage at the protease cleavage site
followed by photo-dissociation by a 405 nm releases s10%Y. This allows s10°"" to
complement and form the green FP.

There have not been any reported applications of this sensor for live cell

applications. It is likely that further understanding of the underlying physical mechanisms
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governing the chromophore excitation relation to association and dissociation of the strand
will be necessary before further applications can be pursued.
1.2.1.4 Dimerization-dependent Fluorescent Proteins (DdFPs)

The shortcomings of FP-based FRET biosensors and BiFC strategies led our
research group to create dimerization-dependent fluorescent proteins (ddFPs) [134]. DAFPs
are a new class of FP complementation biosensor and a novel strategy for the detection of
PPIs, enzymatic functions, and small molecules. Exploiting the oligomeric properties of
DsRed, its dimeric progeny, tdTomato, was evolved to create a red ddFP (ddRFP) [134].
DdFP technology involves two FP monomers known as the A copy and B copy (Figure
1.10). The A copy contains a quenched chromophore and heterodimerization with the B
copy, which is non-fluorogenic, stabilizes the anionic state of the A copy chromophore
leading to an increased fluorescence [135]. The nature of ddFP’s “on” fluorescence in
heterodimeric state and “off” fluorescence in the monomeric state provides an
intensiometric red response that can enable simultaneous live cell imaging of multiple
dynamic processes together with other colours of sensors. Since the development of the
original ddRFP, the colour palette has been expanded to include green (ddGFP) and yellow
(ddYFP) [136].

The greatest advantage of ddFPs over the traditional FP complementation approach
is the reversibility of the heterodimer formation. This is particularly advantageous for
monitoring real time association and dissociation of PPI in which the two potentially
interacting protein-of-interest are each fused to the A and B copies of the ddFP [134].

However, if working with ddFPs at relatively high concentrations (~10 uM), one must be
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aware of its tendency to spontaneously dimerize. Comparatively, dimerization of FRET

pairs is weak due to the much higher dissociation constants (>100 puM).

A

Figure 1.10. Schematic of FPX strategy and applications in live cells. (A) Central to the
FPX strategy is the B copy swap where two distinctly fluorescent A copies, GA and RA,
are co-expressed with a B copy. Detection of the GA-bound state or RA-bound state of B
copy can be determined by the emission ratios. (B) Caspase-3 activity translocation
biosensor. Cleavage of the caspase-3 cleavage site (Asp-Glu-Val-Asp, DEVD) between the
NES-GA-B-NLS construct by staurosporine induced caspase-3 activity frees B-NLS which
can then translocate into the nucleus to bind to RA-NLS, thus, the ratio of red fluorescence
over green will become significantly higher as time progresses.

All three sets of ddFPs contain their unique A copy and B copy. A serendipitous
discovery demonstrated the interchangeability of the B copies between the unique A copies.
This resulted in the development of FP exchange (FPX) biosensor design strategy [5]. By
co-expressing a B copy with the green A copy (GA) and red A copy (RA) simultaneously,
ratiometric fluorescent changes from green to red can be achieved. By this method, a

caspase-3 biosensor was designed of which the caspase-3 cut site was embedded in the

linker between GA and B copy with a nuclear exclusion signal (NES) and a nuclear
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localization signal (NLS) attached respectively (Figure 1.10B) [137]. This NES-GA-B-
NLS construct was transfected along with a RA-NLS construct. The former was expressed
exclusively in the cytoplasm and the latter in the nucleus. Cells stimulated to undergo
apoptosis allowed the release and translocation of the B-NLS into the nucleus to bind to the
RA leading to an increase in red fluorescence at the expense of green. The FPX strategy is
extremely versatile. The modularity and reversibility of the system presents opportunities
for applications previously elusive to the well-established BiFC technology. FPX has been
extended for Ca*" monitoring and shown to accurately represent histamine-induced Ca*"
oscillations with increases of red intensity juxtaposing the decreases in green. It has been
further applied to detect phosphatidylinositol 4,5-biphosphate (PIP,) hydrolysis, protein
kinase A (PKA) activation, and extracellular signal-regulated kinase (ERK) activity [5].
1.3 Scope of Thesis

This thesis will describe our efforts to expand the applications of ddFPs. Chapter 2
will describe the design of plasmids for biosensing of O-GlcNAc Transferase (OGT) O-
GlcNAcylation, protease activity, and SUMOylation of Tomosyn-1 by SUMO1. Through
various rounds of trial and error we designed a plasmid that is to be tested in cells. Chapter
3 will describe our efforts to characterize a dark ‘A’ (DA) accessory protein for ddFPs.
Preliminary studies in cells show that DA has promise as a competitive inhibitor of GA

binding to a B copy. The final chapter is a summary of this thesis and an outlook on the

future developments of ddFPs.
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Chapter 2: Biosensing Strategies for O-GlcNAcylation and SUMOylation

2.1 Introduction

Coordination of the multitude of protein functions within the human proteome
requires an intricate network of protein post-translational modifications (PTM) that ensure
proper functioning of the cell. The particular type of PTM can determine a protein’s
activity state, localization, turnover, and interactions with other proteins [138]. O-
GlcNAcylation and SUMOylation are two such PTMs. Both modifications modulate a wide
range of targets and are vital at the onset of embryogenesis [139, 140]. Slight aberrations in
these PTMs can have implications including cancers, autoimmunity and pathologies of

metabolic and neurodegenerative diseases [141].

A Hexosamine Biosynthetic pathway
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Figure 2.1. O-GlcNAcylation by O-GlcNAc transferase (OGT). (A) Glucose enters the
hexosamine biosynthetic pathway and is extensively modified resulting in the endpoint
product UDP-GIcNAc. UDP-GlcNAc negatively regulates this pathway. (B) OGT is known
to be a nutrient sensing protein. UDP-GIcNAc is taken up by OGT and the GIcNAc moiety
is transferred to a serine (Ser) or threonine (Thr) of a protein. Removal of GlcNAc is
catalyzed by O-GlcNAcase (OGA). This overall process is known as O-GlcNAcylation
cycling. The tricorpeptide repeats (TPRs) domain on the OGT is responsible for
recognizing the protein to be glycosylated. There are three isoforms of OGT in humans that
differ in the number of TPRs they contain. (OGT, PDB entry 3PE3) (Figures are adapted
from [141, 142]).

(0] O-GlcNAc Transferase (OGT)
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O-GIcNAcylation is one of the most common post-translational modifications
(Figure 2.1) [143]. O-GlcNAcylation cycling involves the addition of GIcNAc, derived
from its activated form uridine diphosphate-f-N-acetyl glucosamine (UDP-GIcNAc), on to
a Ser or Thr residue. These Ser or Thr residues are often located at an intrinsically
disordered (ID) region of a protein [141]. This addition reaction is catalyzed by O-GlcNAc
transferase (OGT), while O-GIcNAcase (OGA) catalyzes the removal of the modification.
UDP-GIcNAc holds a crucial position as the endpoint product of the hexosamine
biosynthetic pathway. Cells deficient in this molecule have been shown to have decreased
O-GIlcNAc modifications of cytosolic and nuclear proteins which leads to unresponsiveness
to apoptotic stimuli and proliferation defects [144]. Due to the sensitivity of OGT activity
to UDP-GIcNAc concentrations, OGT is proposed to regulate cellular responses to nutrient
status [143, 145].

Recently, OGT has been discovered to also act as a protease that cleaves the human
epigenetic cell-cycle regulator host cell factor-1 (HCF-1) [145-147]. HCF-1 must undergo
proteolytic maturation at any one of its six repeat sequences located at its centrally located
proteolytic processing domain (PPD) by the nutrient-responsive OGT. The resulting
terminal subunits, N-(HCF-1y) promotes progression through the G1 phase and C-(HCF-1¢)
is essential for proper mitosis and cytokinesis in the M phase. Interestingly, the protease
active site of OGT is also its glycosylation active site and binding of HCF-1 cleavage sites
to OGT 1is via an ordered bi bi mechanism where UDP-GIcNAc must bind first [148].
Further validation of OGT protease activity on HCF-1 in live cell conditions remains. If

confirmed, a link between the cell’s nutrient status and cell cycle can be established.
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In contrast to O-GlcNAcylation, only a small percentage of proteins are
SUMOylated, and most of these proteins are associated with DNA. SUMO (small
ubiquitin-like modifier) undergoes proteolytic maturation at its C-terminal end to expose
the di-glycine motif which interacts with the lysine residue of the substrate protein to form
an isopeptide bond (Figure 2.2) [140]. Sentrin/SUMO-specific protease (SENPs) is
responsible for both the proteolytic maturation of SUMO, as well as removal of SUMO
from its substrate. Compared to lower eukaryotes exhibiting only one SUMO, humans
encode four. Among these four are SUMO-1, SUMO-2/3 and SUMO-4. SUMO-4 protein
levels are mostly undetectable. Human SUMO-2 and -3 have 97% sequence identity and
cannot be distinguished by antibodies, because of this, their nomenclature is as appears,
SUMO-2/3, which is consistent with that proposed by Saitoh & Hinchey [149, 150].
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Figure 2.2. The SUMOylation cycle. Maturation of SUMO is by cleavage of its C-
terminus end (XX represents the amino acids on the C-terminus) by SUMO specific
proteases known as the SENP family. This cleavage reveals the Glycine-Glycine (GG)
motif. The matured SUMO is then linked to E1 at the catalytic cysteine (which is denoted
as C in this figure) for activation. SUMO is then transferred to E2. E2 catalyzes the
formation of the isopeptide bond between SUMO and the lysine of the target with the help
of E3 ligase. SUMOylation is reversible with the help of SENP for the deconjugation.

GGXX...
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Insulin secretion from pancreatic B-cells necessarily involves the central proteins
involved in exocytosis, such as syntaxin-1, SNAP25 and VAMP2 [151]. Tomosyn-1, a
syntaxin-1 binding protein, is expressed in pancreatic islets, with m-tomosyn-1 being the
predominant isoform [151]. Studies have shown that tomosyn-1 localizes in subcellular
compartments enriched in insulin-containing secretory granules [151]. In addition,
silencing of tomosyn-1 results in a decrease of insulin exocytosis. Interestingly,
overexpression of tomosyn-1 in neurons exerts an inhibitory control of exocytosis [152].

There is both a positive and negative impact from SUMOylation in pancreatic islet
cells. Increased expression of SUMO-1 creates insulin secretion dysfunction in the cell, but
provides the cell with antiapoptotic properties by reducing activation of NF-kB. In contrast,
increased expression of SENP1 leads to induction of apoptosis [153]. We are interested in
establishing a relationship between tomosyn-1 and SUMO-1 which have been demonstrated
to have possible interactions in pancreatic islet cells. Of particular interest is tomosyn-1’s
propensity to be modified by SUMO-2/3, but not SUMO-1, in HEK293 cells [154].

In this chapter, we will focus on the construction of plasmids encoding reporters for
detection of OGT glycosylation and protease activity, as well as for SUMO-1 binding to

tomosyn-1.
2.2 Results and Discussion

2.2.1 Construction of plasmids for OGT glycosylation activity

Previously, nuclear, plasma membrane, and cytoplasm—localized OGT
glycosylation intramolecular FRET sensors were developed in efforts to study O-GIcNAc
spatial and temporal localization during signalling [155, 156]. The FRET pair of ECFP and

Venus was used. These sensors proved moderately useful for imaging of OGT activity in
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COS-7 cells, but were limited by a relatively small ratiometric fluorescent response. Here,
we decided to create an intermolecular, intensiometric OGT activity biosensor using ddFPs.
Similar to the previous sensors developed by Carrillo et al., we utilized GafD as the basis
for the sensing activity. GafD, isolated from uropathogenic E. coli, is a fimbrial lectin
known to bind to GlcNAc [157]. For the OGT O-GlcNAcylation site we used the well-
characterized PGGSTPVSSANM casein kinase II peptide substrate, a serine-threonine
kinase, known to be O-GlcNAc modified [158]. Intriguingly, there are not many O-
GlcNAcylation sites associated with a clear consensus motif, unlike protein
phosphorylation sites that can often be identified by their primary sequence alone [141].
We decided to attach GafD to the C-terminal end of RA (RA-GafD) and O-
GlcNAcylation substrate to the C-terminal end of RB (RB-Sub) (Figure 2.3). O-
GlcNAcylation of the Ser residue on the substrate by OGT on the substrate would cause
GafD to bind, thus, leading to RA and RB association and red fluorescence. Both these
constructs were to be co-expressed in HeLa cells. We anticipated that one challenge of
using this reporter would be in properly identifying the transfected cells as this was a “turn
on” biosensor and would initially be dim prior to the stimulation of O-GlcNAcylation
activity. For this reason, we planned to include a third gene encoding EGFP with a K-Ras
CaaX plasma membrane localization signal attached to its C-terminal end (EGFP“*X). To
ensure expression of all constructs in the cell we decided to place all three constructs into

one plasmid.
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Figure 2.3. OGT O-GlcNAcylation biosensor strategy. The casein kinase II peptide
substrate is recognized by OGT and subjected to O-GlcNAc¢ modification on the hydroxyl
group of the serine. GafD recognizes this O-GlcNAcylated substrate and binds to it thus
allowing the RA and B copy to come into close proximity to each other to allow
heterodimer formation and hence, red fluorescence.

In order to get multiple gene products expressed from a single vector, we decided to
use the p2A sequence. The 2A peptide is from the porcine teschovirus-1, a foot-and-mouth
disease virus, hence its name, p2A. Highly efficient self-cleavage of this peptide occurs
after the entire construct has been expressed into its primary protein sequence. An
alternative approach for expression of multiple genes is to use an IRES sequence, but due to
its size of 500 nucleotides and the difference in translation efficiency for a gene placed after
an IRES sequence to the one before [158], we opted for the smaller 19-amino acid p2A
peptide. A major advantage of the p2A peptide is that it provides stoichiometric expression
of the flanking proteins. Knowing this, we designed a pPBAD/His B vector with a multiple
cloning site (MCS) to accept three gene constructs with p2A sites in between (Figure 2.4).
The cleavage efficiency of this p2A peptide is estimated to be approximately 70-80% in
cells. To ensure an even higher percentage of cleavage, two p2A sequences were placed

one after the other at each site between the gene constructs. The MCS sequence was not

immediately placed into a pcDNA3.1(+) mammalian expression vector as leaving it in a
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modified pPBAD/His B (Mlu I removed) vector would facilitate efficient colony selection
during gene insertion since we are dealing with FPs.
Xhol Xbal EcoRl
Peap Hisg p2A p2A p2A p2A

Miul Sall Hindll

His, RA-GafD p2A p2A RB-Sub p2A p2A —
Figure 2.4. Construction of expression plasmids harbouring DNA sequences encoding
p2A peptides flanked by multiple cloning sites. Schema showing a map for an expression
plasmid harbouring DNA sequences encoding p2A peptide and the construct used in this
study encoding p2A peptides flanked by RA-GafD, RB-Sub, EGFP“*X,

Using a series of ligations, RA-GafD, RB-Sub and EGFP“** were introduced into
the MCS sequence and subsequently transferred to the pcDNA3.1(+) mammalian
expression vector. When we expressed this plasmid in HeLa cells, we saw robust plasma
membrane localized green fluorescence. Treatment of these cells to thiamet-G, a potent and
selective inhibitor for OGA, and starvation conditions followed by addition of fresh media
with serum did not elicit any detectable red fluorescence. We believe that GafD and
substrate were not properly expressed, possibly due to the presence of C-terminal attached
proteins, which may cause complications in protein folding.

2.2.2 Construction of plasmids for OGT protease activity

For detection of protease activity, we heavily modified the vector pcDNA3.1(+)-
HindllI-RA-Kpnl-DEVD-GB-BamHI-GA-Xhol to create pcDNA3.1(+)-HindlII-RA-Kpnl-
SATD-GB-BamHI-HCF-1cleavage site-GA-Xhol. Addition of new gene sequences was

done via ligation. By using this plasmid, we expected to obtain a ratiometric green/red

fluorescence readout of HCF-1 cleavage by OGT. Before full induction of OGT activity,
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both red and green fluorescence should be detected with equal fluorescence of red and
green (Figure 2.5). After cleavage, GA would be released and due to the proximity of RA
to GB, red fluorescence would be more prominent. GA and GB are expected to bind more
tightly due to their higher affinity in comparison to GB for RA. However, with the addition
of an HCF-1 cleavage substrate, the linker length between GA and GB has expanded to 44
amino acids which may reduce the change in the ratiometric readout before and after
cleavage. This HCF-1 proteolytic repeat is comprised of the cleavage region containing the
conserved cut site sequence Cys-Glu-Thr (CET) and a threonine rich region important for
OGT recognition. The Glu in the CET sequence is critical for cleavage. Substitution of Glu
to Gln, Ala, Asp and Ser has been reported to lead to loss of cleavage [145]. In contrast,
Ala and Ser substitutions to the Cys position were tolerated. From this information, we
made two additional constructs as controls, one bearing a Glu to GIn mutation and the other
Cys to Arg. Our constructs were sent to the Suzanne Walker’s lab (Harvard Medical School)

for further applications in live cells.
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Figure 2.5. OGT protease activity sensor. In yellow is one of the six repeats from the
proteolytic processing domain (PPD) of HCF-1. Before the cleavage of OGT, RA and GA
both have almost equal probability to associate with B copy to release red or green
fluorescence. With the longer linker between B copy and GA compared to RA and B copy,
a slightly higher RA and B association is expected. After OGT cleaves the repeat from the
PPD of HCF-1, GA is freed and intensity of red fluorescence due more B copy associating
with RA results.
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2.2.3 Construction of plasmids for SUMOylation of tomosyn-1 by SUMO-1

For the construction of this vector, we utilized the modified pPBAD/His B with the
MCS and p2A sites. SUMOI1 was attached C-terminally to RA and rat m-tomosyn-1 was
attached to the N-terminal end of RB. Again, the EGFP“** was used as a transfection
reporter (Figure 2.6). As controls, Lys residues 298 and 854 that are possible
SUMOylation sites in m-tomosyn-1 were mutated to Arg in three different combinations.
One of the main challenges during the creation of this vector was the sheer size and a
number of restriction enzymes sites in the m-tomosyn-1 sequence that were also present in

the MCS and the backbone of the plasmid.

Xhol Miul Xbal Sall EcoRl

His; RA-SUMO1 p2A p2A m-Tomosyn-1-RB p2A p2A =
Kpnl BamH] HindIll
Figure 2.6. Map of multiple expression plasmid encoding RA-SUMO1, m-Tomosyn-1-

RB and EGFP“** in modified pBAD/His B harbouring p2A peptide and multiple
cloning sites.

2.3 Conclusion

Our goal was to create biosensors for OGT glycosylation and protease activity and
tomosyn-1 SUMOylation. Undeniably, there still remains a large amount of work before
these biosensors are complete. With the OGT glycosylation activity sensor, we are now
reversing the placement of GafD and the casein kinase II peptide substrate to the N-
terminal end of RA and RB. After creation of the construct, it would be transfected in HelLa
cells to determine how well this biosensor detects OGT glycosylation activity. Preliminary

imaging results with the OGT protease reporter suggest that the green channel is much
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dimmer than expected, leading to less of a change after OGT cleavage occurs. We plan to
minimize linker length in efforts to increase the initial ratio of green fluorescence to red. In
doing so, we expect to confirm OGT’s role as the protease of HCF-1 in mammalian cells.
As for the tomosyn-1 SUMOylation reporter, three of the four planned plasmid constructs
have been constructed, of which the three are the controls. The WT plasmid construct
remains to be created. Once all the plasmid constructs are constructed, they would be
transfected to pancreatic islet cells in hopes of validating the SUMOylation of tomosyn-1
by SUMO-1. We look forward to finalizing and refining these plasmid constructs to further

elucidate the cell’s functions.
2.4 Materials and Methods

2.4.1 General methods and materials.

All synthetic oligonucleotides (Table 2.1) were purchased from Integrated DNA
Technologies (IDT, Coralville, IA). Pfu polymerase (ThermoScientific), Q5 polymerase
(New England Biolabs) and Tag polymerase (New England Biolabs) were used for standard
PCR reactions. Small scale preparation of plasmid DNA, PCR products and products of
restriction digests were purified by gel electrophoresis and extracted by spin column
(GeneJET gel extraction kit; Thermo Scientific or BioBasic Inc.) according to the
manufacturer’s protocols. Restriction enzymes were purchased from Thermo Scientific or
New England Biolabs. DNA manipulations such as polymerase chain reaction (PCR),
ligation, DNA gel electrophoresis, restriction enzyme digestion, ligation and transformation
were performed according to Sambrook et al. [159]. Ligations were used to transform

electrocompetent DH10B E. coli. DNA sequencing was performed either at University of
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Alberta Molecular Service Unit (MBSU) or University of Calgary University Core DNA
services.

Standard PCR amplifications were performed in 50 puL reaction volumes containing
nuclease-free water, 1x reaction buffer, 200 uM dNTPs (Invitrogen), 3% DMSO, 200 nM
forward and reverse oligonucleotides, 10-50 ng of template DNA, 1.0 unit of Pfu
polymerase and 1.0 unit of Taq polymerase. Typical cycling parameters were as follows:
initial denaturation at 95 °C for 60 seconds, 35 cycles of denaturation at 95 °C for 30
seconds, 54-60 °C for 30 seconds, 72 °C for 60 seconds per kilobase (kb) of target; final
extension at 72 °C for 5 minutes. PCR amplifications using Q5 were also performed
similarly as the standard PCR amplifications with the addition of 1x GC enhancer buffer
and the lack of Taq polymerase. Cycling parameters for Q5 are again similar to the standard
procedures except initial denaturation and denaturation is at 98 °C, in addition, extension
time at 72 °C can be set at 30 seconds per kb of target. Cloning strategies of the constructs
described in this chapter are outlined in Table 2.1, which details the relevant
oligonucleotides, DNA template, destination plasmids and restriction enzyme sites used.
2.4.2 Site-directed mutagenesis

Multi site-directed mutagenesis was completed using the Quikchange Lightning kit
(Agilent) following manufacturer’s recommendations but at half the reaction volume.
Typical cycling parameters were as follows: initial denaturation at 95 °C for 2 minutes; 30
cycles of denaturation at 95 °C for 20 seconds, 58-60 °C for 30 seconds, 72 °C for 30 kb of
plasmid target; final extension at 72 °C for 5 minutes. When the reaction was over, 0.5 pL
of Dpnl was added to the reaction mixture and incubated at 37 °C for 10 minutes and then

cooled to 12 °C. Propagation of plasmid DNA was done via addition of 1 pL reaction
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mixture into thawed electrocompetent DH10B E. coli. The mixture was then transferred
into 0.2 cm MicroPulser cuvettes (Bio-Rad) and electroporated by a MicroPulser
electroporator (Bio-Rad). Pulsed cells were then plated on agar plates containing 100
pg/mL ampicillin and 0.02% L-arabinose. Agar plates were incubated overnight at 37 °C.
Colonies were then selected and subcultured in 4 mL lysogeny broth (LB) broth containing
100 pg/mL ampicillin. The subculture was then incubated at 37 °C with shaking at 250 rpm.
The next day, DNA was extracted with GeneJet genomic DNA purification kit (Thermo
Scientific).
2.4.3 Construction of mammalian expression plasmid for live cell imaging

The construct Xhol-Mlul-p2 Ap2 A-Xbal-Sall-p2Ap2A-EcoRI-Hindlll was ordered
as a gBlocks Gene Fragments from IDT (Coralville, IA). It was subsequently digested and
ligated into a pBAD/His B plasmid modified at its Mlul site in order to expand the
restriction enzyme choice in the multiple cloning sites.

Table 2.1 Details of the gene construct created in this work.

Name Gene (Restriction sites in italics and | Comments
substrate sequence in bold)

OGT protease | pcDNA-HindIII-RA-Kpnl-SATD-GB- All assembly was

activity biosensor | BamHI-HCF-1 cleavage site-GA-Xhol | completed by

ligation

Cloning Strategy

Construct Oligos (Fwd/Rv) | Target Plasmid

Kpnl-SATD-GB- | 2.1/2.2 pcDNA-HindllI-RA-Kpnl-mCherry-

BamH]1 BamHI-GA-Xhol

BamHI-mCherry- | 2.3/2.4 pcDNA-HindlII-RA-Kpnl-SATD-GB-

Xhol BamHI-GA-Xhol

BamHI-HCF- 2.5,2.6/2.9

1(wt)-GA-Xhol

]f fE”if)%)}Igi 2:5,2.7/2.3 pcDNA-HindIII-RA-Kpnl-SATD-GB-

Yhol BamHI-HCF-1_cleavage site-GA-Xhol

BamHI-HCF- 2.5,2.8/2.9

1(C9R)-GA-Xhol
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Name Gene (Restriction sites in italics and | Comments
substrate sequence in bold)

SUMOL1, pcDNA-Xhol-RA-Kpnl-GafD-Mlul- All assembly was

tomosyn-1 p2Ap2A-Xbal-mTomosyn1-Bg/lI-RB- completed by

SUMOylation Sall-p2Ap2A-EcoRI-EGFP“**-HindIIl | ligation

biosensor

Cloning Strategy

Construct Oligos (Fwd/Rv) | Target Plasmid

Xhol-RA-Kpnl 2.10/2.11 pBAD-Xhol-EGFP-Mlul-p2 Ap2 A-Xbal-

Kpnl-SUMOI - 2.12/2.13 Sall-p2 Ap2 A-EcoRI-Hindlll

Mlul

Xbal-EGFP-Sall | 2.14/2.15 pBAD-XhoIl-RA-SUMO1-Mlul-p2 Ap2 A-
Xbal-Sall-p2 Ap2 A-EcoRI-HindIll

Xbal-BgIlI-RB- | 2.16/2.17 pBAD-XhoIl-RA-SUMO1-Mlul-p2 Ap2 A-

Sall Xbal-EGFP-Sall-p2 Ap2 A-EcoR1-Hindlll

Xbal- 2.18/2.19 pBAD-XhoIl-RA-SUMO1-Mlul-p2 Ap2 A-

mTomosynl- Xbal-BgllI-RB-Sall-p2 Ap2A-EcoRI-

Bglll HindI11

Transfer Xhol-RA-SUMO1-Mlul-

p2Ap2A-Xbal-mTomosynl-Bg/lIl-
RB-Sall-p2Ap2A-EcoRI into already
prepared and digested at Xhol and
EcoRI, pcDNA3.1(+)-Xhol-KpnI-RA-
MIul-p2 Ap2 A-Xbal-BgllI-RB-Sall-
p2Ap2A-EcoRI-EGFP““*-HindlIII

pBAD-Xhol-RA-SUMO1-Mlul-p2 Ap2A-
Xbal-mTomosyn1-Bg/lI-RB-Sall-
p2Ap2A-EcoRI-Hindlll

2.4.4 Mammalian cell culture and imaging for OGT glycosylation activity

HeLa cells were maintained in complete media (DMEM with 10% fetal bovine
serum (FBS), 1% Penicillin Streptomycin (Pen Strep) (Invitrogen), 5% Glutamax
(Invitrogen)) at 37 °C and 5% CO, according to standard procedure. Transient transfections
of pcDNA3.1 (+) expression plasmids were performed using Turbofect (Thermo Scientific).
HeLa cells were grown on 35 mm imaging dishes and grown to approximately 70-80%
confluency and incubated with 1 mL of DMEM (FBS free) for 10 min then transfection
reagent mixture was added. Generally, 2 pL of transfection reagent was used per 1 pg of

DNA transfected and mixed in 0.2 mL of DMEM (FBS free). After 2 hours, the culture
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media was changed back to complete media. 24 to 48 hours after post-transfection, thiamet-
G (Cayman Chemical) was added to the transfected cells to a final concentration of 100 uM
and incubated overnight. The next day, the media was changed to HEPES-buffered Hank’s
balanced salt solution (HHBSS) and the cells were subjected to imaging. Imaging was
completed using an Axiovert 200M (Zeiss) microscope. Axiovert 200M (Zeiss) was
equipped with a 75W Xenon-arc lamp, 20x objective lens and a 14-bit CoolSnap HQ2

cooled CCD camera (Photometrics), driven by open source Micro-Manager software.
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Chapter 3: Engineering a Dark Accessory Protein for ddFPs

3.1 Introduction

A complete map detailing the complex network of proteins and small molecules or
ions involved in intracellular signalling cascades has long been sought after. In order to
experimentally determine this interaction web, there has been a substantial investment of
effort in the development in fluorescence-based biosensors for simultaneous determination
of the spatial and temporal dynamics of more than one event within the same cell, known
simply as multiparameter fluorescence imaging [160].

To monitor upstream and downstream effects of a signalling pathway
simultaneously, sensors that can be spectrally and/or spatially resolved must be used in
combination. Much effort has been invested in the development of FP-based FRET
biosensors for simultaneous multiparameter fluorescence imaging [161]. FP-based FRET
biosensors can be used in conjunction with a second FP-based FRET biosensors, single FP-
based biosensors, and/or BiFC with orthogonal wavelengths to enable multiparameter
fluorescence imaging of PPIs, proteolytic cleavage, and small molecule or ion flux [41, 162,
163]. The main challenge associated with all of these approaches is the fact that FPs have
very broad excitation and emission spectra and so the fluorescence from one biosensor
bleeds into other fluorescence channels [161]. A major contributing factor to this challenge
is the fact that FPs have excitation and emission wavelengths that are restricted to the
relatively narrow band of visible wavelength (~400-650 nm). A FRET pair such as CFP
and YFP has an excitation and emission spectrum spanning greater than 100 nm of the
visible spectrum, thus leaving only a small spectral window for measurement of another

parameter [160].
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A recent innovation in the field of biosensors is ddFPs [134]. This novel strategy is
conceptually a blend of FP-based FRET biosensors and BIFC, where two fluorogenic
monomeric FPs known as the A and B copy form a fluorescent heterodimer upon
association. Unlike BiFC, this process is reversible which makes it ideal for dynamic PPI
detection. DdFPs have been used in the FPX biosensor design strategy where the RA and
GA both compete for binding to the B copy [5]. In this approach, proteins-of-interest are
attached to an A copy and B copy to create a biased binding for each other, and a cellular
event will reduce the bias and allow increased binding of the other A copy to B. However,
this method still employs two fluorescent channels to image a cellular event.

In this chapter, we will discuss the development, characterization and preliminary
applications for a dark accessory protein for ddFPs which we have named the “Dark A
copy” (DA). DA is essentially an A copy that is non-fluorogenic both as a monomer and
when bound to the B copy. We reasoned that its creation will serve as replacement for one
of the A copies in the FPX strategy such that a spectral channel may become “free” and can
be used to image another cellular event in a different colour. DA can also serve as a
competitive inhibitor for the A copy binding to B to reduce non-specific binding and
improve contrast when imaging. An important application of the DA protein would be the
creation of ‘turn-on’ sensors that go from dim to bright in response to a biochemical event
such as proteolysis. It has been notoriously difficult to engineer effective turn-on sensors

using FPs.
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3.2 Results and Discussion

3.2.1 Development and Characterization of a Dark A copy (DA)

The intrinsic chromophore is entirely responsible for the fluorescent properties of an
FP. Accordingly, our strategy was to perform site-directed saturation mutagenesis on the
Tyr67 of the methionine-tyrosine-glycine (MY G) chromophore of GA to generate a library
of “dark™ A copies (DA). Changes to the binding properties of GA to GB were expected to
be minimal, since no changes would be made to the protein-protein interface. An NNK
randomized codon was used to randomly mutate residue 67 of GA where N represents a
25% mix each of adenine, thymine, guanine, and cytosine nucleotides, and K represents a
50% mix of thymine and guanine [164]. The NNK codon encodes all 20 amino acids and
one stop codon. Following the site-saturation mutagenesis, non-fluorescent E. coli colonies
were selected for further characterization. DNA sequencing revealed the following
mutations: Tyr67Pro, Tyr67Asn, Tyr67Leu, Tyr67Phe, Tyr67Cys, Tyr67Val and Tyr67Trp.
Analysis of their absorption and emission spectra showed no absorbance peaks at
wavelengths greater than 300 nm and lack of an emission peak when excited at 450 nm
(Figure 3.1). However, Tyr67Phe has an absorbance at 315 nm (Figure 3.1F) and
fluorescence could be visibly detected when excited under UV light. Tyr67Trp also had an
absorbance at 428 nm (Figure 3.1B) but when excited under UV light no fluorescence was
visibly detected. Poor solubility of the Tyr67Asn variant was also noted.

We also attempted to create a dark GA variant without a chromophore mutation.
Two mutations, Lys83Arg and Lys70Met, were chosen based on Dr. Spencer C. Alford’s

results during the evolution of ddRFP [135]. Inclusion of both mutations into GA yielded a
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dark variant, however, it was found not to be very soluble and hence we did not further

pursue this variant.
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Figure 3.1. Absorption and emission spectra of DA variants (Ex. 450 nm). (A) GA and
GA + GB; (B) Y67W; (C) Y67N; (D) Y67P; (E) Y67L; (F) Y67F; (G) Y67C; (H) Y67V,
each with and without GB. All notations are standard one letter amino acid codes.

To initially evaluate whether the mutation has affected the secondary structure and
folding of the protein, we examined all DA variants with circular dichroism (CD) (Figure

3.2). CD offers a rapid evaluation of protein secondary structural composition [165], which

is the strength and limitation of this technique. Tertiary structure cannot be well deduced
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from a CD data due to complications arising from the contribution of individual aromatic
amino acids to the near UV CD spectrum [166].

The CD spectrum of each DA variant show characteristic antiparallel S-sheet
content as seen by negative bands at 218 nm and positive bands at 195 nm (Figure 3.2)
[165]. Of particular interest is the Tyr67Phe-DA that has a CD spectrum that is practically
identical to GA. This is not surprising as the structures of Phe and Tyr differs only by a
hydroxyl group. The Tyr67Trp-DA exhibits similar qualities. From the CD data, we
decided to focus on both Tyr67Phe-DA and Tyr67Trp-DA as the data suggested the least

perturbations to the barrel by these mutations and so they are also the most likely to retain

binding affinity to GB.
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Figure 3.2. CD spectra of DA variants to phosphate-buffered saline (PBS), GA and
GB control. All variants were run at 1 mg/mL in 1x PBS, pH 7.4. The GA curve is hidden
by the Y67F curve. Note: all notations are standard one letter amino acid codes.

When conducting a competitive displacement assay of GA displacement from GB
by Tyr67Trp-DA and Tyr67Phe-DA, we noticed that both DA variants showed emission
after a certain threshold concentration. This result confirmed our previous observations that

Tyr67Phe-DA emits fluorescence when excited by UV light and showed that Tyr67Trp-DA

has detectable fluorescence when at high enough concentration. Figure 3.3B and C shows
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the emission spectra of Tyr67Trp-DA and Tyr67Phe-DA at varying concentrations with
respect to GA. Noticeably, Tyr67Phe-DA at 50 uM has approximately the same emission
intensity of Tyr67Trp-DA at 200 uM. However, the maximum emission intensity of
Tyr67Trp-DA at 200 uM is just approximately 3% of GA’s at 200 uM and Tyr67Phe at 200
UM is only 8% of GA’s maximum emission intensity at 200 pM (Figure 3.3A). Working
concentrations in live cell applications should never reach concentrations as high as 200
MUM. For in vitro characterization experiments such as competitive assays, the emission of
Tyr67Phe-DA at 50 pM is already a complication even when a blank at the same
concentration is run and subtracted (data not shown). Tyr67Trp-DA was thus selected for
further experiments due to its lower level of fluorescence. Although this variant has

absorption and slight emission, these attributes come in handy when characterizing its

binding to GB.
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Figure 3.3. Emission spectra of (A) GA, (B) Tyr67Trp-DA and (C) Tyr67Phe-DA at 0,
5, 10, 25, 50, 100, 200 nM (Ex. 455 nm). Both Y67W-DA and Y67F-DA emission spectra
are normalized to GA.

We next asked whether the Tyr67Trp-DA variant maintained the ability to bind to
GB. Similar to its parent, GA, Tyr67Trp-DA has absorbance at 455 nm. By size exclusion

chromatography the association of the Tyr67Trp-DA and GB heterodimer was confirmed
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by measuring the elution profile by absorbance of 455 nm (Figure 3.4D). The Tyr67Trp-
DA monomer eluted at 72 minutes (Figure 3.4D) which matches to the elution times of the
GA monomer and GB monomer controls, 71 and 72 minutes respectively (Figure 3.4A,B).
The Tyr67Trp-DA and GB heterodimer eluted at 67 minutes (Figure 3.4D) which closely
matches the elution time of the GA and GB heterodimer at 66 minutes (Figure 3.4A,B). It
was difficult to validate Tyr67Trp-DA and GB formation at 280 nm (Figure 3.4C). A large
fraction of both proteins remained as monomers, similar to GA and GB heterodimer
(Figure 3.4A), resulting in a broad dimer peak which was very close to that of the GB
monomer and Tyr67Trp-DA monomer peaks. However, from these results we can conclude
that Tyr67Trp-DA forms a heterodimer with GB.

Taking Tyr67Trp-DA as an antagonist to GA and GB binding, a competitive assay
was developed to determine the ICsy of Tyr67Trp-DA via stopped-flow technique. Kinetic
data pertaining to the ko, and ko; was not extracted from the stopped-flow data acquired
according to the scheme shown in Figure 3.5A due to the complexity in derivation of the
correct kinetic fitting equation for a competitive assay. As a result, only an equilibrium
based analysis was employed. The data obtained from the stopped-flow kinetic curves
(Figure 3.5B) were fit with a variable slope dose-response curve, Equation (1) where Y pax
1s the maximal response, Y min, 1S the maximally inhibited response and p is the Hill slope.
Extraction of 1Csy from the fitting revealed the fluorescence response to be reduced in half

at 5.30 £ 1.03 pM.

. Ymax — Yimin) Equation (1)
Y = Imin 1 + 10UogICso—x)p
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Figure 3.4. Determination of oligomerization state of Tyr67Trp-DA and GB by size

exclusion chromatography. Designated proteins were resolved on a HilLoad 16/60

Superdex75 pg gel filtration column using 1x PBS, pH 7.4 at a flow rate of 1 mL/min. (A,B)
Elution profiles of GA and GB (loaded at 125 uM each) at absorption detection at 280 nm

(A) and 455 nm (B) were used as the oligomeric size standards. (C,D) Elution profiles of
Y67W-DA and GB (loaded at 200 uM each) at absorption detection at 280 nm (C) and 455

nm (D). Note: all notations are standard one letter amino acid codes.
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Figure 3.5. Determination of Tyr67Trp-DA 1Cs, using stopped-flow technique. (A)
Competitive assay scheme where GA is abbreviated as A, GB as B and Y67W-DA as DA.
(B) Raw kinetic traces were measured at a fixed GB concentration of 0.25 pM and GA
concentration of 2.5 pM with Y67W-DA concentrations ranging from 0 uM to 40.5 uM in
1x PBS, pH 7.4. The reactions were excited at 455 nm and fluorescence was monitored via
emission at 510 nm. Each trace is an average of 4 measurements. (B) An average of the
maximal fluorescence intensity from the 50 to 60 second range was calculated and plotted
against the logarithm of the Y67W-DA concentrations. Using Origin 2015 software, a
variable slope dose-response curve (Eq. (1)) was used to fit the data. (C) Data yielded from
B.

Of course in cases such as this spectroscopically silent Tyr67Trp-DA interaction,
alternative methods such as isothermal titration calorimetry (ITC) are available to
determine the binding constant and to elucidate the reaction mechanism. Indeed, ITC was
initially attempted for characterization of the Tyr67Trp-DA interaction. However, we were
not able to obtain the characteristic sigmoidal plots often obtained in ITC experiments.

Accordingly, we could not extract a meaningful Ky value from our data (data not shown).
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One likely reason to explain this negative result is that the heat released or used by the
protein system was small relative to the heat of dilution (i.e., the heat associated with
injection of the protein solution into the cell containing just the buffer). Subtraction of the
heat of dilution obtained from a control run to the total heat of reaction which includes the
heat of dilution and heat of protein interaction resulted in negligible results. Furthermore,
the high protein concentration required to achieve an ideal c-value may have also led to
small amounts of precipitation or aggregation. The c-value is a unitless parameter critical
for determining the shape of the binding isotherm of which a c-value of 50 to 500 is ideal
for measuring the binding constant [167]. The definition of the c-value is the product of the
stoichiometry parameter, multiplied by the initial total macromolecule concentration in the
cell, multiplied by the binding constant.

After finding that ITC was not suitable for our system, we tried to find other
methods to determine the affinity of Tyr67Trp-DA to GB. Accordingly, we next pursued
the use of a gel-shift assay. However, visualization of the Tyr67Trp-DA and GB
heterodimer band was not observed in the gel along with the control GA and GB
heterodimer band. Only until at very high protein concentrations of 100 pM were the
heterodimer bands observed. This situation is similar to the one faced when obtaining the
size exclusion column results where the heterodimer peaks were observed only at high
concentrations. Furthermore, distinguishing between the monomer and heterodimer band
was complicated due to their close proximity to each other. It was for these reasons that we
pursued the competitive assay of GA and Tyr67Trp-DA binding to GB via stopped-flow

techniques.
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Although the ICsy of Tyr67Trp-DA has been obtained, it is not exactly
representative or equivalent to the K, for binding of Tyr67Trp-DA to GB. To determine the
binding constants for this Tyr67Trp-DA and GB system, we conducted a more thorough
analysis of the competitive binding of GA and Tyr67Trp-DA to GB. The competition can

be described by the scheme:

KGP\
GB+GA==GB-GA
+
DA
[ e
GB-DA

The above terms in the above scheme are defined as follows, Tyr67Trp-DA is simply DA

and the binding affinities are expressed by their dissociation constants Kga and Kpa.

_ [GB][GA] _ [GB][DA] Equation (2A,B
Kea = Tepcal and  Kpy = [GB+DA 1 ( )

The total amount of GB is
[GB]o = [GB] + [GB * GA] + [GB * DA] Equation (3)

[GB] and [GB*DA] are replaced by Kga and Kpa in [3]:

Kqa[GB * GA] ( [DA]) Equation (4)
Eloy=—7—F"7—(14+ — GB x GA
Isolating for [GB*GA] gives the following expression:
GB]y[GA Equation (5
(R L quation (5)
(641 + Koa (1+122)
DA
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Rearranging this equation to give the fraction of GA bound (v) gives:

[GB * GA] [GA] Equation (6)
v = = 7
[GB]o [GA] + K'ga

DA Equation (7
K'on = Key (1 + u) quation (7)

Kpa

The double reciprocal relationship is:
1 K' Equation (8
1_,.Koa quation (8)
[GA]

For v, the fraction of GB saturated with GA varies from 0 to 1. Equation (6) is the
Langmuir binding isotherm for our competition system.

We then measured the fluorescent intensity of the GB and GA heterodimer under
increasing concentrations of Tyr67Trp-DA (Figure 3.6A). The double reciprocal of each
trace from Figure 3.6A was taken to create the double reciprocal plot shown in Figure
3.6B. Applying the double reciprocal relationship from Equation (8), K’ga was extracted
from the slopes of each trace and plotted against the concentration of Tyr67Trp-DA to
obtain the Kpu value of 4.16 + 0.34 pM, the K4 of Tyr67Trp-DA to GB (Figure 3.7). This
value is very similar to the K4 for binding of GA to GB of 3.1 + 0.1 uM [5]. This indicates

that the Trp mutation did not greatly perturb the interaction surface with GB.
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Figure 3.6. Competitive inhibition of GA+GB complex by Tyr67Trp-DA. (A) GB
(fixed 0.25 pM for each inhibition trace) was saturated with GA (in increasing
concentrations from 0, 0.25, 0.5, 1.5, 2.5, 5, 12.5, 25, 32.5, 40, 50 uM) in the presence of
fixed concentrations of Y67W-DA (0, 0.75, 2.5, 5, 12.5, 25, and 50 uM). Each trace was fit
with the Langmuir binding isotherm [6]. Three measurements were run for each data point.
A GA blank with the corresponding concentration was subtracted from each run to remove
the fluorescence contribution by GA. (B) Double reciprocal plot of (A) fit with the double
reciprocal relationship [8].
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Figure 3.7. Kps determination (A) Knowing K’ga from Figure 3.1 the Kpa can be
calculated via equation [7] to create a K’ga versus DA concentration plot. (B) Values
calculated from data represented in (A).
3.2.2 Live cell applications

As a proof-of-concept experiment to demonstrate competitive binding of Tyr67Trp-
DA and GA to GB, we undertook a cell-based assay where both A copies and GB would be
introduced into the cell. To facilitate visualization of the change in the cell we introduced
an initial bias for Tyr67Trp-DA by fusing it in tandem with GB with a caspase-3 substrate
sequence, Aspartate-Glutamate-Valine-Aspartate (DEVD) in the linker region. The
resulting caspase-3 biosensor construct was designated, DA-DEVD-GB. GA would be co-
expressed throughout the cell along with mCherry with a plasma membrane localization
signal acting as a non-participating reporter of transfection efficiency. All three components

are expressed in one plasmid. Inclusion of inserted p2A sequences between the various

components ensured separation of each at the protein sequence level.
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Figure 3.8. Imaging caspase-3 activity with ddGFP and Tyr67Trp-DA. (A) Schematic
illustration of caspase-3 biosensor DA-DEVD-GB expressed with GA. Cleavage of the
DEVD site allows GA to bind to GB. (B) Selected frames from imaging staurosporine-
treated HeLa cells co-expressing DA-DEVD-GB, GA, and mCherry“™*. Images were
collected from Axiovert 200M (Zeiss) equipped with a 20x objective lens. (C) Green
fluorescence intensity versus time for the transfected HeLa cells shown in B.

This plasmid was transfected into HeLa cells which were then treated with
staurosporine to induce caspase-3 activation and imaged through time [168]. With the
initial predisposition of DA binding to GB the cells are initially “dark”. Using the

CaaX

mCherry reporter we were able to easily locate the transfected cells. Cleavage of the

DEVD site released DA and GB and allowed GA to bind to the GB hence creating a
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maximum of green fluorescence intensity upon cell shrinkage and blebbing which is
indicative of apoptosis [169], as seen starting at 143 minutes in the representative images
shown in Figure 3.8B. The fluorescence fold change was calculated to be, 4.9 + 1.3 (N=14).
We have created an intensiometric caspase-3 “turn on” biosensor using ddFPs without the
need for translocation signals. The rate of transition from a dim to bright state is gradual as
the onset of apoptosis begins (Figure3.8 B,C).

For experimental monitoring of caspase-3, this biosensor can still be improved. It is
possible that even after cleavage, DA continues to compete with the free GA for binding to
GB. This may explain the comparatively sub-optimal fluorescence detected during
apoptosis relative to previous sensors employing ddGFP [137].

3.2.3 Discussion of Tyr67Trp-DA properties

At high concentrations of Tyr67Trp-DA and Tyr67Phe-DA, low intensity
fluorescence emission observed (Figure 3.3B, C). This indicates that both these DA
variants have intact chromophores. Exchange of Tyr66 in avGFP variants, which is
homologous to Tyr67 in DsRed variants, to Phe or Trp resulted in variants with blue-shifted
absorbance and fluorescence [9]. Substitution of Phe in avGFP at position 66 resulted in a
variant with low quantum yield (QY) and an emission wavelength of 442 nm [6]. This
observation is similar to the low fluorescence emission observed in the Tyr67Phe-DA
variant. Evolving the Tyr66Phe avGFP variant followed by random mutagenesis resulted in
the ultramarine FP named Sirius (Asps = 355 nm; Ae = 424 nm) with efficient post-
translational maturation in the intracellular environment at 37 °C and an improved QY
[170]. The mutations were directed at the amino acids surrounding the chromophore and

those that promoted chromophore maturation. If similar mutagenesis was attempted with
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the Tyr67Phe-DA variant, improvement of the fluorescence intensity is likely. Also to note
is the substitution of Phe at the Tyr67 position in a mCherry variant followed by directed
evolution to generate mBlueberry (s = 398 nm; Aeyy = 452 nm) [166]. The Tyr66Trp
mutation in GFP resulted in the popular blue-shifted variant CFP [11]. Introduction of the
Tyr67Trp along with five other mutations in close proximity to the chromophore of
mRFP1.1 created mHoneydew (Aups = 487/504 nm; Ae, = 537/562 nm), a variant with broad
yellow fluorescence [18]. It is interesting that in both these cases of the Tyr to Trp mutation
strong fluorescence of the FP was observed while the Tyr67Trp-DA exhibited fluorescence
only at high protein concentrations. This indicates that the interactions of the amino acids to
the chromophore in mRFP1.1 are very different from the chromophore environment
provided by the GA barrel.

Steric clash of the bulky Trp side chain with the side chains pointing into the
chromophore cavity probably contributes to the extremely low QY observed for Tyr67Trp-
DA. This is reminiscent of the initial introduction of Tyr66Trp mutation in GFP which led
to creation of a blue variant with low QY [10]. Improvements to accommodate the bulk of
Trp in this blue variant rescued the QY and led to the widely used ECFP variant and, most

recently, the much brighter mTurquoise2 variant [11, 171].
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Figure 3.9. Estimation of the chromophore cavity environment of Tyr67Trp-DA.
Aligning mTurquoise 2 (PDB entry 3ZTF) Ser-Trp-Gly chromophore with the DsRed
barrel (PDB entry 1GGX) which has been modified to GA by substituting the amino acid
mutations created the above model of Tyr67Trp-DA. The chromophore is coloured in tan.
Coloured in green are amino acid residues of interest in close proximity to the chromophore.
Blue represents Nitrogen and red represents oxygen.

For a rough estimation of the chromophore cavity environment in Tyr67Trp-DA, we
implemented the GA mutations in a molecular model of the DsRed structure (PDB entry
1GGX [172]) and aligned the structure with mTurquoise2 (PDB entry 3ZTF [171]) as it
contains a Ser-Trp-Gly chromophore. Although this is a slight deviation from the
Tyr67Trp-DA chromophore of Met-Trp-Gly, we will focus principally on the Trp and its
surrounding components. Analysis of this Tyr67Trp-DA model shows the immediate
hydrophobicity of the Trp surrounding’s with the exception of charged residues Thr197 and
Glu215 directly below Trp (Figure 3.9). We postulate that Trp is not stabilized by
hydrogen bonds due to the distance and orientation from these charged residues and thus

the electron density is shifted to the imidazolinone moiety [173]. Surprisingly, besides

Leul99, there does not seem to be large steric clash between Trp and its neighbouring
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residues due to a number of residues pointing into the chromophore cavity being Gly and
Ala. Comparison with the Met-Tyr-Gly chromophore of GA shows the Tyr is not rigidly
packed which concurs with the previous suggestion that the GA chromophore exists in a
protonated and non-coplanar conformations which favours excited state deactivation via
radiationless decay [135]. Similar to GA, we predict that the Tyr67Trp-DA chromophore
also exists largely in a non-coplanar conformation that explains its low QY.

Energy dissipation will occur via non-radiative pathways such as vibrational
relaxation as the chromophore is not held rigidly. Due to necessary mutations to create
ddFPs which resulted in a larger chromophore pocket and lack of hydrogen bonds, greater
distortion of the chromophore can be accommodated [174, 175]. We postulate a large
majority of the chromophore is in a cis configuration, as a trans configuration would lead to
a steric collision between N-H on the Trp indole ring and the carbonyl group in the
imidazolinone ring [174]. Cis-trans isomerisation as a mechanism for radiationless decay

for this chromophore seems improbable considering the size of the Trp sidechain [176].
3.3 Conclusion

Through a single Tyr67Trp chromophore mutation we have engineered a “dark” A
copy (DA) for FPX applications. Whether as a monomer or when associated with GB, little
to no fluorescence emission is detected. Tyr67Trp-DA and GB exhibits a K4 similar to the
K4 of GA and GB. We have demonstrated the possibility of DA in combination with other
ddFPs as an intensiometric biosensor for protease activity monitoring. Although an
intensiometric biosensor does not offer quantitative information like ratiometric biosensors,
they offer an opportunity for multiparameter imaging. Thus far, intensiometric biosensors

have been associated with single FPs biosensors or BiFC. Both of these strategies are
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mainly applied to small molecule detection or PPI, rarely protease detection with the
exception of a reported intein-based split Venus caspase-3 biosensor [177]. Nevertheless, if
this DA intensiometric biosensor is to be widely used, the contrast between the “off” and

the “on” state must be drastically improved.
3.4 Materials and Methods

3.4.1 General methods and materials.

All synthetic oligonucleotides (Table 3.1) were purchased from Integrated DNA
Technologies (Coralville, TA). Pfu polymerase (ThermoScientific) and Tag polymerase
(New England Biolabs) were used for standard PCR reactions. Small scale preparation of
plasmid DNA, PCR products and products of restriction digests were purified by gel
electrophoresis and extracted by spin column (GeneJET gel extraction kit; Thermo
Scientific or BioBasic Inc.) according to the manufacturer’s protocols. Restriction enzymes
were purchased from Thermo Scientific or New England Biolabs. DNA manipulations such
as polymerase chain reaction (PCR), ligation, DNA gel electrophoresis, restriction enzyme
digestion, ligation and transformation were performed according to Sambrook et al.'”.
Ligations were transformed into electrocompetent DH10B E. coli. DNA sequencing was
performed either at University of Alberta Molecular Service Unit (MBSU) or University of
Calgary University Core DNA services.

Standard PCR amplifications were performed in 50 pL reaction volumes containing
nuclease-free water, 1x reaction buffer, 200 uM dNTPs (Invitrogen), 3% DMSO, 200 nM
forward and reverse oligonucleotides, 10-50 ng of template DNA, 1.0 unit of Pfu

polymerase and 1.0 unit of Taq polymerase. Typical cycling parameters were as follow:

initial denaturation at 95 °C for 60 seconds, 35 cycles of: denaturation at 95 °C for 30
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seconds, 54-60 °C for 30 seconds, 72 °C for 60 seconds per kb of target; final extension at
72 °C for 5 minutes. Cloning strategies of the constructs described in this chapter are
outlined in Table 3.2, which details the relevant oligonucleotides, DNA template,
destination plasmids and restriction enzyme sites used.
3.4.2 Site-directed mutagenesis

Site-directed mutagenesis of residue 67 was completed by Quikchange Lightning kit
(Agilent) following manufacturer’s recommendations but at half the reaction volume.
Typical cycling parameters were as follows: initial denaturation at 95 °C for 2 minutes; 30
cycles of : denaturation at 95 °C for 20 seconds, 58-60C for 30 seconds, 72 °C for 30 kb of
plasmid target; final extension at 72 °C for 5 minutes. When the reaction was over, 0.5 pL
of Dpnl was added to the reaction mixture and incubated at 37 °C for 10 minutes and
cooled at 12 °C. Propagation of plasmid DNA was done via addition of 1 uL reaction
mixture into thawed electrocompetent DH10B E. coli. The mixture was then transferred
into 0.2 cm MicroPulser cuvettes (Bio-Rad) and electroporated by a MicroPulser
electroporator (Bio-Rad). Pulsed cells were then plated on agar plates containing 400
pg/mL ampicillin and 0.2% L-arabinose overnight at 37 °C. Plates were analyzed for
fluorescence using a colony screener with appropriate filters (Aexe = 470/40 nm; Ay =
480/40 nm).
3.4.3 Protein Purification and Quantification

The genes already in pPBAD/His B vector were transformed into electrocompetent
DHI10B E. coli and plated on 100 pg/mL ampicillin and 0.2% L-arabinose agar plates
overnight at 37 °C. Colonies were then picked and subcultured in LB media. The volume of

subculture to be prepared is in a 1:100 ratio to the volume of the large-scale culture media.
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Terrific Broth (TB) was the media used following Cold Spring Harbor Online Protocol.
Subculture was added into the TB broth along with ampicillin to a final concentration of
800 ppm. This was then incubated at 37 °C with shaking at 250 rpm until the optical
density was at 0.5-0.7. At this point the culture was induced with 0.2% L-arabinose and
allowed to incubate for 12 hours or up to 3 days (depending on culture volume and needs of
the experiment) at 28 °C with shaking at 250 rpm. Culture was then pelleted at 10 000 rpm
for 10 minutes. Cell pellets were then resuspended in 1x PBS (137 mM NaCl, 2.7 mM KClI,
10 mM Na,HPOg4, 1.8 mM KH,PO,) at pH 7.4 and lysed using a cell disrupter (Constant
Systems Ltd.). Cleared lysates were obtained by centrifugation at 8,000 rpm for 40 minutes.
Lysates were incubated with Nickel-NTA resin on ice with agitation for 1 hour and then
batch purified through a fritted column using a vacuum manifold. At least 10 column
volumes of 1x PBS with 20 mM imidazole to a final pH of pH 8.0 was used to wash the
protein-bound resin at a slow flow rate of approximately 20 drops per minute. Proteins
were eluted using filtered 1x PBS with 250 mM imidazole at pH 8.0.

Purity assessment of the purified protein was done by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) with a (5% stacking gel/12% resolving
gel) according to reported methods [178]. Protein samples were prepared with 1x sample
buffer (62.5 mM Tris-Cl pH 6.8, 2% SDS, 7.5% glycerol, 0.02% bromophenol blue).
Protein bands were identified by staining with a standard coomassie stain and subsequent
washing with 10% acetic acid.

Protein concentration was determined via bicinchoninic acid (BCA) protein assay

(Pierce) according to manufacturer’s microplate format protocols in 96-well plates
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(Corning). Absorbance values of developed assay were read at 562 nm by the TECAN
Safire’ microplate reader.

According to the requirements of the experiment, proteins were concentrated using
Amicon Ultra-4 mL or Ultra-15 mL Centrifugal Filters (EMD Millipore).
3.4.4 Determination of secondary structure

Circular Dichroism experiments were performed on an Olis DSM 17 Circular
Dichroism. The far UV spectra (195-250 nm) were obtained in a 0.2 mm path length quartz
cuvette and filled with 100 pL of protein sample at a concentration of approximately 1
mg/mL in 1x PBS, pH 7.4. Five spectra with a resolution of 1 nm were accumulated and
averaged. The temperature of all experiments was 293 K. All samples were freshly
prepared prior to measurements.
3.4.5 Determination of heterodimer formation

To determine dimerization, purified proteins were resolved by gel filtration
chromatography. Proteins were resolved over a HiLoad 16/60 Superdex 75 pg gel filtration
column using an AKTA basic liquid chromatography system (GE Healthcare) with a
multiple wavelength absorbance detector. Proteins were resolved with filtered and degassed
1x PBS, pH 7.4 mobile phase and 1.0 mL/min flow rate. Eluted fractions were monitored at
280 nm and 455 nm.
3.4.6 Determination of ICs

A SX20 stopped-flow spectrometer (Applied Photophysics) was used to measure
the kinetic traces to obtain the ICsy value. Excitation was set at 455 nm and emission
detection at 510 nm. 2000 points were read for each run which lasted 60 seconds each.

Proteins samples of a fixed concentration of GB was rapidly mixed at room temperature
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with a mixture containing a concentration of Tyr67Trp-DA which concentrations’ are
varied between runs and fixed concentrations of GA. Please note that the final
concentrations of the protein samples when mixed are halved hence the reported
concentrations in Figure 3.5 reflect this. Each measurement was done four times and then
averaged to obtain the final kinetic trace.
3.4.7 Determination of Ky

K4 determination was completed via a competition assay. Each measurement was
run with GB, Tyr67Trp-DA and GA at their corresponding concentrations for each well in
a 384 well plate (Nunc) to a final volume of 40 puL and data was read with a Tecan Safire”
microplate reader. Excitation was set at 488 nm and emission at 510 nm. Each data point
was subtracted against its corresponding GA emission blank. All runs were completed three
times each.
3.4.8 Live cell imaging applications construction of mammalian expression plasmid
co-expressing DA-DEVD-GB, GA and mCherry“***

DA and GB were linked by the sequence SGTASGDEVDGATI to create the DA-

DEVD-GB construct. This was PCR amplified with a 3° primer which appended a M/ul site
to it. This construct was then ligated into a modified pBAD vector encoding pBAD-Xhol-
EGFP-Mlul-p2 Ap2A-Xbal-Sall-p2 Ap2 A-EcoR1-HindI11 (p2A,
GSGATNFSLLKQAGDVEENPGP). GA template was PCR amplified to have a Xbal site
on its 5’ end and Sa/l site on its 3’ end and then digested and ligated into the above vector
containing DA-DEVD-GB but with EGFP between the Xbal/Sall sites. This gene sequence
now  containing  Xhol-DA-DEVD-GB-Mlul-p2 Ap2 A-Xbal-GA-Sall-p2 Ap2 A-EcoRI-
HindIIl was transferred to a digested Xhol/HindIll pcDNA3.1(+) vector. The plasma
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membrane localization sequence (KMSKDGKKKKKKSKTKCVIM), a modified version
of the KRAS membrane localization sequence favouring greater palmitoylation, was
appended at the 3° end of the mCherry sequence with a HindlIIl site and an EcoR/ site on its
5’ end.
3.4.9 Mammalian cell culture and imaging

HeLa cells were maintained in complete media (DMEM with 10% fetal bovine
serum (FBS), 1% Penicillin Streptomycin (Pen Strep) (Invitrogen), 5% Glutamax
(Invitrogen)) at 37 °C and 5% CO, according to standard procedure. Transient transfections
of pcDNA3.1 (+) expression plasmids were performed using Turbofect (Thermo Scientific).
HeLa cells were grown on 35 mm imaging dishes and grown to approximately 70-80%
confluency and incubated with 1 mL of DMEM (FBS free) for 10 min then transfection
reagent mixture was added. Generally, 2 pL of transfection reagent was used per 1 pg of
DNA transfected and mixed in 0.2 mL of DMEM (FBS free). After 2 hours, the culture
media was changed back to complete media. 24 to 48 hours after post-transfection,
staurosporine was added to the transfected cells to a final concentration of 2 uM and
incubated for 30 min. The media was then changed to HEPES-buffered Hank’s balanced
salt solution (HHBSS) and the cells were subjected to imaging at 1 to 2 min intervals for 4-
6 hours. Imaging was completed using an Axiovert 200M (Zeiss) microscope. Axiovert
200M (Zeiss) was equipped with a 75W Xenon-arc lamp, 20x objective lens and a 14-bit
CoolSnap HQ2 cooled CCD camera (Photometrics), driven by open source Micro-Manager

software.
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Table 3.1 Details of the gene construct used in this work.

Name Gene (Restriction sites in italics and | Comments
substrate sequence in bold)
DA-DEVD-GB,GA- pcDNA-Xhol-DA-Kpnl-DEVD- All  assembly
mCherry©* GB-MIul-p2Ap2A-Xbal-GA-Sall- | was completed
p2Ap2A-EcoRI-mCherry“**- by ligation
Hindlll
Cloning Strategy
Construct Oligos (Fwd/Rv) | Target Plasmid
Xhol-DA-Kpnl 3.1/3.2 pBAD-Xhol-EGFP-MIul-p2 Ap2 A-Xbal-
Kpnl-DEVD-GB- | 3.3,3.4/3.5 Sall-p2Ap2A-EcoRI-HindlIlI
Mlul
Xbal-EGFP-Sall | 3.6/3.7 pBAD-Xhol-DA-DEVD-GB-Mlul-
p2Ap2A-Xbal-Sall-p2 Ap2 A-EcoRI-
Hindlll
Xbal-GA-Sall 3.6/3.8 pBAD-Xhol-DA-DEVD-GB-Mlul-
p2Ap2A-Xbal-EGFP-Sall-p2 Ap2 A-
EcoRI-HindIll
EcoRI- 3.9/3.10,3.11 pcDNA-Xhol-DA-DEVD-GB-Mlul-
mCherry“**- p2Ap2A-Xbal-GA-Sall-p2Ap2A-EcoRl-
Hindlll Hindlll

3.4.10 Image Analysis

The images were assembled using Adobe Illustrator and analyzed using freeware

Imagel.
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Chapter 4: Conclusions and future directions

4.1 Summary of thesis

The initial implementation of FPs as genetically encoded reporters kick-started a
revolution in molecular biosensing [2]. Now, scientists can use a wide variety of FP-based
reporters to observe the inner workings of a live cell non-invasively in real-time. The
continuous development of improved biosensing platforms for detection of PPIs, enzymatic
activity, enzyme functions, and protein interaction with small molecules, has brought
innovative solutions to the table. These new technologies continue to make up for the
insufficiencies of more traditional technologies such as ones based on FP-based FRET
biosensors and BiFC. The BiFC design itself has extended beyond the visible range
spectrum and into the near-infrared range to facilitate in vivo imaging [39, 78]. It has also
been creatively modified and applied for detection of RNA, genome-wide PPI screening,
drug discovery and superresolution microscopy [49, 65, 69, 106]. Development of novel FP
complementation platforms such a tripartite split GFP, alternate B-strand switch FP, and
ddFPs has enabled a broader breadth of detection of cellular function [128, 133, 134].
Nevertheless, despite these great strides in biosensing tools, there is still a lot room to
improve their utility and make them more appealing to a broader audience of researchers
who would benefit from implementing these tools in their research.

Limitations of the available biosensing strategies (i.e., FP-based FRET, BiFC and
single FP-based biosensors), precipitated the conception of ddFPs. DAFP is a recently
developed novel biosensing strategy which exploits the obligate oligomerization of DsRed
[134]. Through iterative rounds of evolution and interface modifications, a low affinity

heterodimeric ddRFP was generated. The FPs in this system are individually named A copy
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and B copy and association of the two leads to greater fluorescence emission of the A copy.
Very low fluorescence is observed when the two copies are apart. Later expansion of the
colour palette resulted in yellow and green hued ddFP variants [136].

Each ddFP colour variant was individually evolved with their respective B copies.
However, knowledge of the fact that the B copies can be interchanged between RA, GA
and YA and still confer an increase in fluorescence resulted in FPX applications of this
system [5]. Thus far, the FPX strategy has been applied for detection of Ca®" dynamics,
caspase-3 activity, PIP, hydrolysis, PKA activation and ERK activity. We endeavour to
increase the applications of ddFPs via the FPX approach in order to demonstrate the
versatility of this system. To this end, I have designed OGT glycosylation and protease
activity sensors and a tomosyn-1 SUMOylation sensor. In addition, a ‘dark’ accessory
protein was developed for ddFPs.

In chapter 2, I described the construction of three plasmids for sensing OGT
glycosylation and protease activity and the SUMOylation of tomosyn-1. During the
construction of these plasmids we were challenged with constructing some relatively large
DNA constructs. These efforts were further complicated by a number of restriction enzyme
sites present in both the gene of interest (i.e., tomosyn-1) and the target plasmid backbone
and construct. Furthermore, to minimize the possibility of variable expression of multiple
transfection products between cells, the biosensing systems involving more than one
construct were inserted into a vector harbouring p2A sequences so that expression of each
construct would be stoichiometric. Small details pertaining to the OGT glycosylation and
SUMOylation of tomosyn-1 still remain to be fixed before the application of these plasmids

can be attempted in live cells. We endeavour to work towards this goal.
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Beyond the direct applications of new ddFP-based biosensors in live cells, we
created a dark A copy accessory protein for ddFPs we named as DA. We successfully
characterized the DA to reveal it exists predominantly as a monomer and its Kq is 4.16 +
0.34 uM. Live cell applications demonstrated the potential of the implementation of DA
with GA and GB to create an intensiometric “turn-on” caspase-3 biosensor. Further
modifications of this sensor are necessary if it is to be made practical for live-cell imaging

purposes.
4.2 Future directions

With the expansion of ddFP applications to the detection of global modification
events such as O-GlcNAcylation and SUMOylation we hope to demonstrate the practicality
of ddFPs in the study of reversible phenomenon in live cells. Of course, if ddFPs are to be
embraced by the scientific community, then the brightness and the contrast between the
“off” and “on” state must be significantly improved to facilitate straightforward detection.
As of now, the DsRed crystal structure can still be marginally used for the identification
and prediction of rational mutation sites that may bestow variants with improved brightness.
Obtaining the crystal structures of all three ddFP wvariants is imperative for further
enhancement of this biosensing strategy. Immediate methods to improve the brightness and
contrast are to increase the solubility of the B copy and stability of the A copy. From our
observations, B copy has a tendency to precipitate after 2-3 days. A copy undergoes
chromophore hydrolysis to create a 19 kDa and 11 kDa band when run in a 10% SDS
PAGE [135]. Increasing the solubility increases the stability of the FP and hence greater

fluorescence.
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Alternative methods to enhance the brightness and contrast is to begin with a new
template such as the tetrameric LanYFP (Aex = 513 nm; Aey = 524 nm) derived from the
cephalochordate Branchiostoma lanceolatum [179]. LanYFP has exceptional optical
properties, a high QY (0.95) and extinction coefficient (150,000 M'cm™), making it an
attractive candidate for future generations of ddFP [179]. The brightness exceeds that of the
brightest YFP variant, YPet (¢ = 0.77, € = 104,000 M cm™) [24]. Structure prediction
software has predicted LanYFP’s closest tetrameric structural relative to be a cyan
fluorescent protein from Discosoma sp., the same coral of which DsRed is derived from
[179]. Moreover, using the engineering of mRFP1 as a guide, a dimeric LanYFP possessing
near identical optical properties as its parent was achieved. In addition, a monomeric green
variant, mNeonGreen (Aex = 506 nm; Aey, = 517 nm), has also been created with reduced
brightness that is still approximately three times greater than mEGFP. This is all very
encouraging. Appropriating LanYFP as a ddFP certainly guarantees some loss of brightness.
However, with respect to the case of mNeonGreen, we can estimate that the brightness will
remain above or close to that of popularly used FPs.

Meanwhile, it is foreseeable that the expansion of ddFP and its FPX strategy is to
follow that of BiFC’s. Many of the BiFC designs can be easily moulded for ddFP purposes,
for example, TriFC for RNA detection using Pum-HD. ddFPs are also a powerful tool for
high-throughput screening of PPIs and for drug discovery. Their high affinity (< 10 uM) for
each and residual fluorescence of the A copy may complicate screening [5]. However,
BiFC which is reversible has already been used in mammalian cells and coupled with FACs
to identify new regulators for telomere signalling in human cells [102]. Taking this as a

precedent and the fact that ddFPs are reversible, ddFPs can easily be modified for a
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simplified MaMTH screening for integral membrane PPI without the need for a
translocation of a transcription factor into the nucleus to initiate a response. As for ddFP
application for superresolution microscopy, the ddFP must firstly be modified to be
photoactivatable and have a high photon budget. It might be more practical to create a ddFP
from a new FP template already possessing photoswitchable characteristics such as the
tetrameric EOSFP (Amax, green, €X/€m = 506/516 Nm; Amax, red €X/€m = 571/581 nm) exhibiting
green-to-red photoconversion [180].

The DA was created for further extension of ddFP applications. Thus far, in a
preliminary proof-of-concept demonstration, DA was used in combination with GA and
GB for the sensing of caspase-3 activation in live cells. A gradual dark to green
fluorescence was observed in the cells over time. We have yet to test this system with a
control design with a mutated cleavage site. We envision similar application of DA for the
sensing of other protease activities in combination with other FPs for true multiparameter
imaging in live cells.

4.3 Concluding remarks

The research presented in this thesis described our efforts to expand the applications
of ddFPs and the development of the DA for ddFP applications. We were able to design
and construct biosensors for the detection of OGT glycosylation and protease activity and
the SUMOylation of tomosyn-1. Minor changes are necessary for some constructs before
live cell applications. Through a simple single mutation at the chromophore of the GA were
able to successfully create the DA which does form an intact chromophore but has very low
emission intensity. The DA was created to competitively bind with the A copy for the B

copy. In doing so, we aimed to reduce non-specific binding of A copy for the B copy when
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not undergoing PPIL, in this way, contrast between the “on” and “off” state for the ddFPs
may be improved. Development of the DA also led to the creation of an intensiometric
“turn on” biosensor for protease activity sensing without the need for translocation of any
of the FP components into a specific cellular compartment. We desire to further improve
this preliminary application of DA and to conduct multiparameter imaging with this
biosensor to simultaneously detect multiple cellular events. Many exciting opportunities for
ddFPs still await. We look forward to the firm establishment of ddFPs in every molecular

biologist’s toolbox.
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Appendices

Appendix A: Oligonucleotide sequence supplement

Table Al. List of oligonucleotides used in this work

OLIGO # | Lay ID SEQUENCE (5° TO 3°)

2.1 Kpnl- CAGGGTACCGCCTCCGGCAGCGCCACCG
SATDGGIATV- | ATGGAGGTATCGCAACTGTGGGCGGAGC
GB(K153E) CACC

22 BamH|- CTGGGATCCCTTGTACCGCTCGTCCATGC

GB(K153E)-RV

CC

2.3 BamH1-mCherry- | CAGGGATCCATGGTGAGCAAGGGCGAG
FW GAG
2.4 Xhol-mCherry CTGCTCGAGCTTGTACAGCTCGTCCATGC
RV CG
2.5 BamH1-HCF1- CAGGGATCCGTGAGAGTGTGCAGTAACC
repFW CTCCT
2.6 HCFl1rep2-3bp GTGAGAGTGTGCAGTAACCCTCCTTGCG
FW AAACCCACGAGACCGGCACCACAAATAC
TGCC
ACAACTGCGACATCCAATATGGCCGGAC
AA
2.7 HCF1-rep2-E10Q | GTGAGAGTGTGCAGTAACCCTCCTTGCC
FW AGACCCACGAGACCGGCACCACAAATAC
TGCCACAACTGCGACATCCAATATGGCC
GGACAA
2.8 HCF1-rep2-COR | GTGAGAGTGTGCAGTAACCCTCCTCGGG
AAACCCACGAGACCGGCACCACAAATAC
TGCC
ACAACTGCGACATCCAATATGGCCGGAC
AA
2.9 GA Xhol RV CTGCTCGAGTTAATGCCCCAGGTGGTGG
C
2.10 Xhol-RA-FW CAGCTCGAGAATGGTGAGCAAGAGCGA
GGAG
2.11 RA-Kpnl-RV GTTGAAGGTTTTGCCTCCTGGTCAGACAT
GGTACCCTTGTACAGCTCGTCCATGCCC
AG
2.12 Kpn-SUMOI-FW | AAGGGTACCATGTCTGACCAGGAGGCAA
AACCTTCAAC
2.13 SUMO1-Mlul- CCCACGCGTAACTGTTGAATGACCCCCC

RV

GTTTGTTC
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2.14 Xbal-EGFP FW | CAGTCTAGAATGGAGCTGTTCACCGGGG
TGGTG
2.15 EGFP-Sall RV CTGGTCGACCTTGTACAGCTCGTCCATGC
CG
2.16 Xbal-5AA-Bglll- | CAGTCTAGAGGGGTCTCAATCAGCAGAT
RB CT
ACCATCAAAGAGTTCATGCGCTTCAAGG
2.17 RB-Sall-RV CTGGTCGACCTTGTACCGCTCGTCCATGC
C
2.18 Xbal- CAGTCTAGAATGAGGAAATTCAACATCA
mTomosynl-FW | GGAAGGTGCTGGAC
2.19 mTomosynl- CTGAGATCTCTTCTTATCTTTGTATTTCA
BgllI-RV GCATCATCTCATGAGCATGTTTGGA
3.1 Xhol-GA FW CAGCTCGAGAATGGTGAGCAAGAGCGA
GGAG
3.2 DA-L-Kpn1Ov GGTACCTGAACCAATATCCTTCCCGGCT
RV CCAGACAGGGCTCCTGTGTGGCCCAGGT
GGTG
3.3 Ov  L-Kpnl-L- | CGGGAAGGATATTGGTTCAGGTACCGCC
DEVD-L-GB FW | TCCGGCGATGAGGTGGATGGAGCCACCA
TCAAA
34 DEVD-L-GB-FW | TGGATGGAGCCACCATCAAAGAGTTCAT
GCGCTTCAAGGT
3.5 GB-Mlul-T- CTGAAGCTTAACGCGTCTTGTACCGCTC
HindIIl RV GTCCATGCCC
3.6 MVSK-P2A-FW | CTCTCTGTTAAAGCAAGCAGGAGACGTG
GAAGAAAACCCCGGTCCTTCTAGAATGG
TGAGCAAGAGCGAGGAGG
3.7 EGFP-Sall-RV CTGGTCGACCTTGTACAGCTCGTCCATGC
CG
3.8 GA-Sall-RV CTGGTCGACGCTACCTGTACCATGCCCC
AGGTG
3.9 p2Ap2A-EcoRI- | CTGCTCAAGCAGGCCGGGGACGTGGAGG
MVSK AGAACCCAGGACCCGAATTCATGGTGAG
CAAGAGCGAGGAGG
3.10 mCherry- TTTTCTTTTTCTTTTTCTTTCCATCCTTAC
CaaX1/2-RV TCATTTTCTTGTACAGCTCGTCCATGCCG

C

3.11

mCherry-CaaX
2/2-RV

CTGAAGCTTTTACATTATTACACACTTTG
TTTTGCTTTTCTTTTTCTTTTTCTTTCCATC
CTTACTCATTTT
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Appendix B: Sequence of pBAD-Xhol-EGFP-MIul-p2Ap2A-Xbal-Sall-p2Ap2A-
EcoRI1-Hindlll

5
GTCCTCGAGAATGGGGTCAGTAATCACCTCTGGGTTGAAGGGGACGCGTGGGA
GCGGCGCTACAAATTTTAGTCTTCTGAAACAGGCCGGCGATGTTGAGGAGAATCCCG
GGCCAGGATCCGGAGCCACGAACTTCTCTCTGTTAAAGCAAGCAGGAGACGTGGAA
GAAAACCCCGGITCCTTCTAGAGTCGGGAATACATCAGGTATCGCCGTCAGCGTC
GACGGGTCAGGCGCTACGAAT
TTTAGCCTCCTTAAACAAGCTGGAGATGTCGAAGAAAATCCCGGGCCAGGTAGCGGA
GCCACTAACTTCTCCCTGCTCAAGCAGGCCGGGGACGTGGAGGAGAACCCAGGACC
CGAATTCGGTATGGCCGGTATAGTATCTCTGGACGGATAAAAGCTTCAG-3’

Underlined portions represent restriction sites and in italics are the p2 Ap2A sites. Although
codon-optimized, the p2A sites all follow the amino acid sequence as listed by Kim et al.
GSGATNFSLLKQAGDVEENPGP [126].
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Appendix C: Non-linear and linear regression analysis of Figure 3.6A,B

Table C1. Data extracted from Figure 3.6A. Data obtained from Langmuir isotherm (Eq.
[6]) fitting of data points using Origin 2015 software.

[DA]=0 [DA]=0.75 [DA]=2.5 [DA]=5 [DA]=12.5 [DA]= 25 [DA]= 50
uM uM uM uM uM uM uM
Langmuir
isotherm
Best-fit values
v when | 0.926 0.937 0.903 0.945 0.989 1.027 1.014
[GA]>®
K’Ga 1.14 2.28 2.11 3.13 5.30 7.90 13.5
Std. Error
v when | 0.06 0.0254 0.0306 0.0435 0.054 0.0392 0.0657
[GA]>®
K’Ga 0.338 0.296 0.347 0.648 1.16 1.074 2.47

Table C2. Data extracted from double reciprocal plot. Slope and Y-intercept data
obtained from Figure 3.6B was used to calculate for K’ga values using [8] to fit data points
with Origin 2015 software.

[DA]=0 [DA]=0.75 [DA]=2.5 [DA]=5 [DA]=12.5 [DA]= 25 [DA]=50
uM uM uM uM uM uM uM
Best-fit values
Slope 1.3940.06  1.36+0.10 1.45+0.08 1.67+0.10 2.22+0.13 4.14+0.22  9.75+0.23
Y-intercept 1.10+0.10  1.33+0.15 1.32+0.11  1.37+0.15 1.52+0.19 1.59+0.32  1.40+0.18
95% Confidence
Intervals
Slope 1.24t0 1.55 1.12to 1.6 1.27t01.02 143 to 191t02.53 3.63t04.66 9.17t0 10.3
1.91
Y-intercept when | 0.857 to 0.991to1.67 1.06to1.58 1.02 to 1.08t01.96 0.844 to 0.962 to
X=0.0 1.34 1.71 2.33 1.84
Goodness of Fit
r squared 0.986 0.951 0.975 0.966 0.968 0.974 0.996
Residual sum  of]0.319 1.27 0.729 1.31 2.16 6.05 1.05
squares
Langmuir Isotherm
Best-fit values
K’ga 1.54+0.12  1.81+0.21 1.91£0.16  2.29+0.22 3.38+0.30 6.57+0.51 13.65+0.25
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