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Abstract

The discovery of green fluorescent protein (GFP) from the Aequorea victoria Jellyfish

followed by the extensive efforts of protein engineers to produce other fluorescent proteins (FPs)

spanning the visible color spectrum made fluorescent proteins indispensable biochemical tools in

the scientific community. Experimental biologists have utilized FPs as genetically encoded

markers for the imaging of subcellular structures and protein dynamics in live cells. Another

important application of FPs is their design for use in biosensors for either enzymes or small

biological molecules of interest. The work described in this thesis is an attempt to portray

different experimental designs of FP based biosensors with the final objective of either

modifying previously reported or introducing novel biosensors.

We addressed the FP biosensors based on the principle of intramolecular Förster

resonance energy transfer (FRET) in two projects. In the first project we demonstrated a

modification of a methodology of development and optimization of FRET-based biosensor for a

post translational modification. The end result of this project has led to improving a previously

reported protein kinase B (PkB) biosensor and the discovery of a new cyclin B1- cyclin

dependent kinase 1 (Cyclin B1-CDK1) biosensor of a higher dynamic range than previously

published one.

In the second project our efforts were directed to develop a matrix metallo proteinase 2

(MMP2) FRET based biosensor, with the ultimate goal of using this biosensor in live cell

imaging of cardiomyocytes to explore postulated MMP2 intracellular role in ischemia-

reperfusion injury. We designed protein constructs based on both previously reported MMP2

substrate sequences and potential cardiac protein target sequences. After testing and

characterizing the designed constructs, the expression of the best candidate in neonatal



cardiomyocytes cell lines is undertaken by our collaborator Professor Richard Schulz,

Department of Pharmacology, University of Alberta.

In the third and final project we utilized single FP-based biosensor concept in trying to develop

Hydrogen peroxide biosensors of different hues. Our efforts were fruitful in discovering two

green biosensors, one is with direct and the other is with inverse response to hydrogen peroxide.
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GENERAL INTRODUCTION
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1.1 FLUORESCENCE

Photoluminescence is the process of light emission from a species that has been

electronically excited as a result of absorption of photons. Depending on the nature of the

electronic excited state it has two forms: fluorescence and phosphorescence (1).

Once a molecule becomes electronically excited to the S1 state via irradiation with a

source of electromagnetic radiation of appropriate energy, it has several ways to relax back to the

ground state (So). If the molecule has been excited to a higher vibration sublevel of the S1 state, it

can rapidly (10-12 s or less) relax to the lowest vibration level of S1 in a process known as internal

conversion. The molecule can then further relax directly to So through either non-radiative

relaxation (e.g., solvent quenching or dipole-dipole interaction with neighboring fluorophore) or

emitting a photon of light in the process of fluorescence. The energy of the emitted fluorescence

is lower than that of excitation light owing to fact that internal conversion precedes the emission

process via fluorescence. This loss of energy results in a wavelength shift between excitation and

emission peak wavelengths that known as the Stokes shift (1). Another possibility is intersystem

crossing which involves a change in spin multiplicity to form the triplet state. Relaxation from

the triplet state to So via another change in spin multiplicity gives rise to the long-lived emission

phenomenon known as phosphorescence (1). The best conceptual illustration of the

photoluminescence mechanisms is the Jablonski diagram (Figure 1.1) that is named after

Professor Aleksander Jabłoński who developed the modern theory of the fluorescence 

mechanism.

The intrinsic ability of a molecule to exhibit fluorescence depends on two main factors:

extinction coefficient (ε) and quantum yield (φ). Extinction coefficient (also known as molar 

absorptivity) is a measure of how strongly a species can absorb light at a certain wavelength.
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Quantum yield is the ratio of the number of photons emitted to the number of photons absorbed.

The intrinsic brightness is also another parameter used to describe species exhibiting

fluorescence and is simply the product of extinction coefficient and quantum yield (1).

Figure 1.1 Simplified Jablonski diagram. Solid arrows show absorption or emission of photons
while dashed arrows show non-radiative relaxation processes.

In 1942 Coons et al. reported the staining of pneumococcal antigen by a fluorescently

labeled antibody (2), thus demonstrating the first example of immunofluorescence detection. The

widespread popularity of this technique introduced the field of experimental biology to the

sensitivity of fluorescence as a detection technique, and served as a corner stone in establishing

molecular cell biology. Since that initial demonstration, immunofluorescence has enabled the

detection and visualization of a wide spectrum of intra- and extracellular components including

proteins, hormones, metabolites secondary messengers and even posttranslational modifications

(3-6). The related technique of fluorescent analogue cytochemistry (7, 8) and the use of

fluorescent chemical indicators (9) allowed, with some limitations, temporal and spatial
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observation of specific intracellular processes. Overall, these scientific breakthroughs paved the

way for the eventual introduction of genetically encoded fluorescent proteins (FPs), which

revolutionized the ability of researchers to observe intracellular processes using fluorescence

imaging.

1.2 AEQUOREA VICTORIA GREEN FP

Although it has been noted earlier that Aequorea victoria jellyfish carries fluorescent

component, Osamu Shimumora of the Princeton University was the first one to realize that the

fluorescent component is actually a protein, which later came to be known as Aequorea victoria

green FP (avGFP) (10). Soon after its initial discovery, the avGFP fluorescence emission

spectrum was reported and it was proposed that it was acting as the acceptor for Förster-like

energy transfer from the luminescent donor protein aequorin. This proposal provided a consistent

explanation for the fact that Aequorea exhibited greenish in vivo luminescence of Aequorea yet

purified aequorin emitted blue luminescence (11). Again, it was Shimomura who determined the

chemical structure of avGFP chromophore. Using purified protein, he subjected it to cycles of

thermal denaturation, enzymatic digestion and chromatographic separation of the fragments. His

results from these experiments, along with his chemical intuition, allowed him to reach the

conclusion that the avGFP chromophore is a 4-(p-hydroxybenzylidene)-5-imidazolidinone

moiety covalently linked within the polypeptide chain (12). Although the chromophore structure

proposed by Shimumora was essentially correct, the substitution pattern and the amino acid

sequence in which the chromophore exists was later corrected by Cody et al. (13).

It took almost 30 years after the initial discovery of avGFP for the primary amino acid

sequence to be determined by Prasher et al. (14). The key revolutionary breakthrough in the

development of FP technology, and hence in its broad use in experimental biology, was the
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heterologous expression of avGFP in organisms other than jellyfish. Specifically, in the first

demonstrations, the gene encoding avGFP was expressed in the sensory neurons of the worm

Caenorhabditis elegans (15) and also in Escherichia coli (16). The heterologous expression

convincingly demonstrated that the lone polypeptide gene product was self-sufficient to undergo

the post-translational modifications necessary for chromophore formation.

The formation of the avGFP chromophore proceeds through an autocatalytic process that

involves three key steps: cyclization, dehydration and oxidation. The exact sequence of steps has

been controversial due to conflicting results from multiple studies. Tsien and co-workers (17, 18)

suggested that chromophore formation starts first with distortion of the polypeptide backbone

which in turn brings the Ser65 carbonyl carbon into close proximity to the Gly67 amide nitrogen.

The latter attacks the adjacent serine carbonyl via its lone pair of electrons to form hydroxylated

imidazolidinone, which subsequently undergoes dehydration to form an imidazolone ring.

Finally Cα-Cβ of Tyr66 undergoes oxidation by molecular oxygen leading to the formation of 

the mature chromophore as shown in Figure 1.2 (17, 18).

Figure 1.2 Tsien and co-workers suggested mechanism of chromophore formation of avGFP.
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However, the mechanism postulated by Tsien and co-workers was in conflict with a

crystallographic study of a non-fluorescent GFP Y66L mutant (19). In the GFP Y66L structure,

it was observed that the chromophore-forming tripeptide had undergone the cyclization step but

still existed as a hemiaminal, indicating that the dehydration step had not yet taken place.

Furthermore, Cα of Leu66 had a triagonal planar geometry that strongly suggested the presence 

of a double bond formed by the oxidation step (19). Consequently, the authors of the

crystallography study proposed a modification of Tsien’s mechanism in which oxidation step

comes after the initial cyclization. In this sequence, formation of the hydroxylated cyclic imine is

followed by the dehydration step that involves benzylic Tyr66 Cβ leading to formation of the 

mature chromophore (19). Zhang et al. had reported the production of hydrogen peroxide

preceding chromophore maturation (20). Interestingly, Pouwels and coworkers revealed that

there was not any kinetic isotope effect associated with hydrogen peroxide production during

chromophore formation of a GFP contained dideuterated Tyr66 Cβ (21). Consequently, 

chromophore formation is most likely to proceed via cyclization, then oxidation, then

dehydration, as illustrated in Figure 1.3.
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Figure 1.3 The revised mechanism of avGFP chromophore formation.
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et al. proposed that the blue species is an anionic chromophore with a 12-electron π-system 

(Figure 1.4; intermediate I). The involvement of intermediate I might explain the key role of

Lys70 for the DsRFP-like chromophore maturation, which was verified experimentally by

directed mutagenesis (26). Specifically, the side chain of Lys70 may have a key role in

stabilizing the enolate moiety of intermediate I.

Figure 1.4 Branched mechanism of DsRFP chromophore formation.
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1996, the crystal structure of avGFP was reported by two independent research groups (27, 28).

AvGFP adopts a ‘β-can’ fold comprised of an 11-stranded β-sheet polypeptide wrapped into a 

pseudosymmetric cylinder with a length of ~42 Å and cross section of ~24 Å (27). At the center

of the β-can lies an α-helix that connects the third and the fourth β-strands and bears the 

chromogenic tripeptide Ser65-Tyr66-Gly67. This tripeptide is buried in the core of β-can and is 

isolated from the surrounding solvent (27, 28).

Figure 1.5 A cartoon representation of the three-dimensional structure of avGFP (PDB ID
1EMA). Graphical representation was prepared with PyMol (www.pymol.org).

1.4 FPs OF DIFFERENT COLORS

Soon after avGFP was cloned in 1994 (15, 16), it was well on its way to becoming a

practically indispensable tool to many biochemists. Nevertheless, the wild-type avGFP suffered

from some limitations including the fact that only one color of the protein was available, and it

was sub-optimal in terms of folding if cloned into a biological context other than the one that

naturally exists in (e.g., expression at 37 °C versus colder temperatures of ocean waters). These

limitations prompted protein engineers to develop new variants with different colors and

90 °
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enhanced properties. The color hues that are provided by FPs can be categorized into six classes

based on their emission maxima: blue (440-470 nm) (29); cyan (470-500 nm) (17); green (500-

520 nm), yellow (520-550 nm) (29); orange (550-575 nm) (30); and red (575-610 nm). Figure

1.6 illustrates respresentative chromophore structures associated with common FPs from each of

the aforementioned classes.

Figure 1.6 Chromophore structures of various FP color classes.
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structure. This π-stacking interaction decreases the energy of the excited state resulting in red-

shifted excitation and emission (29, 32).

Besides jellyfish, corals provide another source of avGFP homologues with fluorescence

hues ranging from cyan to red (22). The first red FP (DsRFP) was cloned from coral Discosoma

coral (22). Later studies revealed that the chromophore was similar to the avGFP chromophore,

but the conjugated system was extended by an additional acylimine moiety (Figure 1.6 F) (24,

33, 34). DsRFP became a target for rational protein engineering and, following an extensive

process of directed evolution, eventually gave rise to the mFruit series of variants which has hues

that span the yellow to far-red region of the spectrum (30, 35, 36).

1.5 APPLICATIONS OF FPs

Among the earliest applications enabled by the advent of FP technology was their use as

whole cell markers or reporter of gene promoter activities (18, 37). This was soon followed by

applications in which FPs were used as tags that could be genetically fused to a protein of

interest and hence allow the imaging of the localization and dynamics and the resulting protein

chimera (37). The existence of a broad palette of FPs, coupled with the parallel developments in

fluorescence microscopy, has enabled the imaging of the localization and dynamics of multiple

FP tagged proteins simultaneously (37, 38).

In addition to their use as organelle and protein localization markers, FPs have several

desirable features that enable them to be used in intracellular biosensing. A broad definition of a

biosensor is that it is a molecule or device that couples a molecular recognition element (MRE)

to a signal transducer (39). By design, the interaction of the MRE with the biological analyte of

interest will modulate the signal output of the transducer (39). Needless to say, the sensitivity of

fluorescence plus the ability of FPs to be genetically encoded paved the way to their inclusion in
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the design of molecular biosensors for detection of intracellular analytes and biochemical events.

FP-based biosensors generally fall into three categories: Förster resonance energy transfer

(FRET)-based biosensors, complementation-based biosensors, and single FP-based biosensors.

1.5.1 FRET-based biosensors

FRET is the phenomenon of non-radiative energy transfer between an excited blue-

shifted donor fluorophore and a red-shifted acceptor fluorophore (Figure 1.7). An absolute

requirement is the spectral overlap of the donor emission and acceptor excitation spectra (40,

41). The FRET phenomenon is best quantified by the FRET efficiency. FRET efficiency exhibits

a sixth power dependence on the distance separating two fluorophores and is related to the

distance by the following equation (42):

E =
1

1 + ቀ
r
R₀
ቁ


where r is the distance between the two fluorophores and R₀ is the Förster radius. The Förster

radius is defined as the distance at which 50% of FRET efficiency is obtained assuming a

random relative orientation of the two fluorophores (42).
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Figure 1.7 The dependence of FRET efficiency (E) on inter-fluorophore distance.
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where Iୈ�(λ) and ε�(λ) are the donor fluorescent intensity and acceptor extinction coefficient,

respectively, at a given wavelength (λ). From these equations it should be apparent that the

FRET efficiency change occurring during a certain experiment is a function of the change in

distance and/or orientation (κଶ) (ݎ) between fluorophores and can be described mathematically

using the equation (42):

∆E =
1

1 + ቈ
rϐ୧୬ୟ୪


Cκϐ୧୬ୟ୪
ଶ 

−
1

1 + ቈ
r୧୬୧୲୧ୟ୪


Cκ୧୬୧୲୧ୟ୪
ଶ 

where C is a constant. Based on the sixth power distance dependence of FRET efficiency, FRET

is considered a useful spectroscopic ruler for measuring distance changes between two

fluorophores (42).

A variety of FP-based FRET biosensor design strategies have been described in the

literature (43). All these strategies share the common feature of including molecular recognition

element(s) between a pair of FPs that show an appropriate spectral overlap. The most common

choice for a FP-based FRET pair is CFP and YFP. Nevertheless there are other pairs that have

proven to be successful (44-46). A summary of the most popular design strategies is illustrated in

Figure 1.8.
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Figure 1.8 Design strategies for FP-based FRET biosensors. (A) Intramolecular biosensors in
which MRE undergoes a conformational change in response to a small molecule. (B)
Intermolecular biosensors of small molecules. (C) Biosensors of post-translational modification
where modifying a peptide substrate (represented by a circle) makes it bind to a binding domain
and cause a change in FRET. (D) Protease biosensors in which FRET pair are linked by a
protease-specific substrate.

FP-based FRET biosensors to detect small molecules can be designed in either

intermolecular or intramolecular form (Figure 1.8AB). In both cases the MRE used is a protein

domain or domains that undergo a conformational change upon binding to the small molecule.

The prototypical example for these designs is the class of cameleon Ca2+ FRET biosensors (47,

48). In a cameleon-type biosensor, the donor FP is fused to a Ca2+ binding module called

Enzyme

Protease

A

B
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calmodulin (CaM) and an acceptor is fused to the M13 peptide that forms a complex with Ca2+-

bound CaM (47). Both parts can be joined in a single chimera showing robust change in FRET in

response to Ca2+ concentration changes in live cells (47-49). Other interesting examples of this

class of FRET biosensors are those employing periplasmic binding proteins, the motion of which

can be described as a clam shell-like movement (50, 51). This module had been successfully

used in engineering a wide variety of biosensors that responded to numerous analytes such as

sugars (e.g., ribose (52), glucose (53) and sucrose (54)), amino acids (e.g., glutamate (55) and

tryptophan (56)), and ions (e.g., phosphate (57)).

FP-based FRET biosensors can also be designed to report post-translational modifications

(Figure 1.8C). These biosensors usually contain the sequence of a specific substrate for the

enzyme that catalyzes the post-translational modification of interest. They also contain a binding

domain that binds preferentially to the post-translationally modified peptide. In the most

common design, the substrate and binding domain are sandwiched between donor and acceptor

FPs. The conformational change induced by the post-translational modification produces a

change in FRET efficiency via modulation of distance and/or dipole orientation between the FPs

of the FRET pair. This strategy has been successfully used to probe activities of various post-

translational modification enzymes. Some important examples include kinases (58), histone

lysine methyltransferase (59), and O-GlcNac transeferase (60).

Another popular FRET biosensor design strategy is to effectively create genetically

encoded FRET-based substrates for protease activities of interest. In this case the biosensor is

composed of a protease cleavable substrate motif tethered to a FRET FP pair (Figure 1.8D).

Protease enzymatic activity is detected by a decrease in FRET efficiency. This design has been
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used in reporting a large number of proteases such as caspase-3 (44, 61) and proteases of viruses

like human enterovirus (62), hepatitis C (63), and poliovirus 2A (64).

1.5.2 Bimolecular complementation biosensors

Complementation can be defined as the ability of two inactive fragments of a reporter

protein, when brought to close proximity, to interact spontaneously and restore activity (65)

(Figure 1.9). This technique has been frequently utilized for detection of protein-protein

interactions by fusing the reporter fragments to the potential interacting proteins (65). Some of

the most commonly used reporter proteins are ubiquitin (66), FPs (67-69), dihydrofolate

reductase (70), β-galactosidase (71, 72), TEV protease (73), and luciferase (74). Reporter 

systems based on this principle typically are producing changes in a reporter protein function that

can be measured using fluorescence or absorbance-based assays. When the reporter protein is an

enzyme, a fluorogenic, colorimetric, or luminescent substrate must be added to aid detection.

AvGFP was successfully introduced into the complementation technology in 2000, by

splitting the gene into two fragment and fusing each to leucine zipper domains capable of

dimerization (75). It has become standard practice to refer to FP complementation as bimolecular

fluorescence complementation (BiFC).
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Figure 1.9 Schematic model of bimolecular fluorescence complementation biosensor design.
Non-fluorescent split FP fragments are irreversibly reconstituted when brought in close
proximity via protein-protein interaction and hence fluorescence is generated.

BiFC-based biosensors have been utilized to visualize a variety of protein-protein interactions in

live cells (76, 77). BiFC has also been employed in high-throughput screening to detect and map

previously unknown protein–protein interactions (76-79). Nevertheless, some disadvantages to

this technology are the irreversible nature of complementation and slow kinetics of fluorescence

complementation (76, 77).

Interestingly the color palette of BiFC has been expanded to include a variety of hue-shifted

variants including: CFP (80), YFP (80, 81), RFP (68, 82), and far red FPs (83). These

developments have allowed for simultaneous imaging of more than one protein-protein

interaction event in live cells (84, 85).

Interacting
protein domains

Split FP Fragments Reconstituted FP
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1.5.3 Single FP-based biosensors

This class of genetically encoded FP-based biosensors utilizes a single FP that produces

an optical response to change in the concentration of an analyte of interest or some other change

that affects the fluorophore microenvironment (86). The optical response is typically an

intensiometric change in FP emission, though some examples of ratiometric changes in FP

excitation or emission profile have been reported (86, 87).

Single FP-based biosensors can be categorized into two classes. The first class are those

with endogenous biosensing ability (86) (Figure 1.10A). That is, for the first class the FPs

themselves are the molecular recognition element and thus an exogenously fused molecular

recognition element is not required. For example some FPs have been developed to show

spectral changes in response to pH changes (88-94), halides (95, 96), and even intracellular

redox potential (97-99).

The second class of single FP-based biosensors are those in which the FP is fused to an

exogenous molecular recognition element capable of sensing the analyte of interest (86) (Figure

1.10B). The molecular recognition event should induce, through conformational change, a

modulation in the FP structure or chromophore microenvironment that eventually will be

translated to a change in spectral output (86). The FP variants used in this subclass of biosensors

should be capable of tolerating protein insertion and circular permutation at certain locations

(86). Circular permutation is the process of genetically joining the original N- and C-termini of a

protein accompanied with the creation of new N- and C-termini elsewhere in the protein

structure. In the case of FPs, circular permutation is typically used to create variants with new

termini in the vicinity of the chromophore (86). The molecular recognition domain(s) can then be
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attached to these new termini. This design has been applied for the biosensing of Ca+2 (87, 100-

103), Zn+2 (104), cGMP (105), and ATP:ADP ratio (106).

Figure 1.10. Schematic representation of single FP-based biosensor designs. (A) Single FP-based
biosensor with endogenous biosensing capabalities. The fluorescence emission of the FP changes
in response to analyte such as Cl- and H+. (B) Single FP-based biosensor with exogenous
molecular recognition element, FP is first subjected to circular permutation in which the original
N- and C-termini are joined by a linker and new termini are created in the vicinity of the
chromophore. The new termini are used for MRE fusion, following the rationale that
conformational changes in response to the analyte will perturb the microenvironment around the
chromophore and hence a change in spectral properties will be observed.
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1.6 RESEARCH OBJECTIVES

In this dissertation I present several different applications of using the different strategies of FP-

based biosensors. The second and third chapters describe applications of two different FRET-

based methodologies. The fourth chapter describes an application of single FP-based biosensor

fused with an exogenous molecular recognition element.

In the second chapter I describe the modification of a screening methodology for

optimizing FRET-based biosensors for post-translational modification that our lab had reported

earlier (107). This modified screening methodology was applied to the optimization for a

previously reported FRET-based biosensor for protein kinase B and to the development of a new

FRET-based biosensor for cyclin-dependent kinase 1/cyclin B activity.

The third chapter deals with the development of a matrix metalloproteinase-2 FRET-

based biosensor for the final goal of its utilization in revealing potential MMP2 intracellular roles

in cardiac muscle cells. The design of biosensor, in vitro validation experiments, and kinetic

characterization studies will be discussed.

In the fourth chapter, development of homologues of different hue for the earlier reported

single FP-based hydrogen peroxide biosensor (known as HyPer) will be demonstrated.

Concluding remarks and suggestions of future directions will be described in the fifth and

final chapter.
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Chapter 2

DEVELOPMENT AND OPTIMIZATION OF FRET

BASED BIOSENSORS FOR PROTEIN KINASE B

AND CYCLIN B1-CYCLIN DEPENDENT KINASE 1
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2.1 INTRODUCTION

Förster (or fluorescence) resonance energy transfer (or simply FRET) is the process of

non-radiative energy transfer from a blue shifted donor fluorophore to a neighboring red shifted

acceptor chromophore. If the acceptor chromophore is also a fluorophore, it will exhibit

fluorescence at its characteristic emission wavelength without being directly excited at its

characteristic excitation wavelength (108). Three main factors control the efficiency of FRET

namely; spectral overlap between donor emission and acceptor absorption, the distance between

the donor and acceptor molecules, and finally the relative dipole orientation between them (42,

109).

Aequorea green fluorescent protein (GFP) and homologous fluorescent proteins (FPs)

from other marine organisms have been engineered to absorb and fluoresce at a wide variety of

wavelengths ranging from the blue to far red regions of the visible spectrum. The availability of

these various colours of FP has enabled researchers to apply the FRET phenomenon to

intracellular biosensing applications. This has been made possible by the fact that FPs are

genetically encoded so that, contrary to other fluorescent probes like synthetic dyes and quantum

dots, they can be introduced to the cells in non-invasive manner by simple molecular biology

procedures (42, 43). The design of FP FRET-based biosensors relies on the inclusion of

molecular recognition element(s) between FRET pairs of FPs, where the former’s response to a

biological molecule or a triggered cellular event leads to a conformational change modifying the

distance and/or dipole orientation between the latter. This distance or orientation change causes a

modulation of FRET efficiency which is experimentally observed as a change in emission ratio

(42, 43). A design of particular interest to the work described here is the inclusion of an enzyme

substrate domain fused to a post-translationally modified peptide-binding domain between the
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FRET pair. Such a design can be employed to detect the activity of enzymes, such as kinases and

lysine methyltransferases, which catalyze post-translational modifications of specific amino

acids in the context of a peptide substrate. When the enzyme activity of interest modifies the

substrate domain, the modified peptide will bind to the binding domain, causing a large

conformational change and hence a change in FRET (42, 43).

Since the first report of an intracellular FP FRET-based biosensor 16 years ago (47),

numerous research groups have developed a large number of FP FRET-based biosensors for

various biological molecules and events. Nonetheless, developing these biosensors remains a

difficult and laborious undertaking, owing to the fact that even with good structural information,

outcomes in terms of performance are hard to predict. Accordingly, essentially all of the work to

improve the performance of these biosensors depends on trial and error. An illustrative example

of this problem is a study in which 176 FRET-based glutamate biosensors, with variation only in

the interdomain linkers, had to be constructed and tested individually to come up with just one

variant with a useful FRET change (55). Despite the fact that FP FRET-based biosensor

optimization tends to be highly tedious, the effort has been justified by the high impact of useful

sensors that can provide unprecedented insight into spatial and temporal dynamics of

biochemical processes as they happen in live cells. Technological developments that accelerate

the development of useful FRET-based biosensors have the potential to both shorten the

investment of effort required to optimize new sensors, and also to attract a wider range of

researchers to attempt the development of new biosensors customized for their particular

applications.

To date, there have been a few reports of improved strategies for accelerating the process

of FP FRET-based biosensor optimizaiton. For example, one study attempted to develop an
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optimized backbone for FRET biosensors by first optimizing donor and acceptor FPs separately.

They focussed on cyan and yellow variants by trying different combinations or previously

reported variants, and eventually came to the conclusion that enhanced CFP and Turquoise

served as the best donors with the use of YPet as the best acceptor. They also used a

mathematical model to design a very long linker (116 amino acids) that would eliminate

dimerization of FRET pair rendering the FRET efficiency mostly dependant on the distance

between the FRET pair (110). Although the optimized backbone succeeded in improving the

FRET response of previously published biosensors of ERK, PKA, Ras and RacI, it did not show

a reasonable improvement in biosensors of Akt and PKCβ (110). The authors attributed the 

mixed results to lower phosphorylation efficiency (i.e., lower efficiency of modification of the

substrate part of the biosensor). However, one problem with this explanation is that the authors

adopted substrate peptides from previously reported consensus sequences that had been already

used in the construction of successful biosensors. A more likely explanation of the mixed results

is that no one proposed model can be universally applied for all biosensor designs, and

optimization must be done on a case-by-case basis.

In another interesting effort to accelerate the rate of FRET biosensor development, the

authors proposed a semi-automated FRET-based biosensor optimization of two calmodulin-

binding proteins in mammalian cells by the combined use of plasmid DNA arrays and

fluorescence microscopic imaging (111). The plasmid DNA arrays were used to achieve the

reverse transfection of mammalian cells on the array, such that they expressed the biosensor

variant of interest (111). This approach offered the advantage of screening the biosensor variants

in the same biological system that it will finally be applied to. One disadvantage of this approach
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is that the throughput was limited by individual plasmid preparation of different clones and the

transfection efficiency of the mammalian cells (111).

Our lab had previously reported our own screening strategy for rapid optimization of FP

FRET-based biosensors. In this strategy the biosensor library is expressed in colonies of E. coli

along with an inducible version of the enzyme that catalyzes the post-translational modification.

By imaging of the colonies before and after induction of the expression of the modifying

enzyme, biosensors with greater response can be identified. Both the biosensor and enzyme are

expressed from a single expression vector. This approach enabled us to improve the dynamic

range of previously reported biosensor of histone H3 lysine 27 methyltransferase activity (107).

We note that the co-transfection of a biosensor library with a second plasmid encoding the

enzyme activity of interest would be an alternative approach to achieving the same goal. Indeed,

such an approach was adopted by Schifferer et al. in developing an RNA aptamer FRET-based

biosensor (112). Nevertheless, we believe that our approach has distinct advantages such as the

lack of need for multiple transformations and having more than one resistance marker. This

simplifies the experimental procedure and enhances the overall throughput due to higher

transformation efficiency. In this work we report a modified version of this strategy and apply it

to the optimization of a previously reported protein kinase B (PKB) (also known as Akt)

biosensor and to the development of a new cyclin B1-cyclin dependent kinase 1 (CDK1)

biosensor.

2.2 MATERIALS AND METHODS

2.2.1 General Materials and Methods

Unless otherwise indicated all chemicals and reagents were purchased from Fisher

Scientific (Ottawa, ON, Canada) or Sigma-Aldrich Canada (Oakville, ON, Canada). All primers
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were purchased from Integrated DNA Technologies (Coralville, IA, USA). Polymerase chain

reactions (PCRs) were performed using either Taq DNA polymerase (Invitrogen, Burlington,

ON, Canada) or Pfu DNA polymerase (Fermentas, Burlington, ON, Canada) according to the

provided manufacturer’s protocols. Deoxyribonucleotide triphosphate (dNTP) solutions used in

PCRs were purchased from Invitogen. Fast Digest Endonucleases (Fermentas, Burlington, ON,

Canada) were used for restriction digests of all PCR products and plasmids. PCR products and

products of restriction digestion were purified by gel electrophoresis and extracted using GeneJet

gel extraction kit (Fermentas, Burlington, ON, Canada). DNA ligation was performed using T4

DNA ligase (Invitrogen, Burlington, ON, Canada). E. coli ElectroMax DH10B TM (Invitrogen,

Burlington, ON, Canada) was used for transformation and subsequent plasmid propagation. Dye

terminator cycle sequencing using BigDye (Applied Biosystems, Burlington, ON, Canada) was

used to confirm the complete DNA sequencing of all fusion constructs. Sequencing reactions

were analyzed at University of Alberta Molecular Service Unit (MBSU).

2.2.2 Construction of the PKB biosensor library

The pUADE (University of Alberta Dual Expression plasmid) dual expression plasmid

was previously constructed in our lab (107). This plasmid can be used to express one gene under

control of the tac promoter (Ptac) and another gene under control of the araBAD promoter (PBAD).

The pUADE plasmid was modified downstream of the Ptac promoter to include restriction sites

compatible with insertion of the genes for constitutively active PKB and its reporter BKAR.

Consequently, a DNA fragment encoding AvrII-linker-SalI-Linker-SbfI-Linker-EagI has been

amplified by PCR using primers YLS-FRET-FD and YLS-FRET-BK, digested with AvrII and

EagI restriction enzymes and ligated into similarly digested pUADE. An Xho1 site and a HindIII

site were already present in the plasmid at the 5’ and 3’ ends of the insertions site, respectively.
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Successful ligation of the desired DNA was checked by analytical double digestion. The

gene encoding mTFP1 was PCR amplified, double digested with XhoI and AvrII restriction

enzymes and ligated into this modified pUADE after it had been similarly digested. Site-directed

mutagenesis by overlap-extension PCR was used to remove an undesirable XhoI restriction site

in the phosphoserine/threonine binding domain FHA2. Two PCR reactions were carried out

using the pRSET B-BKAR as a template (Addgene, Plasmid 14877). The first reaction used a

forward primer carrying AvrII and a reverse primer that mismatch annealed to the Xho1 site and

carried a silent mutation to destroy the restriction site. The second reaction used a reverse primer

carrying a SalI restriction site and a forward primer that was the reverse complement of the

reverse primer in the first reaction. The two resulting PCR products were gel purified, mixed in

equal proportions, and used as the template for a third PCR reaction with the AvrII and SalI

containing primers. The resulting PCR product was double digested by AvrII and SalI and ligated

into similarly digested modified pUADE containing mTFP1 as described above. Similar plasmid

digestion and ligation steps with appropriately digested PCR product were used to insert the PKB

substrate sequence and YFP between SalI/SbfI and SbfI/HindIII sites respectively. Finally the

gene encoding constitutively active PKB (PKB-T308D, S473D) was PCR amplified from a

template of Addgene plasmid 14751 (pcDNA3 backbone). The PCR product was doubly

digested with EcoRI and BglII and ligated downstream of PBAD in the modified pUADE from the

last step.

The next step in the library preparation required that we insert a variety of cyan FPs and

yellow FPs into the appropriate sites of the biosensor scaffold. Primers for cyan FPs (CFP, TFP,

CyPet, cpTFP193, and cpTFP207) were designed to introduce XhoI and AvrII at the 5’ and 3’

ends, respectively. Similarly, primers for yellow FPs (YFP, Ypet, mCitrine, cpVenus173) were
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designed to introduce an SbfI at the 5’ end and a stop codon followed by HindIII at the 3’ end.

PCR amplifications were performed individually, and resulting PCR products for members of

each group were mixed in equimolar amounts and subjected to double digestion with appropriate

enzymes. Following ligation of the cyan FP group into similarly digested modified pUADE, 2 µl

were used to transform 50 µl of electrocompetent E. coli and the whole reaction mixture was

added to 4 ml LB medium containing 0.04% ampicillin and incubated at 37 °C with shaking at

220 rpm for 16 hours followed by plasmid DNA extraction. The extracted plasmid was then

appropriately digested and ligated with the similarly digested pool of yellow FPs. The resulting

plasmid library with various combinations of CFPs and YFPs, was used to transform competent

E. coli. Plasmid extraction was performed as described above for insertion of the cyan FP pool.

The cDNA encoding the substrate part of BKAR was prepared by overlap PCR amplification

using a forward primer appending SalI followed by the ‘218’ linker and a reverse primer

appending an SbFI restriction site. This cDNA was used as the PCR amplification using the same

3’ primer and a variety of 5’ primers. These different 5’ primers encoded for different lengths of

linker at the 5’ end. The PCR products were mixed in equimolar amounts, double digested, and

ligated into the above mentioned biosensor library containing both the cyan pool and yellow

pool. The resulting plasmid-based library was designated pUADE-PKB.

2.2.3 Construction of CDK1 biosensor library

Further modification of pUADE was performed to ensure compatibility of the restriction

sites with the constitutively active enzyme gene (CDK1, encoded by the CDC28 gene) and its

corresponding activity biosensor gene. An XmaI site was inserted between the EcoRI and BglII

sites of the Ptac multiple cloning site. Polycistronic CDC28-CAK1-CKS1-CLB5 was PCR

amplified from GEX6P-1/CDC28-CAK1-CKS1-CLB5 (a kind gift from Professor David Stuart)
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using primers that appended XmaI and BglII sites at 5’ and 3’ ends, respectively. The resulting

PCR product was double digested and ligated into similarly digested pUADE (previously

modified to contain the XmaI site). Introduction of the cyan FP gene pool was performed as

described above. The cDNA for the CDK1 substrate region was constructed by an overlap PCR

that left a KpnI restriction site at the 3’ end. The yellow FP pool was PCR amplified with

appropriate primers with KpnI and SbfI sites at 5’ and 3’ respectively. Single digestion of both

the CDK1 substrate cDNA and the yellow FPs gene pool with KpnI was performed. These were

then mixed in equimolar proportion and ligated for 1 hour. The ligated product was then used as

a template for further PCR amplifications. Specifically, the 3’ primer was the SbfI-containing

primer mentioned above, and the 5’ primer was a mixture of primers encoding various lengths of

linker and ending in a SalI restriction at the 5’ end. The resulting PCR products were purified,

double digested with SalI and SbfI, and ligated with similarly digested modified pUADE that

already carried the cyan FP library pool. The resulting plasmid-based library was designated

pUADE-CDK1.

2.2.4 Primary library screen in colonies

As described above, we had prepared two distinct plasmid-based libraries, pUADE-PKB

and pUADE-CDK1, of biosensor variants in dual expression plasmids together with the

corresponding enzymes that would catalyze their post-translational modification. E. coli was

transformed with either pUADE-PKB or pUADE-CDK1, and transformants were plated on LB-

agar with 0.04% ampicillin, 1 mM IPTG and 20 mM D-glucose in polystyrene Petri dishes and

incubated at 37 °C overnight. The imaging system used for colony screening in our lab has been

previously described (113). Briefly, it is composed of a 175 W xenon-arc lamp (Sutter

instrument company, Novato, CA) as a source of excitation light; band-pass filters housed in a
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filter wheel for the wavelength selection of the excitation light; a bifurcated fibre optic bundle

(Newport corporation, Stratford, CT) to guide the filtered excitation light to a compartment with

a circular recession to fit a 10 cm diameter Petri dish; a second set of band-pass filters housed in

a filter wheel for selection of emission wavelength positioned vertically above the illuminated

Petri dish; and a Retiga 1300i 12-bit CCD camera (QImaging, Burnaby,BC) just behind the

emission filter wheel to snap pictures of the fluorescent colonies grown in the Petri dish. For

FRET imaging using this system, fluorescence images of the untreated plates were acquired in

both donor (excitation 420-440 nm; emission 460-500 nm) and acceptor (excitation 420-440 nm;

emission 520-550 nm) fluorescence channels. Plates were then sprayed with 1 M L-arabinose

solution, left at room temperature for 2 hours and images were acquired again for both the donor

and acceptor fluorescence channels. Custom macros running in Image Pro Plus (Media

Cybernetics Inc., Silver Spring, MD) were used to process the acquired images and create a

spreadsheet showing donor and acceptor intensities for each colony both pre- and post-spray.

The spreadsheets were exported to Microsoft Excel where the ratio of emission intensity of

acceptor to emission intensity of donor (IAcceptor/IDonor) was calculated for each colony pre- and

post-spray. The emission ratio change was calculated as ΔR/Rmin % and colonies showing the

highest ratio changes (typically ΔR/Rmin > 15%) were isolated, propagated, and their plasmid

DNA extracted and sequenced.

2.2.5 Secondary library screen with purified protein

As a secondary screen of clones identified during the primary colony based screen, each

clone was subjected to 2 separate protein expression conditions. In the first condition, the

biosensor was co-expressed with constitutively active enzyme and in the second condition the

biosensor was expressed alone. The first condition was obtained by inoculating 500 ml Lysogeny
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Broth (LB) medium supplemented with 0.04% ampicillin, 1 mM IPTG and 10 mM L-arabinose

with a single colony of E. coli that had been transformed with pUADE carrying the gene for a

specific biosensor variant. The second condition was obtained by inoculating 500 ml LB medium

supplemented with 0.04% ampicillin, 1 mM IPTG and 30 mM D-glucose with an identical

colony. All cultures were incubated at 37 °C for 24 hours with shaking at 250 rpm (Innova 4330

shaker, New Brunswick Scientific). Cells were harvested by centrifugation at 8000 rpm

(Beckmann Rotor centrifuge) and re-suspended in lysis buffer (50 mM sodium phosphate, 300

mM sodium chloride, 10 mM imidazole, pH 7.5) and lysed by a cell disruptor (Constant

Systems, Daventry, Northants, UK). Insoluble cell debris was separated by centrifugation at

14000 rpm, and biosensor proteins (carrying an N-terminal His6 tag) were then purified by Ni-

NTA affinity chromatography (Amersham, Amersham, Buckinghamshire, UK) and exchanged

into PBS buffer (37 mM NaCl, 10 mM phosphate, 2.7 mM KCl, pH of 7.4) using Amicon Ultra-

4 Centrifugal filter units (Millipore) with a molecular weight cut-off of 50 kDa. All protein

expressions are done in at least 4 replicates to confirm reproducibility and statistical significance.

2.2.6 Gel electrophoresis and Western blotting

Gel electrophoresis and Western blotting was used to assess protein expression and

degree of biosensor phosphorylation of expressed proteins. The concentration of proteins

expressed as described above was determined using bicinchoninic acid (BCA) protein assay

following the manufacturer’s protocol (Pierce). Each of the expressed proteins (1 µg) was

subjected to tricine-SDS-polyacrylamide gel electrophoresis as described earlier (114) in two

parallel experiments. The first gel was stained with Coomassie Brilliant Blue R-250 and the

second gel was subjected to Western blotting. Western Blotting was perfomed via electroblotting

the bands on the SDS-polyacrylamide gel into PVDF membrane (Millipore) followed by
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blocking the membrane by immersion in 5% bovine serum albumin (BSA) in TTBS Buffer (Tris-

buffered saline pH 7.4 containing 0.1% tween-20) overnight at 4 °C. The membrane was then

washed and incubated with rabbit anti-phosphoserine/phosphothreonine (pS/pT) polyclonal

primary antibody (Life technologies) overnight at 4 °C. The membrane was then washed again

and incubated with a horseradish peroxidase (HRP) conjugate of goat anti-rabbit IgG secondary

antibody (Life technologies) for 2 hours at 4 °C. Bands were visualized using ECL-

chemiluminescence substrate (Pierce) and ImageQuant RT ECL imager (GE Healthcare life sciences).
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2.3 RESULTS AND DISCUSSION

2.3.1 Rationale for colony-based screening strategy

Our lab has previously reported a strategy for screening biosensor constructs for

improved ratio change in colonies of E. coli (107). One of the keys to this strategy is a dual

expression system designated as pUADE which can express two different proteins

simultaneously under two different promoters (Ptac and PBAD) (107). In the initial report of this

screening strategy, we reported its application to the optimization of a biosensor for histone

lysine methylation. We reasoned that this system could also be used for screening biosensors of

kinase activity by cloning genes for a constitutively active kinase and its corresponding

biosensor into the two different expression sites in the pUADE dual expression vector (107). We

choose to clone the gene for the kinase downstream of the PBAD promoter ensure tight control of

its expression as L-arabinose will selectively turn it on and D-glucose will shut it off. The kinase

FRET-based biosensor was cloned downstream of the Ptac promoter. These biosensors are

composed of a FRET pair of fluorescent proteins joined by a kinase-specific substrate sequence

bound by a linker to an appropriate phosphoaminoacid-binding domain. Turning on kinase

expression with L-arabinose will artificially induce post-translational modification of the reporter

and hence the biosensor will exhibit a different emission ratio (attributable to a change in FRET

efficiency) relative to the biosensor expressed while the enzymatic expression is shut off by D-

glucose as shown in Figure 2.1.
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Figure 2.1 A schematic presentation of protein expression system pUADE that contains
constitutively kinase gene downstream of L-arabinose-inducible (and D-glucose-repressible)
promoter PBAD and kinase biosensor downstream of IPTG-inducible promoter Ptac. Activation of
PBAD promoter via L-arabinose leads to the expression of the kinase, which in turn
phosphorylates the biosensor and hence causes FRET change.

This dual expression strategy has previously enabled in-colony screening for a histone

lysine methyltransferase activity biosensor using a replica spotting technique in which single

colonies were spotted onto both D-glucose and L-arabinose agar plates in ordered arrays. Both

plates were imaged and a comparison of the ratio of donor to acceptor emission channel

intensities was performed for all colonies (107). One shortcoming of this previous approach was

that the replica spotting was labour intensive and this limited the throughput of the screening

system. In the present work we explored a different approach. Specifically, we expressed

libraries of biosensors of serine/threonine kinases PKB and Cdk1-Cylin B1 with variations in

FRET pair FPs and internal linkers (as shown in Figure 2.2) on D-glucose plates. These plates

were imaged, sprayed with L-arabinose, and then imaged a second time. Digital processing of
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images acquired pre- and post-spray enabled us to identify the colonies that biosensor clones that

exhibited the larges ratio changes (Figure 2.3).

Figure 2.2 An overview of FRET construct library consisting of a pool of cyan FPs (donor), an
FHA2 phosphoprotein binding domain, a linker of various lengths and compositions, a kinase
substrate peptide, and a pool of yellow FPs (acceptor).

Figure 2.3 Screening methodology used in this work. Colonies of E. coli previously transformed
with plasmid library are grown on D-glucose/IPTG plates, images are taken on both donor and
acceptor channels and hence emission ratios are calculated for each individual colony.
Afterwards, plates are sprayed with L-arabinose solution followed by taking images as
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previously described. FRET ratio changes are calculated for each colony and colonies with
highest changes are picked up and a secondary screen with purified proteins is performed.

2.3.2 Optimization of PKB (Akt) FRET biosensor

The serine-threonine kinase known as Akt or protein kinase B (PKB) is a pivotal member

in phosphatidylinositol-3-kinase (PI3K)/Akt signaling pathway. It plays a central role in various

cellular processes including cellular proliferation and growth, metabolism, and apoptosis (115).

Not coincidentally, PKB itself has been identified as an oncogene that is often highly active in

cancer cells (116, 117). Moreover, defects in PKB or upstream and downstream members in its

particular signalling pathway, have been identified in various diseases including numerous types

of cancers (118) and type 2 diabetes (119). PKB itself is composed of three distinct domains: the

N-terminal plecksterin homology (PH) domain; the kinase domain (active site); and the C-

terminal regulatory domains (120). Activation of growth factor receptors will lead to the

activation of phosphatidylinositol 3-kinase which produces phosphatidylinositol 3,4,5-

triphosphate at the plasma membrane which in turn will recruit PKB to the membrane due to

binding to the PH domain (121-123).

Kunkel et al. have reported the development of a PKB activity FRET-based biosensor

designated B-kinase activity reporter (BKAR). BKAR was constructed by incorporating the PKB

phosphorylation consensus substrate sequence RKKRDRLGTLGI fused to phosphoaminoacid

binding domain forkhead-associated domain-2 (FHA2) between mCFP and mYFP. This

biosensor gave a 30% ratio change upon phosphorylation (124) and showed phosphorylation

specificity for PKB over both PKA and PKC. Later efforts by Gao et al. to improve the signal

amplitude of BKAR were not fruitful, and they ended up switching their focus to the

development of a new biosensor called Akt activity reporter (AktAR). AktAR is based on the
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PKB substrate sequence (PRPRSCTWPDPRPEF) fused to phosphoaminoacid binding domain

forkhead-associated domain-1 (FHA1) sandwiched between Cerulean and cpVenus-172. AktAR

exhibits a 40% increase in emission ratio in serum-starved NIH 3T3 cells upon PDGF

stimulation (125). Intrigued by the apparent challenge of improving the response of BKAR, we

chose to focus our efforts on trying to improve its dynamic range as a test case for our screening

strategy.

One of the primary challenges of our colony based biosensor optimization strategy is to

identify a constitutively active kinase that has the required specificity and can fold correctly

when expressed in E. coli. Following translocation of PKB to the plasma membrane, the enzyme

is activated via two sequential phosphorylation steps on Thr308 and Ser473 (126-129). Mutation

of both PKB phosphorylation sites to aspartic acid has been shown to render PKB constitutively

active (130, 131). Presumably, aspartic acid is acting as a mimic of the phosphorthreonine/serine.

We used the gene of double aspartic acid mutant of bovine PKB1 (B. taurus) as a source of

constitutively active PKB and we cloned it downstream of PBAD promoter.

We constructed a library of BKAR variants composed of 5 different cyan FPs, 22

different internal linkers, and 4 different yellow FPs. Overall, there were 5*22*4 = 440 different

variants in this library. The internal linkers chosen are a combination of flexible and rigid

linkers. Flexible linkers adopted are either tandem repeats of GGSGG that already present in

BKAR (124) or linkers of different sizes (2,8,6,8,10,14 and 20 amino acids) reported by

Ibraheem et al (107). Rigid linkers utilized are tandem repeats of previously reported EAAAK

sequence (132).
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It is noteworthy to indicate that 2 of cyan FPs used in this study are new and have not

been reported in literature; which are cpTFP193 and cpTFP207. Their spectral properties (credit

to Dr. Hiofan Hoi) are summarized in table 2.1

FPs
Wavelength of maximum

absorbance

Wavelength of

maximum emmision

Extinction coefficient

(mM-1cm-1)
Φ

cpTFP193 465 491 55 0.59

cpTFP207 465 491 55 0.59

Table 2.1 Spectral properties of cpTFP193 and cpTFP207.

Expression in E. coli and image based screening revealed a wide range of biosensor

responses. Colonies showing the highest ratio changes (all those with >15% change) were

isolated from four different experiments (each experiment had 4 plates), sequenced and the

purified proteins of the selected sequences were subjected to our secondary screen. Sequencing

of the top variants that were found multiple times revealed that all of them contained the mTFP1-

YFP FRET pair, and differed only in the composition of the middle linkers. Although it has been

generally accepted that dimerization-prone FPs pairs such as CyPet/YPet and ECFP/YPet

generally give superior performance in FRET-based sensors, the mTFP1-YFP FRET pair

identified here is not expected to exhibit any tendency for the FPs to dimerize. The clone that

showed the highest FRET ratio change (ΔR/R% = 40.9%) carried the ‘218’ internal linker. The 

other 3 variants were found to carry the (GGSGG)2, (EAAAK)3 and IR middle linkers and

exhibited ratio changes of 30.1%, 22.7% and 22.7%, respectively (Figure 2.4).
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Figure 2.4 Candidates with the highest FRET ratio change of the screened library of PKB
biosensors. Each candidate was grown individually under both kinase inducing and repressing
conditions, IAcceptor/IDonor were calculated and ΔR/R % were represented with SD (n=4). 

The ‘218’ linker is an 18 amino acid linker composed of the sequence

(GSTSGSGKPGSGEGSTKG) and was originally designed in such a way to offer both

conformational flexibility and resistance to proteolysis by most proteolytic enzymes (133). It is

notable that the (GGSGG)2 middle linker clone is very similar to the linker in the original BKAR

biosensor. Accordingly, it is not surprising that the (GGSGG)2 variant exhibited a similar

emission spectrum and response to that of BKAR. Specifically, the unphosphorylated state is the

one that exhibits higher FRET (high acceptor signal) and the phosphorylated state is the one that

exhibited lower FRET (low acceptor signal) (Figure 2.5B). Moreover the ratio change of the

(GGSGG)2 clone is very similar to that reported with BKAR. In contrast, the variant with the
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‘218’ middle linker clone showed the opposite FRET change profile. That is, the

unphosphorylated state was the one with lower FRET efficiency and the FRET efficiency was

enhanced significantly upon phosphorylation (Figure 2.5A). This increase in FRET efficiency

upon phosphorylation is consistent with the expected mechanism of FRET-based biosensors of

this type. That is, the middle domain is expected to become more compact upon modification

and this brings the FPs into closer proximity, increasing the FRET efficiency.

Figure 2.5 Emission spectra of the BKAR variants with the ‘218’ and (GGSGG)2 internal
linkers. Emission spectra were measured for proteins expressed under kinase inducing (L-
arabinose) and repressing (D-glucose) conditions, All spectra are taken at λexcitation of 430 nm and
normalized with respect to donor λemission. (A) An increase in FRET is manifested as an increase
in yellow fluorescence signal of ‘218’ linker biosensor upon phosphorylation (presence of L-
arabinose). (B) A loss of FRET efficiency is manifested as a decrease in yellow fluorescence
signal of (GGSGG)2 linker biosensor upon phosphorylation.

To confirm that the change in emission ratio for the ‘218’ variant was due to

phosphorylation of the PKB substrate sequence and that constitutively active PKB is indeed

expressed and active in the presence of L-arabinose, we performed SDS-PAGE and an anti-

phosphothreonine Western blot for the proteins expressed under both repressing (presence of D-

glucose) and inducing (presence of L-arabinose) conditions. Coomassie staining of an SDS-

PAGE gel showed a band corresponding to the ‘218’ biosensor (expected MW 72 kDa) in both
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D-glucose and L-arabinose conditions. In the lane for the protein expressed in the presence of L-

arabinsose we observed an extra band for constitutively active PKB enzyme (expected MW 54

kDa). The PKB enzyme contains an N-terminal His6 tag so co-purifies with the biosensor during

Ni-NTA affinity purification. Western blot using an anti-phosphothreonine antibody confirmed

the phosphorylation of the biosensor under expression with L-arabinose.

Figure 2.6 Confirmation of enzyme expression and functionality. (A) Coomassie blue stained
SDS-PAGE of proteins expressed under different induction conditions: enzyme repressing (D-
glucose, left lane) and inducing (L-arabinose, right lane); * indicates biosensor and ** indicates
enzyme band. (B) Western Blot using anti-phosphothreonine antibodies for biosensor expressed
under L-arabinose (left lane) and under D-glucose (right lane).
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2.3.3 Optimization of a cyclin B1-CDK1 FRET biosensor

The process of mitosis has long been known to be triggered by the activation and nuclear

translocation of cyclin B1-associated kinases, the most important of which is cyclin B1-CDK1.

Once activated, cyclin B1-CDK1 can phosphorylate a broad spectrum of substrates involved in

various steps in mitosis like mitotic spindle generation, chromosome condensation and nuclear

envelope breakdown (134-136). Nevertheless, the detailed mechanism of operation and temporal

coordination of the various tasks performed by cyclin B1-CDK1 is still unclear. A FRET-based

biosensor of CDK1 would greatly facilitate efforts to investigate the spatial and temporal

localization of CDK1 activity during mitosis. There is currently only one FP FRET-based

biosensor that had been reported for cyclin B1-CDK1 (137, 138). The existing biosensor is

composed of an autophosphorylation substrate peptide site from human cyclin B1

(PEPILVDTSSPSPMET) fused to polo-box phosphoamino acid binding domain sandwiched

between the mCerulean and YPet FRET pair (137, 138). This biosensor showed a relatively

small change in emission ratio of about 10-15% upon cyclin B-CDK1 activation indicated by

nuclear envelope breakdown (137, 138). We initially tried to work with the published biosensor

design to try and improve its ratio change upon phosphorylation. Nevertheless we were unable to

achieve functional expression in E. coli. We attribute this failure to the improper folding of the

polo-box domain in E. coli. Hence we decided to substitute the polo-box domain with the FHA2

domain already used in the earlier section of this chapter and we kept that same substrate

(PEPILVDTSSPSPMET) from the earlier cyclin B-CDK1 biosensor in our design.

To apply our colony based screening protocol, we also required a recombinant

continuatively active CDK1 that can be expressed, fold well, and function well, in E. coli. A

literature search led us to Saccharomyces cerevisiae rCdc28–Clb5 (Cyclin B-CDK1 analogue in
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S. cerevisiae) from pGEX6P-1/CDC28–CAK1–CKS1–CLB5 plasmid. Expression of active

CDK1 requires expression of multiple genes including the Cdc28 kinase itself, its activating

Cak1 kinase, the Cks1 subunit, and Clb5 S-phase cyclin in one polycistronic unit that was

constructed by Tak et al. (139). Consequently, we cloned the complete polycistronic gene

downstream of PBAD promoter while we cloned library of different biosensors downstream of the

Ptac promoter. The biosensor library was similar in design to that discussed in earlier section (as

in Figure 1.2).

Application of the colony based screening procedure led to the identification of several

variants that showed high emission ratio changes. Each of these variants was isolated

individually and propagated under both enzyme inducing and repressing conditions and their

percent ratio change determined (Figure 1.7). DNA sequencing of that the biosensor with the

highest ratio change (67.0 ± 2.1%) was composed of the mTFP1-YFP FRET pair with

(GGSGG)2 as the middle linker between FHA2 and substrate sequence.
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Figure 2.7 Variants with the highest FRET ratio change of the screened library of cyclin B1-
CDK1 biosensors. Each candidate was grown individually under both kinase inducing and
repressing conditions and ΔR/R% was determined for the purified proteins. Error bars represent 
standard deviation (n=4).

As with the PKB biosensors, we needed to confirm that the observed high FRET change

for the (GGSGG)2 variant was due to phosphorylation post-translational modification.

Accordingly, we performed both SDS-PAGE and Western blotting for the (GGSGG)2 proteins

expressed in the presence of L-arabinose or D-glucose to either induce or repress kinase

expression, respectively.
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Figure 2.8. Confirmation that the FRET change is a consequence of phosphorylation. (A)
Coomassie blue stained SDS-PAGE gel of CDK1 biosensor mTFP1-(GGSGG)2-YFP expressed
with D-glucose (enzyme repressive; left panel) or L-arabinose (enzyme inducing; right panel).
(B) Western blot of the same biosensor expressed with D-glucose (left panel) or L-arabinose
(right panel) using anti-phosphoserine primary antibody. (C) Emission spectra of the same
biosensor under kinase inducing (L-arabinose) and repressing (D-glucose) conditions, all spectra
are taken at λexcitation of 430 nm and normalized with respect to donor λemission

Indeed, Coomassie blue staining of one of the replicate gels of the (GGSGG)2 variant

(Figure 1.8C) expressed under both kinase repressing and inducing conditions showed a single

major band at the expected molecular weight of the biosensor (Figure 1.8A). Moreover, a

Western blot of the same protein samples on a replicate gel using anti-phosphoserine primary

antibody unequivocally revealed that the FRET change is due to phosphorylation of the

biosensor (Figure 1.8C)
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2.4 CONCLUSION

Despite the extensive use of FP FRET-based biosensors by many researchers and

extensive efforts to optimize such biosensors for high ratio change, the typical strategies

employed are extremely labour intensive and almost entirely empirical. Consequently, our lab

had been motivated to develop a colony-based screening technique for rapid identification of

optimum enzyme biosensors. This strategy relies on a dual expression vector that can express

two proteins under two different promoters which enabled us to subject the same colonies to two

different scenarios, one with expressing the biosensor alone and one with expressing the active

enzyme with the biosensor. By digitally comparing between the images of the same colonies

under these two different conditions, we can identify the colony and hence the biosensor with the

highest FRET change which will enable us to efficiently screen large libraries of different

variants.

In this work we reported a modified version of our previously reported methodology and

exploited it for the optimization of kinase activity biosensors. Specifically, we applied the

method to optimize biosensors for PKB (Akt) and cyclin B-CDK-1 by screening libraries of

different FRET pairs and middle linkers. We successfully improved the previously reported

BKAR sensor by improving the ratio change upon phosphorylation from 30% to 40%. In

addition we dramatically improved the performance of a cyclin B1-CDK1 biosensor by

increasing the ratio change upon phosphorylation from ~10-15% to 67%.
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CHAPTER 3

DESIGN AND CONSTRUCTION OF FRET BASED

BIOSENSOR FOR MATRIX-

METALLOPROTEINASE-2



49

3.1 INTRODUCTION

Proteases are implicated in almost all biological pathways and networks, and their

misregulation is involved in a broad range of diseases, including inflammation,

neurodegeneration, cancer, and many cardiovascular disorders (140). They are broadly

categorized on the basis of their catalytic mechanisms, and further classified into families based

on their tertiary structure and active site residues (141). There are five main classes of proteases:

metalloproteinases, serine proteases, cysteine proteases, threonine proteases and aspartic acid

proteases (140). Matrix metalloproteinases (MMPs) are a family of zinc-dependent

endopeptidases best known for their capacity of proteolyzing extracellular matrix proteins.

However, there is mounting evidence that MMPs can also target a growing list of non-

extracellular matrix substrates both outside and inside the cell (142). MMP-2 is ubiquitously

expressed in cardiomyocytes (heart muscle cells), and is initially synthesized as a 72 kDa

zymogen that can be activated by proteolytic removal of the propeptide domain to produce the

catalytically active 64 kDa form of MMP-2 (142). However, it can also be activated

intracellularly by post-translational modifications including S-glutathiolation and

dephosphorylation (142). When activated in cardiomyocytes, MMP-2 specifically proteolyzes

certain sarcomeric and cytoskeletal proteins, including troponin I (TnI), myosin light chain-1, α-

actinin, and titin, and contributes to acute loss of myocardial contractile function (142).

Fluorescent proteins (FPs) are widely used for investigating intracellular localization and

function of proteins. Relative to other types of fluorophores, FPs are particularly well suited for

such applications since they are proteins themselves, and as such they can be genetically encoded

and transcribed and translated in situ. The utility of the naturally occurring FPs has been

dramatically increased by the efforts of protein engineers who have developed FPs with different

hues and photophysical properties. Furthermore, FPs can be engineered to be active biosensors
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of enzyme activities by taking advantage of the modulation of Förster (also known as

fluorescence) resonance energy transfer (FRET) between two FPs with different fluorescence

hues (42). This FRET-based biosensing strategy is of particular usefulness when applied to

proteolytic enzymes. Proteolytic enzymes were some of the first enzymes to be probed by the

earliest examples of FP FRET based biosensors but they continue to be widely used as tool for

biological studies and also test new FRET pairs (143, 144). Probing proteolytic enzymes can be

carried out by monitoring the protease-dependent loss of FRET between a donor and an acceptor

FP (energy donor and acceptor) that are genetically fused to the N- and C-terminal ends of a

peptide substrate. Since they are genetically fused together at a distance that is typically similar

to or less than the Förster radius, such constructs typically exhibit a high FRET efficiency prior

to cleavage. Following cleavage the two fragments are free to dissociate and FRET is completely

lost.

In this chapter we demonstrate the design and validation of FRET-based biosensors for

the measurement of intracellular MMP-2 activity, based on the use of troponin I as an MMP-2

substrate.
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3.2 MATERIALS AND METHODS

3.2.1 General methods and materials

Unless otherwise indicated all chemicals and reagents were purchased from Fisher

Scientific (Ottawa, ON, Canada) or Sigma-Aldrich Canada (Oakville, ON, Canada). All primers

were purchased from Integrated DNA Technologies (Coralville, IA, USA). Polymerase chain

reactions were performed using either Taq DNA polymerase (Invitrogen, Burlington, ON,

Canada) or Pfu DNA polymerase (Fermentas, Burlington, ON, Canada) according to the

manufacturer’s protocols. Fast Digest Endonucleases (Fermentas, Burlington, ON, Canada) were

used for restriction digests of all PCR products and plasmids. PCR products and products of

restriction digestion were purified by gel electrophoresis and extracted using GeneJet gel

extraction kit (Fermentas). DNA ligation was performed using T4 DNA ligase (Invitrogen). E.

coli ElectroMax DH10BTM (Invitrogen) was used for transformation and subsequent plasmid

propagation. Dye terminator cycle sequencing using BigDye (Applied Biosystems, Burlington,

ON, Canada) was used to confirm the complete DNA sequencing of all fusion constructs.

Sequencing reactions were analyzed at the University of Alberta Molecular Service Unit. Human

recombinant active enzymes including: MMP-2 (66 kDa), MMP-3 (22 kDa), MMP-9 (83 kDa),

MMP-13 (52 kDa), calpain-1, and caspase-3 were purchased from Calbiochem (Billerica, MA,

USA). Recombinant human TnI in 50 mM Tris pH 7.6 containing 0.5 M NaCl, 0.1 mM DTT and

0.1% (w/v) NaN3, was a gift from Dr. James Potter (Department of Molecular and Cellular

Pharmacology, University of Miami, FL, USA). The following were purchased from the sources

indicated: trypsin (Worthington, Lakewood, NJ, USA); OmniMMP® fluorogenic peptide

substrate (Enzo Life Sciences, Plymouth Meeting, PA, USA); Precision Plus protein dual color

molecular weight standard and Coomassie Brilliant Blue R-250 (Bio-Rad, Hercules, CA, USA).
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3.2.2 Construction of the FRET-based biosensors

Potential MMP-2 cleavage sites (motifs) were determined according to the conclusions of

Turk et al. (145) and Chen et al. (146). The consensus substrate sequences were aligned with

human cardiac troponin I (TnI, Accession P19429), and the result was restricted to the top 15

sites with more than 60% homology using the SIM Alignment tool

(http://web.expasy.org/sim/) for protein sequence (Figure 3.1). Based on the putative MMP-2

cleavage motifs in the TnI sequence, we constructed 2 FRET-based biosensors, designated as

TnI-1 and TnI-2 (Figure 3.2). A 24 amino acid sequence (TnI-1) and a 17 amino acid sequence

(TnI-2) derived from human cardiac TnI were inserted between a FP FRET pair (CyPet and

YPet, Figure 3.1). A third sensor (Control) contained the sequence GGSGG IPVSLRSG

GGSGG, which has been reported to be a selective substrate for MMP-2 (145).

The CyPet donor FP was amplified by PCR from pCyPet-His (Plasmid 14030, Addgene,

Cambridge, MA, USA) using a 5’ primer containing an XhoI restriction site and a 3’ primer with

a BglII restriction site. The PCR product was purified, digested with XhoI and BglII and ligated

into similarly digested pBAD-His B vector. The acceptor FP was amplified via PCR from

pYPet-His (Plasmid 14031, Addgene, Cambridge, MA, USA) using specific primers appending

5’ KpnI and 3’ HindIII restriction sites. PCR products were purified, digested with appropriate

enzymes and ligated into previously ligated pBAD/His B already containing CyPet from the

previous step. Genes encoding potential MMP-2 substrates were prepared by overlap PCR with

primers appending BglII and KpnI at 5’ and 3’ ends respectively. PCR products were purified,

digested with appropriate enzymes and ligated into previously ligated pBAD/His B already

containing FRET pair from previous steps.
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3.2.3 Protein purification

A single colony was used to inoculate 1 L of Lysogeny Broth (LB) medium

supplemented with 0.04% ampicillin. Expression of the His6-tagged protein was induced by L-

arabinose (0.2%), and the culture was incubated at 37 °C for 24 hours with shaking at 250 rpm.

Cells were harvested by centrifugation at 9800 g and re-suspended in lysis buffer (50 mM

sodium phosphate, 300 mM sodium chloride, 10 mM imidazole, pH 7.5). The cells were lysed by

cell disruptor (Constant Systems, Daventry, Northants, UK) and debris was separated by

centrifugation at 21000 g. Proteins were then purified by Ni-NTA affinity chromatography

(Amersham, Buckinghamshire, UK) and dialyzed into the specific buffer of the enzyme to be

tested. The buffer for MMP contained 50 mM Tris pH 7.6, 10 mM CaCl2, and 10 μM ZnSO4.

The buffer for calpain contained 20 mM Tris-HCl, 25 mM NaCl, 0.15 mM CaCl2, and 10 mM

DTT, pH 7.5. The buffer for caspase contained 100 mM HEPES, 2 mM EDTA, 0.1% CHAPS,

and 5 mM DTT, pH 7.6. To determine the concentrations of the biosensor proteins, absorbance

at 435 nm was recorded on a DU-800 spectrophotometer (Beckman-Coulter, Mississauga, ON,

Canada), and concentrations were calculated using Beer-Lambert’s law and the previously

reported extinction coefficient for CyPet (ε = 35,000 M-1cm-1 (144)).

3.2.4 Efficacy of MMP-2 against the FRET-based biosensors

Recombinant human MMP-2 activity was first tested against a known MMP substrate

(Omni MMP®), as a positive control for MMP-2 activity. In order to determine if MMP-2 could
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catalyze proteolysis of the constructed biosensors, we incubated each biosensor (1 μM) with or 

without 10 nM MMP-2, and changes in fluorescence were measured for 4 h at 37°C using a

Safire2 plate reader (Tecan, Männedorf, Switzerland). Initial assays were made in 120 μl total 

volume in black polystyrene half-area plates. Full wavelength scans of the biosensor emission

spectrum were presented as fluorescence intensity normalized to CyPet.

3.2.5 Calculation of kcat/KM

Timecourse assays were used to determine the second order rate constant (kcat/KM) for

proteolysis. The two biosensors that were able to cleave MMP-2 (TnI-2 and Control) were used

in serial concentrations from 0.25 - 10 μM and were incubated with 10 nM of MMP-2 at 37 °C in 

a 96-well plate, in order to determine their kcat/KM. Excitation wavelength was set to 414 nm and

fluorescence emission was collected at 475 nm and 527 nm. Measurements were collected every

2 minutes for 16 hours using a Safire2 plate reader (Tecan, Männedorf, Switzerland). The ratio

of fluorescence intensity at 475 nm to that at 527 nm was calculated at each time point. Amounts

of product were calibrated and determined using the fluorescence ratio from a given biosensor

digested to completion with 10 nM trypsin as a 100% product and fluorescence ratio of the intact

biosensor in the buffer (without any protease) as 0% product. Appropriate lag time (about 10

minutes) was used to exclude data prior to 37 °C equilibration. Initial rates were determined at

various substrate (biosensor) concentrations and data were directly fit with the Michaelis-Menten

equation using SOFTmax Pro 4.8 (Molecular Devices, Sunnyvale, CA). For the Control

biosensor (for which KM >> [S]), kcat/KM was calculated by linear regression of initial rates vs.

substrate concentrations.
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3.2.6 Specificity of biosensors for MMP-2

To examine the specificity of the biosensors toward MMP-2, a variety of recombinant

human matrix metalloproteinases (MMP-3, -9, and -13), as well as other recombinant human

proteases (calpain-1 and caspase-3) were tested in parallel. All enzymes used were tested against

OmniMMP® peptide to check their activity.

To test the ability of these proteases to degrade troponin I, each enzyme (61 nM) was

incubated for 120 min at 37 °C with 4.8 mM recombinant human TnI in 50 mM Tris pH 7.6, 10

mM CaCl2, 0.05% Brij detergent, 10 μM ZnSO4. Samples were diluted in reducing Laemmli

buffer containing 6% v/v 2-mercaptoethanol (147) and boiled for 3 minutes. Samples were then

run on a 10% SDS-PAGE gel which was then stained with Coomassie blue. The reduction in

intensity of the full length 25 kDa TnI band and appearance of lower molecular weight fragments

below it indicated TnI degradation. As it has been previously reported that caspase-3 is unable to

proteolyse TnI in vitro (148), this enzyme was not tested in this preliminary experiment.

After checking if the tested proteases were able to degrade TnI in vitro, 10 nM of each

enzyme were added into individual wells of a 96-well plate, and mixed with 2 μM of each 

biosensor in a final volume of 120 μL. The excitation wavelength was set to 414 nm and 

fluorescence emission was collected at 475 nm and 527 nm. Measurements were collected every

2 minutes for 16 h using a Safire2 plate reader (Tecan, Männedorf, Switzerland). The ratio of

fluorescence intensity to 475 nm to that at 527 nm was calculated at each time point, and values

were plotted against time.
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3.2.7 Stability of the TnI-2 and control biosensor in different pH range

To determine the pH dependence of the fluorescence ratio of TnI-2 and Control

biosensors, we measured the emission ratio for each biosensor at a range of pH values. Each

biosensor (1 µM) was dispensed into wells of a 96-well plate dark-sided with clear bottom plate

(Corning, Tewksbury, MA, USA). Each well contained Britton–Robinson buffer (149) adjusted

to a specific pH value in the range from 5-10. Measurements were performed in triplicate. The

fluorescence emission from 430-650 nm was measured using 414 nm as the excitation

wavelength. Ratios of fluorescence intensity at 475 to 527 were calculated at each pH value and

ratios were plotted as a function of pH.

3.2.8 Preparation of vector for expression of TnI-2 biosensor in mammalian cells

In order to express TnI-2 biosensor in mammalian cells for the purpose of live cell

imaging, the lentiviral LV-GFP vector (Plasmid 25999, Addgene, Cambridge, MA, USA) was

modified and subsequently used for gene expression. To simplify gene cloning into this vector,

the HincII (blunt end producing) restriction site occurring upstream of the open reading frame

was mutated to a SalI (sticky end producing) restriction site using QuikChange™ site directed

mutagenesis kit (Stratagene, La Jolla, CA, USA). The gene encoding CyPet and the TnI-2

substrate was amplified by PCR from the pBAD/His B vector carrying the whole biosensor

construct. The PCR primers appended SalI and BamHI restriction sites at 5’ and 3’ ends,

respectively. The PCR product was purified, double digested and ligated into similarly digested

modified LV-GFP. The gene encoding YPet was amplified from pYPet-His appending BamHI

and KpnI restriction sites at 5’ and 3’ ends, respectively. The PCR product was purified, double
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digested and subsequently ligated into the similarly digested modified LV-CyPet-TnI-2 vector.

All constructs were confirmed by DNA sequencing.

3.3 RESULTS AND DISCUSSION

The goal of this study was to develop a sensitive, genetically encoded FRET-based

MMP-2 biosensor based on the N-terminus sequence of troponin I, a known intracellular MMP-2

substrate. Having such a FRET-based biosensor would allow us to analyze MMP-2 activity and

answer some key questions about the conditions under which MMP-2 is activated and the

kinetics of the proteolysis.

Our collaborator, Professor Richard Schulz from the Department of Pharmacology, has

previously demonstrated that MMP-2 can degrade troponin I (150), among other sarcomeric

proteins, during oxidative-stress conditions such as ischemia-reperfusion injury (151, 152).

Unpublished data from Professor Richard Schulz’s lab has suggested that MMP-2 can cleave TnI

between amino acids 17 to 24, which led us to speculate that early degradation events could

occur in the N-terminus of the TnI. This inspired us to choose some potential cleavage sites of

MMP-2 present in the N-terminus of troponin I, as the basis for constructing a genetically

encoded biosensor of MMP-2 activity (see Figure 3.1). Our choice of the potential sequences

was further supported by sequence alignment with previously reported MMP-2 consensus

substrate motifs (control motifs) (145) located within the troponin I sequence.
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Figure 3.1 TnI sequence showing potential MMP-2 cleavage sites. Indicated on the sequence are
putative MMP-2 cleavage motifs in TnI (P19429) (amino acid sequences indicated with red
rectangles); a previously confirmed MMP-2 cleavage motif in TnI (indicated with a blue
rectangle and bold text); and the localization of the two sequences (underlined) used to prepared
potential MMP-2 activity biosensors (black star, fusion point of CyPet; white star, fusion point of
YPet).

After these analyses, we came up with two sequences that were promising as MMP-2

substrates. The first sequence extended from residues 41 to 64

(ISASRKLQLKTLLLQIAKQELERE) and was designated TnI-1 (Figure 3.2). The second

sequence extended from residues 10 to 26 (REPRPAPAPIRRRSSNY) and was designated TnI-2

(Figure 3.2). It is noteworthy to point out that the former sequence (TnI-1) contains two

occurrences (QLKTL and LLQIA) of the consensus motif I/LXXXHY where XHY is a

hydrophobic residue. This consensus sequence was argued by Chen et al. to be selective for

MMP-2 over other MMPs (146). On the other hand the latter sequence (TnI-2) contains the PAPI

sequence which corresponds to the consensus motif PXXXHY which been reported to be an

optimal substrate for all MMPs (153-155). The TnI-2 sequence also contains the confirmed

cleavage site of MMP-2 APIRRRSS (Richard Schulz, unpublished data). We took the sequence

MADGSSDAAREPRPAPAPIRRRSSNYRAY
ATEPHAKKKSKISASRKLQLKTLLLQIAK
QELEREAEERRGEKGRALSTRCQPLELAG
LGFAELQDLCRQLHARVDKVDEERYDIEA
KVTKNITEIADLTQKIFDLRGKFKRPTLR
RVRISADAMMQALLGARAKESLDLRAHLK
QVKKEDTEKENREVGDWRKNIDALSGMEG
RKKKFES

10 26

41

64

1

210
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of the previously mentioned control motif (IPVSLRSG) (145) as our positive control (designated

Control) for MMP-2 activity (Figure 3.2).

Figure 3.2 An overview of the design of the three different constructs investigated in this study.
TnI-1 and TnI-2 contain MMP-2 cleavage sites derived from human cardiac troponin I (TnI), the
third construct contained a sequence reported be selective for MMP-2 (145).

To construct the FRET biosensor, we chose the CyPet and YPet FRET pair that was

engineered through the use of fluorescence activated cell sorting (FACS)-based screening of

libraries of CFP and YFP for optimum FRET efficiency. Briefly, a construct containing both

CFP and YFP was subjected to multiple evolutionary cycles of random mutagenesis and

synthetic DNA shuffling with selection for high FRET efficiency (144). The CyPet and YPet

FRET pair typically provides fluorescence ratio changes that are up to six times greater than

those provided by CFP and YFP. These large fluorescence changes provide improved contrast

and more sensitive detection of proteolytic activity when incorporated into protease biosensors of

the type invested in this work (144). In the design used in this work, MMP-2 would cleave the

biosensors substrate peptide region, thus separating CyPet and YPet causing a loss of FRET

efficiency (Figure 3.3). The FRET change could be monitored by the increase in the emission

ratio of CyPet/YPet.

A similar strategy has previously been used to investigate extracellular MMP-2 activity.

Yang et al. inserted a substrate above mentioned control motif (IPVSLRSG) in a FRET
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biosensor based on the CFP and YFP pair (156). In the previous work, the authors did not detect

endogenous MMP-2, but rather added high amounts of recombinant MMP-2 to the cell culture

medium during live cell imaging. Also, they did not use their biosensor to report on intracellular

MMP-2 activity, which is the goal of this study.

Figure 3.3 Schematic illustration of the MMP-2 biosensor based on FRET from CyPet to YPet.

Following the incubation of the two TnI based biosensors and Control biosensor with 66

kDa MMP-2 a significant increase in CyPet channel (475 nm) with concomitant decrease in YPet

channel (527nm) were observed with the TnI-2 based biosensor (Figure 3.4A) and the control

biosensor, but not the TnI-1 biosensor. In contrast to the results reported by Chen et al. (146), the

construct that carried the I/LXXXHY consensus motif did not show any significant change in

FRET even after treatment with MMP-2 for 16 hours. For this reason, TnI-1 was excluded from

further studies. We confirmed the proteolytic cleavage of the TnI-2 biosensor by performing

N

C

FRET

MMP2

C

N
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SDS-PAGE. The biosensor incubated with MMP-2 for 1 hour was cleaved into smaller

fragments, but identical samples incubated either without MMP-2 or in the presence of MMP2-

inhibitors were not cleaved into smaller fragments (Figure 3.4B).

Figure 3.4 Preliminary characterizations of the three designed biosensors. (A,B,C) FRET change
after incubation of 1 µM of each of TnI-1 (A), TnI-2 (B) and control (C) biosensors with 10 nM
MMP-2, for 2 hours. (D) Coomassie stained 10% SDS-PAGE of TnI-2 biosensor under different
conditions. All lanes contain 1 µM TnI-2. Lane 1 contains TnI-2 alone. Lane 2 and 3 contain
TnI-2 plus MMP-2 (10 nM) in 10% methanol and DMSO respectively. Lanes 4-7 contain TnI-2
plus MMP2 plus an MMP inhibitor as follows: lane 4, 1 mM o-phenanthroline (in 10%
methanol); lane 5, 10 µM GM 6001 (in 10% DMSO); lane 6, 10 µM ONO-4817 (in 10%
DMSO) and; lane 7, 10 µM ARP (in 10% DMSO).

In order to compare the MMP-2 activity against the Control biosensor with the MMP-2

activity against the TnI-2 biosensor, we determined the second order rate constants for

proteolysis (kcat/KM). This parameter allows us to compare the specificity to different substrates

of a particular enzyme. Various methods have been previously employed to determine kcat/KM
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including enzyme digestion followed by polyacrylamide gel based Western blot, radioactive

labeling, and the use of fluorescently labeled substrates. FRET-based protease assays have been

used to study proteases like deubiquitinating enzymes (157) and Sentrin/SUMO-specific

proteases (SENPs) (158). In the SENP study, the donor/acceptor emission ratios were used as

internally controlled and reliable measurements of the absolute quantities of substrates allowed

that “uncleaved” and “100% cleaved” emission ratios were known. In a recent study, the authors

suggested that cross-talk between donor and acceptor FPs should be corrected in the calculation

of kinetic parameters (159). For our purposes, we reasoned that since we are more interested in

comparing two unique substrates in terms of relative rather than absolute kinetic parameters,

spectral cross-talk would not significantly affect the comparison. In addition, the high FRET

efficiency and relatively high dynamic range provided by the CyPet and YPet FRET pair was

expected to minimize the contributions of any errors due to spectral cross-talk.

The kinetic analysis revealed that the TnI-2 biosensor exhibited a kcat/KM value with

MMP-2 that is 4.8 times higher than the Control biosensor. Specifically, kcat/KM was determined

to be 3372 M-1 s-1 for TnI-2 and 700 M-1 s-1 for Control as shown in Figure 3.5. This result

indicates that the TnI-2 biosensor (containing the TnI-derived substrate peptide) is a better

substrate for MMP-2 than the one considered as the positive control. It is noteworthy to mention

that the kcat/KM for the Control biosensor substrate sequence was reported to be two orders of

magnitude higher than what we experimentally found (145). The source of this substantial

discrepancy in the rate of this substrate turnover remains unclear, but it could potentially be due

to batch-to-batch variation in specific activity of commercially available MMP-2. Indeed, we

have substantial variation when testing batches from the same supplier and from different

suppliers. It is also possible that inclusion of the substrate sequence between two relatively large
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FPs might affect the rate significantly by limiting access of the enzyme to the substrate.

However, we expect that the relatively long (17 amino acids) substrate sequence should provide

sufficient access of the enzyme to its corresponding substrate site.

Figure 3.5 Kinetic analysis of TnI-2 and Control biosensors. The kcat/KM values for TnI-2 and
Control biosensors were determined by fitting initial rate data at varying biosensor
concentrations to the Michaelis-Menten equation.

To analyze if the constructed biosensors were specific for MMP-2, we wanted to test

them against a variety of different MMPs (MMP -3, -9, -13), as well as two other proteases,

calpain-1 and caspase-3. Enzyme activities were first tested against a known MMP substrate

OmniMMP®, as a positive control for their activity (data not shown). All MMPs were able to

proteolyze OmniMMP® whereas calpain-1 and caspase-3 did not.

We then tested the ability of MMPs and calpain-1 to proteolyze human recombinant TnI

in vitro (Figure 3.6). All tested MMPs, as well as calpain-1, were able to proteolyse TnI. With



the MMPs one sees a degradation band at 23 kDa, while for calpain

appears at a molecular weight of approximately 17 kDa, which suggests that MMPs and calpain

1 have different cleavage motifs on T

as it has previously been shown that caspase

Figure 3.6 TnI degradation by different MMPs and calpain
stained with Coomassie blue.

We next compared the rate at which MMPs and other proteases were able to cleave the

TnI-2 and Control biosensors. We incubated TnI

their respective buffers), and recorded their 475/527 nm fluorescence ratio eve

16 hours (Figure 3.7). We found that both biosensors were specific for MMPs and were not

substantially proteolyzed by either calpain

specific for MMP-2 relative to other MMPs. That is, MMPs

TnI-2 and Control biosensors substantially faster

ratio vs. time profiles. MMPs

1.5 within the time frame of the

occured (Figure 3.7). We showed earlier that that calpain

that is distinct from that for MMPs. For this reason it is not surprisingly that calpain

able to cause changes in FRET for the TnI

64

the MMPs one sees a degradation band at 23 kDa, while for calpain-1, the TnI hydrolysis band

appears at a molecular weight of approximately 17 kDa, which suggests that MMPs and calpain

1 have different cleavage motifs on TnI. Caspase-3 was not tested in this preliminary experiment,

as it has previously been shown that caspase-3 is unable to proteolyse TnI in vitro

TnI degradation by different MMPs and calpain-1. Shown is a 10% SDS

We next compared the rate at which MMPs and other proteases were able to cleave the

2 and Control biosensors. We incubated TnI-2 and Control biosensors with each enzyme (in

their respective buffers), and recorded their 475/527 nm fluorescence ratio eve

16 hours (Figure 3.7). We found that both biosensors were specific for MMPs and were not

substantially proteolyzed by either calpain-1 or caspase-3. However, the biosensors were not

2 relative to other MMPs. That is, MMPs -3, -9 and -13 all cleaved both the

2 and Control biosensors substantially faster than MMP-2 and gave similar fluorescence

ratio vs. time profiles. MMPs -3, -9 and -13 all reached a plateau ratio value of approximately

1.5 within the time frame of the experiment, indicating that complete biosensor cleavage had

occured (Figure 3.7). We showed earlier that that calpain-1 proteolyzed TnI at a cleavage site

that is distinct from that for MMPs. For this reason it is not surprisingly that calpain

ble to cause changes in FRET for the TnI-2 biosensor.

1, the TnI hydrolysis band

appears at a molecular weight of approximately 17 kDa, which suggests that MMPs and calpain-

3 was not tested in this preliminary experiment,

in vitro(148).

1. Shown is a 10% SDS-PAGE gel

We next compared the rate at which MMPs and other proteases were able to cleave the

2 and Control biosensors with each enzyme (in

their respective buffers), and recorded their 475/527 nm fluorescence ratio every 20 minutes for

16 hours (Figure 3.7). We found that both biosensors were specific for MMPs and were not

3. However, the biosensors were not

13 all cleaved both the

2 and gave similar fluorescence

13 all reached a plateau ratio value of approximately

experiment, indicating that complete biosensor cleavage had

1 proteolyzed TnI at a cleavage site

that is distinct from that for MMPs. For this reason it is not surprisingly that calpain-1 was not
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The biosensors were not specific for MMP-2 relative to other MMPs, which all showed

higher activity than MMP-2 towards the TnI-2 and Control biosensors (Figure 3.7). This result

could potentially be explained by the other commercial MMP preparations having higher specific

activity than the MMP-2 we used in this study. The experiments in this work were done based on

the basis of equivalent enzyme and substrate concentration and not normalized by specific

activity. Further confounding this issue is the fact that the assays used by the respective providers

to measure specific activity were different or each MMP, making it impossible to compare

values. One encouraging observation was that our TnI-2 biosensor was degraded by MMP-2

faster than the control biosensor was. That is, the TnI-2 biosensor was proteolzyed at a rate that

was faster than the Control biosensor. This result was expected, taking into consideration the

higher kcat/KM value for the TnI-2 biosensor as determined earlier.
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Fluorescence ratio (475/527 nm) vs. time observed for different MMPs (left panels),
3 (right panels). Upper panels are for the TnI-

panels are for the Control biosensor. * denotes significant difference from
denotes significant difference from negative control, p < 0.0001.

The main goal of this study was to design a new tool that would allow us to detect MMP

2 in the intracellular environment. Intracellular MMP-2 activity is expected to i

conditions of oxidative stress and during ischemia-reperfusion. It has also been reported that

) drops significantly from around 7.2 to below 6.8 under such conditions

. Accordingly, we wanted to test how much the biosensors FRET signal might be

affected by the expected drop in pHi. As shown in Figure 3.8, the emission ratio

Control biosensor is quite stable to small pHi changes centred around pH 7, and even in a

broader pH range from pH 6 to 10 (Figure 3.8).

Fluorescence ratio (475/527 nm) vs. time observed for different MMPs (left panels),
-2 biosensor and lower

* denotes significant difference from MMP-2, p < 0.0001. #

The main goal of this study was to design a new tool that would allow us to detect MMP-

2 activity is expected to increase under

reperfusion. It has also been reported that

) drops significantly from around 7.2 to below 6.8 under such conditions

. Accordingly, we wanted to test how much the biosensors FRET signal might be

. As shown in Figure 3.8, the emission ratio of TnI-2 and

changes centred around pH 7, and even in a
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2 biosensors resistance to changes in pH.

Matrix metalloproteinase-2 (MMP-2) is a key protease involved in several oxidative

stress related pathologies in the heart and vasculature. Mounting evidence suggests that activated

2 does not only proteolyze extracellular matrix proteins, but also cle

intracellular substrates in the heart. One such substrate is the sarcomeric protein troponin I (TnI).

based biosensors have proven very useful in the study of the activity of a variety of

proteases. In this work we attempted to apply this technology to determine intracellular MMP

We constructed three potential MMP-2 FRET-based biosensors by inserting amino acid

sequences containing putative MMP-2 cleavage sites derived from human cardiac TnI between a

cceptor (YPet) FP. Two of these constructs contained N

1 and TnI-2) based on likely MMP-2 cleavage sites within TnI. The

2) is a key protease involved in several oxidative

stress related pathologies in the heart and vasculature. Mounting evidence suggests that activated

2 does not only proteolyze extracellular matrix proteins, but also cleaves susceptible

intracellular substrates in the heart. One such substrate is the sarcomeric protein troponin I (TnI).

based biosensors have proven very useful in the study of the activity of a variety of

this technology to determine intracellular MMP-2

based biosensors by inserting amino acid

2 cleavage sites derived from human cardiac TnI between a

cceptor (YPet) FP. Two of these constructs contained N-terminal TnI

2 cleavage sites within TnI. The
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third sensor (Control) contained the sequence GGSGG IPVSLRSG GGSGG, which has been

reported to be selective for MMP-2. Following construction, expression, and purification of the

biosensor proteins, we determined their activities by assessing the changes in the CyPet/YPet

ratio recorded by digesting the biosensors with human recombinant MMP-2. The kcat/KM values

were determined to be 3372 M-1 s-1 for TnI-2 and 700 M-1 s-1 for Control, and TnI-1 was found to

not be a substrate for MMP-2. We tested the specificity of these biosensors for MMP-2 relative

to a variety of other proteases including MMP-3, -9 and -13, calpain-1, and caspase-3. TnI-2 and

Control were selective substrates for all MMPs, but were not highly specific for MMP-2 versus

other MMPs. Neither biosensor was cleaved by either calpain-1 or caspase-3. The rates of

cleavage observed for MMPs -3, -9 and -13 were very similar for both the TnI-2 and Control

biosensors. However, for MMP-2 the TnI-2 biosensor showed a higher rate of proteolysis than

the Control biosensor under identical conditions. Overall, these results indicate that identifying

specific substrates for an MMP is a challenging process, likely due to the relatively high

conservation of the catalytic domain across the multiple MMPs. The biosensors are now being

expressed in neonatal cardiomyocytes in order to track intracellular MMP activity following

oxidative stress stimuli. While the specificity of the TnI-2 biosensor is not sufficient to provide

specific detection of MMP-2 activity, it will be useful as an indicator of general MMP activity in

the intracellular milieu.
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CHAPTER 4

DESIGN AND DEVELOPMENT OF SINGLE FP

BASED BIOSENSORS FOR HYDROGEN PEROXIDE
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4.1 INTRODUCTION

For a long period of time, oxidative stress has been primarily concerned with the concept

of free radical-induced macromolecular damage (162-164). In other words, many researchers

viewed disease related oxidative mechanisms as those that involved molecules or atoms that

carry unpaired electrons (i.e., free radicals). Free radicals tend to be highly reactive and are

capable of attacking cellular macromolecule such as proteins, nucleic acids, membrane-

associated unsaturated fatty acids, and so forth (162-165). This superficial perspective was later

refined by the discovery of hydrogen peroxide producing enzymes followed by the elucidation of

the role of hydrogen peroxide as a signaling molecule in critical cellular processes such as

proliferation, differentiation and apoptosis (163, 164, 166, 167). During the last decade,

proteomics and computational approaches lead to the discovery of a plethora of proteins that are

selectively regulated by hydrogen peroxide oxidation (163, 164, 166, 168, 169). Obviously,

contemporary studies of complex redox processes in biological systems require novel redox-

sensitive probes that are capable of providing a fluorescence signal in response to changes in the

intracellular redox environment. Genetically encoded FP-based biosensors are a promising

technology for such probes. Specifically, FP-based sensors can provide high specificity via

biomolecular recognition, high spatio-temporal resolution when used for fluorescence imaging,

and yet only minimally perturb the intracellular environment since they are proteins themselves

(163, 164, 166, 170).

The FP-based redox probes reported in literature can be classified into four classes. The

first class constitutes FPs in which artificial disulfides are introduced into the -barrel scaffold.

Consequently, a change in the redox potential shifts the dithiol-disulfide equilibrium and causes

a relatively subtle change in the structure of the FP. This structural change is associated with a
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change in the chromophore environment that causes either an intensiometric or ratiomatric signal

changes in the FP spectral profile. Specific examples in the first class are redox sensitive yellow

fluorescent proteins (rxYFPs) (97, 171) and redox sensitive GFPs (roGFPs) (98, 99, 172-174).

The second class are chimeric fusions of redox sensitive FPs (rxYFPs or roGFPs) to redox active

enzymes such as glutaredoxin (175, 176) or thioredoxins (170) or peroxidase (177). The

rationale for creating a chimera is to increase the specificity and redox sensing efficiency of the

redox sensitive FPs. The third class is composed of a redox sensitive linker region sandwiched

between a FP FRET pair (178-180). In this case, a change in the FRET efficiency is used as the

readout for a redox-dependent change in the linker structure.

The fourth class, which is of particular interest to this study, is represented by the

hydrogen peroxide biosensor known as HyPer (181). Hyper is composed of a circularly permuted

yellow fluorescent protein (cpYFP) inserted between residues 205 and 206 of the regulatory

domain of Escherichia coli OxyR protein which is specifically sensitive to H2O2 (181). Wild-

type OxyR consists of two domains: a DNA binding domain (amino acids 1-79) and a regulatory

domain (amino acids 80-310) (182). The oxidized form of OxyR binds specifically to DNA,

while the reduced form does not (182). The oxidation involves two key cysteine residues which

are C199 and C208 (183). C199 is located in a hydrophobic pocket and hence can’t be reached

by charged oxidants like superoxide (184). However, H2O2 can penetrate into the hydrophobic

pocket and oxidize C199 into a charged sulfenic acid that is repelled by its hydrophobic

environment (184). A dramatic conformational change occurs bringing the sulfenic acid residue

in the vicinity of C208 and hence a disulfide bond is formed (184).

HyPer is an excitation ratiometric biosensor with excitation peaks at 420 nm and 500 nm

(181). Exposure to H2O2 leads to proportional decrease in the 420 nm peak with concomitant
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increase in the 500 nm peak (181). A later version (HyPer-2) was introduced with a single

mutation of A406V (which corresponds to A233V in OxyR) (185). This single mutation caused

Hyper-2 to have a dynamic range that was expanded to twice that of Hyper (185). Nonetheless,

Hyper-2 forms a strong dimer and shows slow oxidation-reduction kinetics in comparison to

Hyper (185). Recently HyPer-3 has been reported, carrying the H34Y mutation which

corresponds to H114Y in OxyR, which renders OxyR to be constitutively active (186). Hyper-3

retained the same dynamic range of Hyper-2 but demonstrated faster oxidation-reduction kinetics

and lower tendency to undergo dimerization (186).

Our lab has previously developed a palette of single FP genetically encoded Ca2+

indicators (GECOs) with a variety of fluorescent hues ranging from blue to red (87). This

success inspired us to attempt to similarly expand the palette of genetically encoded Hyper-type

H2O2 biosensors. The idea in this study was to replace cpYFP by other circular permuted FPs

that have previously been optimized in our lab. Out of the several cpFPs that were tried, only the

one based on GEM-GECO seems to be particularly promising. Subjecting the latter to cycles of

directed evolution along with appropriate screening has lead to the discovery of an

intensiometric variant that gives a direct response to H2O2 and an intensiometric variant that has

an inverse response to H2O2.

4.2 MATERIALS AND METHODS

4.2.1 General Materials and Methods

Unless otherwise indicated all chemicals and reagents were purchased from Fisher

Scientific (Ottawa, ON, Canada) or Sigma-Aldrich Canada (Oakville, ON, Canada). All primers

were purchased from Integrated DNA Technologies (Coralville, IA, USA). Non-mutagenic

polymerase chain reactions were performed using Pfu DNA polymerase (Fermentas, Burlington,
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ON, Canada) according to the manufacturer’s protocol while error-prone PCR amplifications

were done using Taq DNA polymerase (Invitrogen, Burlington, ON, Canada) as described in

Cirino et al (187). Fast Digest Endonucleases (Fermentas, Burlington, ON, Canada) were used

for restriction digests of all PCR products and plasmids. PCR products and products of

restriction digestion were purified by gel electrophoresis and extracted using GeneJet gel

extraction kit (Fermentas). DNA ligation was performed using T4 DNA ligase (Invitrogen). E.

coli ElectroMax DH10BTM (Invitrogen) was used for transformation and subsequent plasmid

propagation. Dye terminator cycle sequencing using BigDye (Applied Biosystems, Burlington,

ON, Canada) was used to confirm the complete DNA sequencing of all fusion constructs.

Sequencing reactions were analyzed at the University of Alberta Molecular Service Unit.

4.2.2 Construction of chimera of cpFPs and OxyR regulatory domain

The gene fragment encoding the first part of OxyR-regulatory domain (residues 81-205)

was PCR amplified from the gene encoding the OxyR2 transcriptional factor. The 5`primer

carried an XhoI restriction site and the 3`-primer contained either a SAG or PVV linker followed

by a region that overlaps with the 5`-primer of the cpFPs. CpFPs were PCR amplified from their

genes using 5`-primer carrying either SAG or PVV linker followed by the previously mentioned

overlap region and a 3`-primer that carries KpnI restriction site. The PCR fragments of OxyR-

RD (81-205) and cpFPs are mixed in equimolar amounts and the full length OxyRD(81-205)-

SAG or PVV-cpFPs chimeras were assembled by overlap extension PCR using primers XhoI-

OxyR-(81-205)-FD and cpFP-KpnI-BK. The full length product was purified by agarose gel

electrophoresis, digested with appropriate enzymes and ligated between the XhoI and KpnI sites

of pBAD/His B (Invitrogen). The gene for the second part of OxyR-regulatory domain (residues
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206-305) was also PCR amplified from the gene encoding OxyR2 transcriptional factor. The 5’

primer carried a KpnI restriction site and the 3’ primer carried a HindIII site. The PCR product

was doubly digested and ligated into previously ligated pBAD/His B already containing

OxyRD(81-255)-SAG-cpFPs from the previous step.

4.2.3 Construction and screening of HyPer-cpFPs libraries

Error prone PCR amplifications for construction of libraries of randomly mutated genes

were performed using primers XhoI-OxyR-(81-205)-FD and cpFP-KpnI-BK. The resulting PCR

product were digested with XhoI and KpnI and ligated with similarly digested pBAD/His B

already containing OxyR-(205-306) DNA. E. coli was transformed with the libraries, and

transformants were plated on LB-agar with 0.04% ampicillin and 0.02% L-arabinose in

polystyrene Petri dishes and incubated at 37 °C overnight. The imaging system is similar to that

discussed in section 2.2.4. For library screening, we picked the top 20 colonies that exhibited the

highest intensity change upon spraying with 50 µM H2O2 in Tris-HCl (pH 7.4), 150 mM NaCl.

Picked colonies were individually cultured in 4 ml LB medium supplemented with 0.02% L-

arabinose and 0.04% ampicillin and were shaken (250 rpm) overnight at 37°C. Crude B-PER

protein extracts from the picked colonies were subjected to a second stage of screening by

comparing emission spectrum of a portion of the crude extract to another portion treated with

250 nM H2O2 and variants with the highest change were isolated and sequenced.

4.2.4 Protein purification and characterization

To prepare proteins in sufficient quantity for characterization, a single colony of E. coli

that had been transformed with pBAD/His B carrying the gene for the variant of interest was

used to inoculate 500 ml Lysogeny Broth (LB) medium supplemented with 0.04% ampicillin,

0.2% L-arabinose and 5 mM 2-mercaptoethanol. The culture was allowed to grow overnight
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before cells were harvested and lysed by a cell disruptor (Constant Systems, Daventry,

Northants, UK). Proteins carrying an N-terminal His6 tag were then purified by Ni-NTA affinity

chromatography (Amersham, Amersham, Buckinghamshire, UK) and exchanged into Tris-HCl

(pH 7.4), 150 mM NaCl and 0.5 mM 2-mercaptoethanol. Aliquots of the proteins in the same

concentration (approximately 25 nM) were used for H2O2 titration. Fluorescence spectra were

recorded on a Safire2 plate reader (Tecan, Männedorf, Switzerland). Quantum yields for Hyper-

GEM variants were measured using fluorescein in 10 mM NaOH as the reference standard.

Emission spectra for quantum yield determination were recorded on QuantaMaster

spectrofluorometer (Photon Technology International) and had been corrected for the instrument

response.

4.2.5 pH sensitivity determination

The pH dependence of the fluorescence of the selected variants were determined by

measuring the emission for each variant at a range of pH values in both reduced and oxidized

forms. The oxidized form of the selected variants was obtained by incubating with 500 nM H2O2

for half an hour. Each protein (1 µM) was dispensed into wells of a 96-well plate dark-sided with

clear bottom plate (Corning, Tewksbury, MA, USA). Each well contained Britton–Robinson

buffer adjusted to a specific pH value in the range from 5-10. Measurements were performed in

at least four replicates. The pKa was determined by fitting the experimental data to a four

parameter logistic curve using SigmaPlot 12.0 software.

4.3 RESULTS AND DISCUSSION
In an effort to develop a spectral palette of H2O2 biosensors with novel spectral

properties, I attempted to develop new HyPer analogues based on the incorporation of new

circularly permutated FPs that were developed in our lab. The cpFPs variants I used in this study
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were either developed separately such as cpmCherry variants 145 and 196 (Dr. Haley J. Carlson,

unpublished results) or developed as part of a series of single fluorescent protein based calcium

biosensors known as the GECOs (87). Specifically, I used the cpFP domains from GEM-

GECO1, G-GECO1.2 and R-GECO1. Each of these cpFPs was sandwiched between split parts

of H2O2 sensing domain of OxyR2 transcription factor in an analogous way to Hyper. The

connection point between the first part of OxyR2 H2O2 sensing domain (residues from 81-205)

and cpFPs was either SAG as in Hyper or PVV as in R-GECO1. Out of the several candidates

prepared and tested only two variants showed a small yet consistent intensiometric response to

H2O2. These two promising variants were the one that incorporated the cpFP domain from GEM-

GECO1 and the one that incorporated the cpmCherry 196 variant (Figure 4.1). Both variants

carried the SAG connection linker between OxyR2 (81-205) and the cpFP.

Figure 4.1 Emission spectrum profiles of prototypes biosensors based on a hybrid of HyPer and
GEM-GECO1 and cpmCherry196. (A) Titration of prototype of HyPer-GEM with H2O2 showing
a maximum change of 25.4%; excitation at 390 nm and emission scan from 410-600 nm. (B)
Titration of prototype of HyPer-cpmCherry196 with H2O2 showing a maximum change of
28.6%; excitation at 550 nm and emission scan from 570-650 nm. Both proteins were prepared at
25 nM in Tris-HCl (pH 7.4), 150 mM NaCl and 0.5 mM 2-mercaptoethanol.

I focused my efforts more on improving these two promising prototypes by directed

evolution and screening of large libraries of variants. The method of creating a library for

directed evolution was error prone PCR. Unfortunately, after exhaustive screening of numerous
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libraries of cpmCherry 196 variants, I did not identify any substantially improved variants. On

the other hand, on the first round of evoluting GEM-GECO1 based HyPer analogue an

interesting variant named HyPer-GEM1 showing an inverse response upon titration with H2O2

(Figure 4.2) and a with 52.4% change in intensity upon full oxidation with H2O2.

Figure 4.2. Titration of HyPer-GEM1 with H2O2 showing an inverse response with a maximum
of 52.43%; excitation at 390 nm and emission scan from 410-600 nm. Protein concentration was
25 nM in Tris-HCl (pH 7.4), 150 mM NaCl and 0.5 mM 2-mercaptoethanol.

Exposing Hyper-GEM1 to another round of error-prone PCR followed by screening for

highest response change upon H2O2 spraying led to the discovery of another interesting variant

named Hyper-GEM2. Hyper-GEM2 exhibited a directly proportional intensiometric response

upon H2O2 titration as demonstrated in Figure 4.3, with a maximum response of 109% change in

intensity upon full oxidation with H2O2.
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Figure 4.3. Titration of HyPer-GEM2 with H2O2 showing a maximum response of 109%;
excitation at 390 nm and emission scan from 410-600 nm. Protein concentration was 25 nM in
Tris-HCl (pH 7.4), 150 mM NaCl and 0.5 mM 2-mercaptoethanol.

Sequencing of Hyper-GEM1 revealed that it carries two mutations which are N150S and

K227R. Both mutations are in the GEM domain and correspond to N83S and K160R in GEM-

GECO1. Hyper-GEM2 shares the two mutations of Hyper-GEM1 in addition to three mutations

in the N-teminal part of OxyR2 regulatory domain, which are L87Q, M103K and M125I. The

latter three mutations correspond to L167Q, M183K and M205I in wild type OxyR2 protein. All

sequences are provided in Figure 4.4.

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

400 450 500 550 600

Fl
u

o
re

sc
e

n
ce

(a
.u

.)

Wavelength (nm)

No H2O2

25 nM H2O2

100 nM H2O2

250 nM H2O2

No H2O2

25 nM H2O2

100 nM H2O2

250 nM H2O2



79

Figure 4.4. Sequence alignment of prototype HyPer-GEM, HyPer-GEM1 and HyPer-GEM2. Mutations found are highlighted in grey
shade. Both HyPer-GEM 1 & 2 share two mutations in GEM-domain which are N150S and K227R. HyPer-GEM2 has three additional
mutations which are L87Q, M103K and M125I.

HyperGem M A S Q Q G E T M S G P L H I G L I P T V G P Y L L P H I I P M L H Q T F P K L E M Y L H E A Q T
HyperGem1 M A S Q Q G E T M S G P L H I G L I P T V G P Y L L P H I I P M L H Q T F P K L E M Y L H E A Q T
HyperGem2 M A S Q Q G E T M S G P L H I G L I P T V G P Y L L P H I I P M L H Q T F P K L E M Y L H E A Q T

HyperGem H Q L L A Q L D S G K L D C V I L A L V K E S E A F I E V P L F D E P M L L A I Y E D H P W A N R
HyperGem1 H Q L L A Q L D S G K L D C V I L A L V K E S E A F I E V P L F D E P M L L A I Y E D H P W A N R
HyperGem2 H Q L L A Q L D S G K L D C V I L A L V K E S E A F I E V P L F D E P M L Q A I Y E D H P W A N R

HyperGem E C V P M A D L A G E K L L M L E D G H C L R D Q A M S A G N V Y I K A D E Q K N G I K A Y F K I
HyperGem1 E C V P M A D L A G E K L L M L E D G H C L R D Q A M S A G N V Y I K A D E Q K N G I K A Y F K I
HyperGem2 E C V P K A D L A G E K L L M L E D G H C L R D Q A I S A G N V Y I K A D E Q K N G I K A Y F K I

HyperGem R H N I E G G G V Q L A Y H Y Q Q I T P I G D G P V L L P D N H Y L S V Q S I L S K D P N E K R D
HyperGem1 R H S I E G G G V Q L A Y H Y Q Q I T P I G D G P V L L P D N H Y L S V Q S I L S K D P N E K R D
HyperGem2 R H S I E G G G V Q L A Y H Y Q Q I T P I G D G P V L L P D N H Y L S V Q S I L S K D P N E K R D

HyperGem H M V L L E F V T A A G I T L G M D E L Y K G G S G G M V S K G E E L F T G V V P I Q V E L D G D
HyperGem1 H M V L L E F V T A A G I T L G M D E L Y K G G S G G M V S R G E E L F T G V V P I Q V E L D G D
HyperGem2 H M V L L E F V T A A G I T L G M D E L Y K G G S G G M V S R G E E L F T G V V P I Q V E L D G D

HyperGem V N G H K F S V S G E G E G D A T Y G K L T L K F I C T T G K L P V P W P T L V T T L S Y G V Q C
HyperGem1 V N G H K F S V S G E G E G D A T Y G K L T L K F I C T T G K L P V P W P T L V T T L S Y G V Q C
HyperGem2 V N G H K F S V S G E G E G D A T Y G K L T L K F I C T T G K L P V P W P T L V T T L S Y G V Q C

HyperGem F S R Y P D H M K Q H D F F K S A M P E G Y I Q E R T I F F K D D G N Y K T R A E V K F E G D T L
HyperGem1 F S R Y P D H M K Q H D F F K S A M P E G Y I Q E R T I F F K D D G N Y K T R A E V K X E G D T L
HyperGem2 F S R Y P D H M K Q H D F F K S A M P E G Y I Q E R T I F F K D D G N Y K T R A E V K F E G D T L

HyperGem V N R I E L K G I D F K E D G N I L G H K L E Y S G T G F C F E A G A D E D T H F R A T S L E T L
HyperGem1 V N R I E L K G I D F K E D G N I L G H K L E Y S G T G F C F E A G A D E D T H F R A T S L E T L
HyperGem2 V N R I E L K G I D F K E D G N I L G H K L E Y S G T G F C F E A G A D E D T H F R A T S L E T L

HyperGem R N M V A A G S G I T L L P A L A V P P E R K R D G V V Y L P C I K P E P R R T I G L V Y R P G S
HyperGem1 R N M V A A G S G I T L L P A L A V P P E R K R D G V V Y L P C I K P E P R R T I G L V Y R P G S
HyperGem2 R N M V A A G S G I T L L P A L A V P P E R K R D G V V Y L P C I K P E P R R T I G L V Y R P G S

HyperGem P L R S R Y E Q L A E A I R A R M D G H F D K V L K Q A V
HyperGem1 P L R S R Y E Q L A E A I R A R M D G H F D K V L K Q A V
HyperGem2 P L R S R Y E Q L A E A I R A R M D G H F D K V L K Q A V
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By analogy to the GECO series, I expected that the HyPer-GEM variants modulation in

fluorescence profile might be attributed to a change in pKa upon oxidation. On the contrary pH

titration of both variants in both oxidized and reduced states didn’t show a big change in pKa

comparable to the change in fluorescence (Figure 4.5). HyPer-GEM1 pKa in the reduced and

oxidized states are 6.63 ± 0.17 and 6.73 ± 0.13, respectively. HyPer-GEM2 pKa in the reduced

and oxidized states are 6.74 ± 0.13 and 6.69 ± 0.14.

Figure 4.5. pH sensitivity of HyPer-GEM1 and 2. (A) Fluorescence intensity of HyPer-GEM1 as
a function of pH in both reduced and oxidized states; the apparent pKa were 6.63 and 6.73
respectively. (B) Fluorescence intensity of HyPer-GEM2 as a function of pH in both reduced and
oxidized states; the apparent pKa were 6.74 and 6.69. Fluorescence intensity experiments are
done in at least triplicates and data ± standard deviation is represented.

Further investigation of the spectral properties of HyPer-GEM 1 and 2 has shown that

H2O2 response is associated with a change in extinction coefficient and quantum yield as detailed

in Table 4.6. HyPer-GEM1 underwent a significant decrease in quantum yield upon oxidation

with H2O2 with an overall brightness change of about 34%. On the other hand, HyPer-GEM2

underwent a significant increase in both extinction coefficient and quantum yield with an overall

brightness change of about 108%.
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 Ɛ (mM-1 cm-1) Φ
Brightness

(mM-1 cm-1)
pKa

HyPer-GEM1
Reduced
Oxidized

34 0.94 24 6.63
33 0.63 16 6.73

HyPer-GEM2
Reduced
Oxidized

22 0.72 16 6.74
35 0.95 33 6.69

Table 4.1. Spectral properties and pKa s of HyPer-GEM1 and 2.

4.4 CONCLUSION

The demand for new biosensors for studying the newly discovered biological roles of

reactive oxygen species with high spatio-temporal resolution inspired us to try to develop

multicolour variants of the previously reported H2O2 biosensor HyPer.

Our efforts in trying to develop a red analogue were unfortunately not successful.

However we did succeed in developing two long Stoke’s shift green HyPer-variants by

incorporating the circularly permuted FP present in GEM-GECO into the regulatory domain of

OxyR2. Our initial prototype of this sensor was further improved and diversified into two

variants with opposing responses to H2O2 through the use of molecular evolution. We named

these two variants HyPer-GEM1 and HyPer-GEM2. Hyper-GEM1 turned out to be an inverse

response H2O2 biosensor with an overall change of around 50% upon full oxidation. Hyper-

GEM2 is direct response H2O2 biosensor with an overall increase of more than 100% upon full

oxidation.

Although HyPer-GEM1 and HyPer-GEM2 do not show a comparable signal contrast to

one of their parents (i.e., GEM-GECO1 which has a response to calcium ion that is orders of

magnitude higher than the variants presented in this chapter), their dynamic range is comparable

to that demonstrated by the original HyPer construct (about 120%). In the concluding chapter I

will discuss several possible future directions for this project.
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CHAPTER 5

CONCLUSIONS AND FUTURE DIRECTIONS
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In this thesis, I described the use of fluorescent proteins (FPs) to develop molecular tools

that will help other researchers to explore the inner workings of living cells and answer

numerous biological questions. One could confidently say that FPs, by the virtue of being

proteins and hence genetically encoded, are the best class of fluorophores for converting into

biosensors for intracellular applications. For this reason, numerous FP-based biosensors for

different application purposes have been engineered and yet there remains much to be done and

discovered using these indispensable tools. As I will briefly review in the following sections, our

efforts have been focused on developing improved and/or novel biosensors for kinases, matrix

metalloproteinase, and hydrogen peroxide.

5.1 FRET-BASED KINASES BIOSENSORS

In Chapter 2 I described the modification of a methodology previously reported by our

lab for improving the response of FRET based biosensors for imaging of post-translational

modifications (107). The corner stone of the reported methodology is the use of a hybrid

expression vector that contains both Ptac and PBAD promoters that can operate separately and

independently (107). Placing the coding sequence of a constitutive actively enzyme downstream

of the tightly controlled PBAD promoter, and the coding sequence of the biosensor downstream of

Ptac, enables the in-colony screening of biosensor libraries. Specifically, colonies expressing

variants of a given FRET based biosensor can be imaged under two conditions. Under one

condition (+ arabinose) the constitutively active enzyme is being expressed and the biosensor is

primarily in the modified stated. Under the second condition, the constitutively active enzyme is

being repressed and the biosensor is primarily in the unmodified state (107). By comparing

fluorescence images of Petri dishes containing many hundreds of colonies, those clones that

exhibit the largest changes in fluorescence emission between the modified and unmodified states
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can be identified. In the original report, it was necessary to randomly pick colonies and then

respot them in parallel onto arabinose and glucose containing plates. These two plates are then

imaged and the digital images compared to find the most promising clones. This respotting

procedure was the limiting step in this procedure and tended to be relatively tedious (107). To

increase the throughput of this strategy we avoided respotting by spraying glucose-containing

plates with L-arabinose and comparing digital images acquired before and after spraying. We

applied our improved procedure to the optimization of a previously reported PKB (Akt)

biosensor known as BKAR. In this effort we were successful in increasing the FRET ratio

change upon phosphorylation from 30% to 40%. Moreover, we developed a new cyclin B1-

CDK1 biosensor with a ratio change upon phosphorylation of 67% which was dramatically

improved relative to the ~10-15% change of a previously reported cyclin B1-CDK1 biosensor

(137, 138).

Our collaborators, Michael W. Davidson and Brittney R. Sell of the National High

Magnetic Field Laboratory, University of Florida, expressed our cyclin B1-CDK1 biosensor in

HeLa cells and observed the emission ratio change as cells progressed through mitosis. Indeed,

this live cell imaging data was consistent with our in vitro data and revealed the expected change

in FRET efficiency in response to cyclin B1-CDK1 kinase activity. In one experiment, the

emission ratio increased as the cell progressed into prophase reflecting the activation of cyclin

B1-CDK1 reaching a maximum plateau as the cell enters to the metaphase as shown in Figure

5.1. The % FRET change observed from the beginning to the end of this experiment is about

60%.
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Figure 5.1. Cyclin B1-CDK1 kinase activity during mitotic progression. (A) The FRET signal in
the form of emission ratio of Acceptor (YFP) / Donor (TFP) signal over time have been recorded
during the mitotic entry in HeLa cells and throughout the whole mitotic process. (B) HeLa S3
cells expressing the cyclin B-Cdk1 activity sensor observed over several hours. Ratiometric (top
row), fluorescence merged (middle row), and DIC (bottom row) images of the kinase dynamics
during mitotic progression, starting at prophase through cytokinesis. Note that FRET level in
prophase is set at ~80% of the dynamic range.
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In a second experiment, emission ratio almost remained constant throughout the metaphase

before dropping drastically throughout anaphase as shown in Figure 5.2. The % FRET change

observed in this run from the beginning till the end is about 70%.

Figure 5.2 Cyclin B1-CDK1 kinase activity during Metaphase and Anaphase. (A) The FRET
signal in the form of emission ratio of Acceptor (YFP) / Donor (TFP) signal over time have been
recorded during metaphase and anaphase of mitotic cycle. (B) HeLa S3 cells expressing the
CyclinB-Cdk1 activity sensor observed over several hours. Ratiometric (top row), fluorescence
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merged (middle row), and DIC (bottom row) images of the FRET dynamics during mitotic
progression, starting at metaphase through cytokinesis. Note that FRET level in metaphase is set
at ~60% of the dynamic range.

It is evident from these imaging results that the emission ratio at the end of the anaphase

(and start of G1) is significantly lower than at the start of prophase (and the end of G2). Similar

behaviour have been reported with the previously reported biosensor (but of course with lower

overall dynamic range) and the authors attributed this to both differential bleaching of the yellow

FP versus cyan and cell rounding in HeLa cells (137, 138). Moreover they mentioned that this

behaviour was not observed when their biosensor was expressed in RPE cells (137, 138). In

contrast to these previous explanations, I would argue that cyclin B1-CDK1 dependant

phosphorylation is most likely being reversed during anaphase by the action of a phosphatase

and that might be the reason of lower FRET ratio at the end of anaphase compared to start of

prophase. This hypothesis will require further investigation and collaboration from research

groups with expertise in cell cycle biology. The major challenge that we faced in using this

indicator is long term imaging of cells in order to observe a full cell cycle.

The improved dynamic range cyclin B1-CDK1 biosensor we developed will help in

better understanding of the kinetics and mechanisms of the roles played by cyclin B1-CDK1 in

the cell cycle. I would also suggest that changing the FRET pair with other optimized FRET

pairs (for example Clover and mRuby2 (46)) could give a similar if not better response.

Switching to alternative color combinations could enable the simultaneous imaging of cyclin B1-

CDK1 with spectrally distinct probes for secondary messengers or other post-translational

modification known to be involved in the cell cycle process.
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5.2 DEVELOPMENT OF TROPONIN-I BASED MMP2 BIOSENSOR

The project described in Chapter 3 was a collaboration with the lab of Professor Richard

Schulz in the Department of Pharmacology, University of Alberta. The aim of this work was to

provide a genetically encoded probe to investigate the potential intracellular roles of MMP2

during cardiac oxidative-stress conditions such as ischemia-reperfusion injury. This probe took

the form of FRET-based substrate for MMP2 consisting of a substrate recognition and cleavage

site of the enzyme flanked by a FRET pair of fluorescent proteins. Several substrate sites

identified in previous studies (145, 146), and from Professor Richard Schulz’s unpublished

results, were incorporated into this design and tested in vitro. Our kinetic studies of these

substrates served to refine previously reported consensus sequences and/or specific MMP2

substrate sequences. While we were not successful in developing a biosensor that is selective for

MMP2 over other MMPs, our best biosensor was selective to MMPs in general over other

proteases (i.e., calpain) that might be present in cardiomyocytes. As a future direction, our

collaborator Professor Richard Schulz will undertake the expression of our biosensor in neonatal

cardiomyocytes.

5.3 DEVELOPMENT OF H2O2 BIOSENSORS

In Chapter 4 we describe the development of two green fluorescent analogues, designed

Hyper-Gem1 and Hyper-Gem2, of the hydrogen peroxide (H2O2) biosensor HyPer. The Hyper-

Gem1 analogue has an inverse response while the Hyper-Gem2 analogue has a direct response.

We propose that future work on this project should involve further investigation and

characterization of the two new biosensors. In addition, there is likely addition room for

improvement and opportunities for creating new color variants.
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We demonstrated that the responses of both Hyper-Gem1 and Hyper-Gem2 to H2O2 are

not pKa change dependant. This result stands in contrast to results with the GECO series of Ca2+

indicators where the analyte response is primarily attributable to a change in chromophore pKa

(87). Notably, the circular permutated fluorescent protein domain of the Hyper-Gem constructs

was derived from the GEM-GECO1 Ca2+ indicator. It is therefore somewhat surprising that the

response of the Hyper-Gem indicators is primarily based on extinction coefficient and/or

quantum yield changes.

One of the most important future directions for this project will be to investigate the

mechanism of the Hyper-Gem indicators using mutagenesis studies. It is well established that

OxyR2 undergoes dimerization and even higher order oligomerization at high concentrations

(188). One interesting questions is whether or not this oligomerization also occurs in the Hyper-

Gem indicators and whether this plays a role in the fluorescence response. It might be possible to

probe this question by introducing mutations that interfere with oligomerization. Furthermore,

there have been a few mutations reported in literature, for either OxyR2 and/or HyPer, that

should be introduced into these new indicators. One significant example of such a mutation is

A233V in OxyR2 (also present in HyPer-2) that was known to double the dynamic range of

HyPer (185). Moreover, the OxyR2 regulatory dimerization interface that constitutes amino

acids 226-233 and is also included in HyPer and our new variants might be a fertile soil to

improve the dynamic range of HyPer analogues by both site directed and random mutagenesis.

Two specific mutations are known to render OxyR2 to be constitutively active are I110D

and H114Y (present in HyPer-3) should also be investigated (186). Another aspect that should be

investigated thoroughly is the kinetics of oxidation-reduction of the variants discovered, since

faster kinetics are generally more preferred in live cell imaging (186). Finally, further
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investigation of the role of the OxyR2 domain change with H2O2 in the response of the Gem-

Hyper variants can be done by mutating the two critical cysteines C199 and C208 of the OxyR2

portion of the biosensors and determining the effect on the fluorescence response.

In our unsuccessful attempt to develop red variants of HyPer, we made an assumption

that the circular permutated red fluorescent protein that had been optimized for Ca+2 imaging

might be universal and only require slight optimization for biosensing of another analyte of

interest. This turned out to be more challenging than expected, so future efforts should probably

start from cp-mApple-145 and randomize the linkers connecting different parts of the sensing

domain (i.e., OxyR) to the fluorescent protein. We should also try the reported mutations of

OxyR regulatory domain that have been mentioned in the above two paragraphs.

Although this project might still be in an early stage of development, we are confident

that these tools have lots of potential and will ultimately provide a useful contribution to the

scientific community interested in reactive oxygen species.

Overall we tried in this thesis to add to the scientific community of biological interest

useful tools that might one day provide answers to critical questions and help in a better

understanding of the intracellular workings.
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Appendix

Oligonucleotide sequence supplement
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OLIGO
#

Lay ID SEQUENCE

2.1 PKB-EcoRI-FD 5'- CGC CTA GAA TTC ATG GAC GAC GTG GCC ATC GT-3'

2.2 PKB-BglII-BK 5'- TAG GCG AGA TCT TCA GGC CGT CGC GCT AG-3'

2.3 YLS-FRET- FD
primer

5'- CGC CTA GGT ACC TCC GGA CCT AGG TCC GGA GGG TCG ACA TCC GGA-3'

2.4 YLS-FRET-BK
primer

5'- TAG GCG GCC GGC CGT TCC GGA ACC TGC AGG TCC GGA TGT CGA CCC-3'

2.5 TFP-XhoI-FD 5'- CGC CTA CTC GAG CAT GGT GAG CAA GGG CGA GGA-3'

2.6 TFP-AvrII-BK 5'- TAG GCG CCT AGG CTT GTA CAG CTC GTC CAT GCC GTC-3'

2.7 TFP-BglII-BK 5’-TAG GCG AGA TCT CTT GTA CAG CTC GTC CAT GCC GTC GGT-3’
2.8 XbaI-LK-TFP-FD 5’-CGC CTA TCT AGA GGA GGA TCC GGA GGT ATG GTG AGC AAG GGC GAG GAG ACC-

3’
2.9 TFP194-FD-XhoI 5’-TAT TCT CGA Ga ATG CTG CCC GAC TAT CAC TTT GTG GAC CAC CG-3’

2.10 TFP193-BK-
AvrII

5’-AAT ACC TAG GCT TCA CCG CCT TCT TGG CCC TGT AGA T-3’

2.11 TFP-208-FD-
XhoI

5’-TAT TCT CGA Ga AAC CAC GAC AAG GAC TAC AAC AAG GTG-3’

2.12 TFP-207-BK-
AvrII

5’-AAT ACC TAG GCA GGA TCT CGA TGC GGT GGT C-3’

2.13 TFP-146-FD-
XhoI

5’-TAT TCT CGA Ga ACC GGC TGG GAC GCC TCC-3’

2.14 TFP-145-BK-
AvrII

5’-AAT ACC TAG GGG TCT TCT TCT GCA TCA CGG GGC C-3’

2.15 XhoI-CyPet-FD 5’-CGC CTA CTC GAG GAT GTC TAA AGG TGA AGA ATT ATT CGG CGG-3’

2.16 CYpet-AvrII-BK 5’GTT AAC CTA GGT TTG TAC AAT TCA TCC ATA CCA TGG GTA ATA CC-3’3’

2.17 mut-FHA2-sens 5’-GAA GAC AAT AGG TTG TCA CGA GTT CAT TGC TTC-3'

2.18 mut-FHA2-
antisens

5’-GAA GCA ATG AAC TCG TGA CAA CCT ATT GTC TTC-3’

2.19 FHA2-AvrII-FD 5'- CGC CTA CCT AGG AAG AAA GTT TGG ACA TTT GGT AGA AAC CC-3'
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2.20 FHA2-SalI-BK 5'- TAG GCG GTC GAC TAC ACC AAC GGT TAT TTC ATC ACC TTG -3'

2.21 YFP-SbfI-FD 5’-CGC CTA CCT GCA GGA TGG TGA GCA AGG GCG AGG AG-3’

2.22 YFP-stp-HindIII-
BK

5'- TAG GCG AAG CTT TTA CTT GTA CAG CTC GTC CAT GCC GAG -3'

2.23 SbfI-cp-Venus-
FD

5’-TAT TCC TGC AGG AAT GGA CGG CGG CGT GCA GC-3’

2.24 Cp-Venus-
HindIII-BK

5’-AAT AAA GCT TTT ACT CGA TGT TGT GGC GGA TCT TGA AGT TG-3’

2.25 PKB-SUBS-
18link-SalI-FD

5’-CGC CTA GTC GAC GGT TCG ACT AGC GGC AGT GGA AAG CCA GGA TCT GGG GAA
GGG TCA ACA AAA GGT AGG AA-3'

2.26 PKB-SUBS-
18link-SbfI-BD

5'- TAG GCG CCT GCA GGG ATT CCT AGA GTT CCA AGT CTG TCA CGC TTC CTA CCT
TTT GTT GAC CCT TCC CCA GA -3'

2.27 SalI-SGLK1-
PKB-Sub-FD

5'- CGC CTA GTC GAC GGC GGC AGC GGC GGC AGG AAG CGT GAC AGA CTT GGA ACT
CTA GGA ATC-3’

2.28 SalI-SGLK2-
PKB -Sub-FD

5'- CGC CTA GTC GAC GGC GGC AGC GGC GGC GGC GGC AGC GGC GGC AGG AAG CGT
GAC AGA CTT GGA ACT CTA GGA ATC-3'

2.29 SalI-SGLK3-
PKB -Sub-FD

5'- CGC CTA GTC GAC GGC GGC AGC GGC GGC GGC GGC AGC GGC GGC GGC GGC AGC
GGC GGC AGG AAG CGT GAC AGA CTT GGA ACT CTA GGA ATC-3'

2.30 SalI-SGLK4-
PKB -Sub-FD

5'- CGC CTA GTC GAC GGC GGC AGC GGC GGC GGC GGC AGC GGC GGC GGC GGC AGC
GGC GGC GGC GGC AGC GGC GGC AGG AAG CGT GAC AGA CTT GGA ACT CTA G-3'

2.31 SalI-LK0- PKB -
Sub-FD

5'- CGC CTA GTC GAC AGG AAG CGT GAC AGA CTT GGA ACT CTA GGA ATC-3'

2.32 SalI-LK2- PKB -
Sub-FD

5'- CGC CTA GTC GAC ATC AGG AGG AAG CGT GAC AGA CTT GGA ACT CTA GGA ATC-3'

2.33 SalI-LK4- PKB -
Sub-FD

5'- CGC CTA GTC GAC ATC AAC AGC AGG AGG AAG CGT GAC AGA CTT GGA ACT CTA
GGA ATC-3'

2.34 SalI-LK6- PKB -
Sub-FD

5'- CGC CTA GTC GAC ATC AAC AGC AGG ATC AGG AGG AAG CGT GAC AGA CTT GGA
ACT CTA GGA ATC-3'

2.35 SalI-LK8- PKB -
Sub-FD

5'- CGC CTA GTC GAC ATC AAC AGC AGG ATC AGG AAC AGG AGG AAG CGT GAC AGA
CTT GGA ACT CTA GGA ATC-3'

2.36 SalI-LK10- PKB
-Sub-FD

5'- CGC CTA GTC GAC ATC AAC AGC AGG ATC AGG AAC AGG AGC AGG AGG AAG CGT
GAC AGA CTT GGA ACT CTA GGA ATC-3'
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2.37 SalI-LK14- PKB
-Sub-FD

5'- CGC CTA GTC GAC ATC AAC AGC AGG ATC AGG AAC AGG AGC ATC AGG TAC AGC
AGG AGG AAG CGT GAC AGA CTT GGA ACT CTA GGA ATC-3'

2.38 SalI-LK20- PKB
-Sub-FD

5'- CGC CTA GTC GAC ATC AAC AGC AGG ATC AGG AAC AGG AGC ATC AGG TAC AGC
AGC AGG AAG AGG AAC AGG AGG AGG AAG CGT GAC AGA CTT GGA ACT CTA G-3'

2.39 SalI-YLS-EA1-
FD

5’-CGC CTA GTC GAC GAA GCG GCG GCG AAA AGG AAG CGT GAC AGA CTT GGA ACT
CTA GGA ATC CCT-3’

2.40 SalI-YLS-EA2-
FD

5’-CGC CTA GTC GAC GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA AGG AAG CGT
GAC AGA CTT GGA ACT CTA GGA ATC CCT-3’

2.41 SalI-YLS-EA3-
FD

5’-CGC CTA GTC GAC GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG
GCG AAA AGG AAG CGT GAC AGA CTT GGA ACT CTA GGA ATC CCT-3’

2.42 SalI-YLS-EA4-
FD

5’-CGC CTA GTC GAC GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG
GCG AAA GAA GCG GCG GCG AAA AGG AAG CGT GAC AGA CTT GGA ACT CTA GGA
ATC CCT-3’

2.43 SalI-YLS-EA5-
FD

5’-CGC CTA GTC GAC GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG
GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA AGG AAG CGT GAC AGA
CTT GGA ACT CTA GGA ATC CCT-3’

2.44 SalI-YLS-EA6-
FD

5’-CGC CTA GTC GAC GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG
GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA
AGG AAG CGT GAC AGA CTT GGA ACT CTA GGA ATC CCT-3’

2.45 SalI-YLS-EA7-
FD

5’-CGC CTA GTC GAC GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG
GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA
GAA GCG GCG GCG AAA AGG AAG CGT GAC AGA CTT GGA ACT CTA GGA ATC CCT-3’

2.46 SalI-YLS-EA8-
FD

5’-CGC CTA GTC GAC GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG
GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA
GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA AGG AAG CGT GAC AGA CTT GGA
ACT CTA GGA ATC CCT-3’

2.47 SalI-YLS-EA9-
FD

5’-CGC CTA GTC GAC GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG
GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA
GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA AGG AAG
CGT GAC AGA CTT GGA ACT CTA GGA ATC CCT-3’

2.48 SalI-YLS-EA10-
FD

5’-CGC CTA GTC GAC GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG
GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA
GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG
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GCG GCG AAA AGG AAG CGT GAC AGA CTT GGA ACT CTA GGA ATC CCT-3’

2.49 EcoRI-XmaI –
YPET-FD

5’-CGC CTA GAA TTC CCC GGG ATG TCT AAA GGT GAA GAA TTA TTC ACT GGT GTT
GTC CCA ATT TTG-3’

2.50 Ypet-BglII-BK 5’-TAG GCG AGA TCT TTA TTA TTT GTA CAA TTC ATT CAT ACC CTC GGT AAT ACC
AGC AGC A-3’

2.51 XmaI-polycis-FD 5’-CGC CTA CCC GGG ATG AGC GGT GAA TTA GCA AAT TAC AAA AGA CTT GAG AAA
GTC GGT G-3’

2.52 Polycis-BglII-BK 5’-TAG GCG AGA TCT CTA CTT AAG ATT AAA TAG ATT TTG AAA GTT GCT ATG CAT
TTC GGA TGT ACA CCA CTT GAA AG-3’

2.53 SalI-SGLK1-
CDK-sub-FD

5'-CGC CTA GTC GAC GGC GGC AGC GGC GGC ACC CCT GAG CCT ATT TTG GTT GAT
ACT-3'

2.54 SalI-SGLK2-
CDK-sub-FD

5'-CGC CTA GTC GAC GGC GGC AGC GGC GGC GGC GGC AGC GGC GGC ACC CCT GAG
CCT ATT TTG GTT GAT ACT-3'

2.55 SalI-SGLK3-
CDK-sub-FD

5'-CGC CTA GTC GAC GGC GGC AGC GGC GGC GGC GGC AGC GGC GGC GGC GGC AGC
GGC GGC ACC CCT GAG CCT ATT TTG GTT GAT ACT-3'

2.56 SalI-SGLK4-
CDK-sub-FD

5'-CGC CTA GTC GAC GGC GGC AGC GGC GGC GGC GGC AGC GGC GGC GGC GGC AGC
GGC GGC GGC GGC AGC GGC GGC ACC CCT GAG CCT ATT TTG GTT GAT ACT-3'

2.57 SalI-LK0-CDK-
sub-FD

5'-CGC CTA GTC GAC ACC CCT GAG CCT ATT TTG GTT GAT ACT-3'

2.58 SalI-LK2-CDK-
sub-FD

5'-CGC CTA GTC GAC ATC AGG ACC CCT GAG CCT ATT TTG GTT GAT ACT-3'

2.59 SalI-LK4-CDK-
sub-FD

5'-CGC CTA GTC GAC ATC AAC AGC AGG ACC CCT GAG CCT ATT TTG GTT GAT ACT-3'

2.60 SalI-LK6-CDK-
sub-FD

5'-CGC CTA GTC GAC ATC AAC AGC AGG ATC AGG ACC CCT GAG CCT ATT TTG GTT
GAT ACT-3'

2.61 SalI-LK8-CDK-
sub-FD

5'-CGC CTA GTC GAC ATC AAC AGC AGG ATC AGG AAC AGG ACC CCT GAG CCT ATT
TTG GTT GAT ACT-3'

2.62 SalI-LK10-CDK-
sub-FD

5'-CGC CTA GTC GAC ATC AAC AGC AGG ATC AGG AAC AGG AGC AGG ACC CCT GAG
CCT ATT TTG GTT GAT ACT-3'

2.63 SalI-LK14-CDK-
sub-FD

5'-CGC CTA GTC GAC ATC AAC AGC AGG ATC AGG AAC AGG AGC ATC AGG TAC AGC
AGG ACC CCT GAG CCT ATT TTG GTT GAT ACT-3'
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2.64 SalI-LK20-CDK-
sub-FD

5'-CGC CTA GTC GAC ATC AAC AGC AGG ATC AGG AAC AGG AGC ATC AGG TAC AGC
AGC AGG AAG AGG AAC AGG AGG ACC CCT GAG CCT ATT TTG GTT GAT ACT-3'

2.65 SalI-EA1-CDK-
FD

5'-CGC CTA GTC GAC GAA GCG GCG GCG AAA ACC CCT GAG CCT ATT TTG GTT GAT
ACT-3'

2.66 SalI-EA2-CDK-
FD

5'-CGC CTA GTC GAC GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA ACC CCT GAG
CCT ATT TTG GTT GAT ACT-3'

2.67 SalI-EA3-CDK-
FD

5'-CGC CTA GTC GAC GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG
GCG AAA ACC CCT GAG CCT ATT TTG GTT GAT ACT-3'

2.68 SalI-EA4-CDK-
FD

5'-CGC CTA GTC GAC GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG
GCG AAA GAA GCG GCG GCG AAA ACC CCT GAG CCT ATT TTG GTT GAT ACT-3'

2.69 SalI-EA5-CDK-
FD

5'-CGC CTA GTC GAC GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG
GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA ACC CCT GAG CCT ATT
TTG GTT GAT ACT-3'

2.70 SalI-EA6-CDK-
FD

5'-CGC CTA GTC GAC GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG
GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA
ACC CCT GAG CCT ATT TTG GTT GAT ACT-3'

2.71 SalI-EA7-CDK-
FD

5'-CGC CTA GTC GAC GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG
GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA
GAA GCG GCG GCG AAA ACC CCT GAG CCT ATT TTG GTT GAT ACT-3'

2.72 SalI-EA8-CDK-
FD

5'-CGC CTA GTC GAC GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG
GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA
GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA ACC CCT GAG CCT ATT TTG GTT
GAT ACT-3'

2.73 SalI-EA8-CDK-
FD

5'-CGC CTA GTC GAC GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG
GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA
GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA ACC CCT
GAG CCT ATT TTG GTT GAT ACT-3'

2.74 SALI-EA10-
CDK-FD

5'-CGC CTA GTC GAC GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG
GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA
GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG GCG GCG AAA GAA GCG
GCG GCG AAA ACC CCT GAG CCT ATT TTG GTT GAT ACT-3'

2.75 YFP-STp-SbFI-
BK

5'-TAG GCG CCT GCA GGT TAC TTG TAC AGC TCG TCC ATG CCG AG-3'
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2.76 Ypet-stp-sbfI-BK 5'-TAG GCG CCT GCA GGT TAT TTG TAC AAT TCA TTC ATA CCC TC-3'
3.1 XhoI-CYPET-FR 5'-CGC CTA CTC GAG GAT GTC TAA AGG TGA AGA ATT ATT CGG CGG-3'

3.2 BglII-CYPET-BK 5'-TAG GCG AGA TCT TTT GTA CAA TTC ATC CAT ACC ATG GGT AAT ACC-3'

3.3 KpnI-YPET-FR 5'-CGC CTA GGT ACC ATG TCT AAA GGT GAA GAA TTA TTC ACT GGT GTT-3'
3.4 YPET-STP-

HindIII
5'-TAG GCG AAG CTT TTA TTA TTT GTA CAA TTC ATT CAT ACC CTC GGT AAT ACC-3'

3.5 BglII-TnI1-FR 5'-CGC CTA AGA TCT ATT AGC GCG AGC CGC AAA CTG CAG CTG AAA ACC CTG CTG
CTG CAG AT-3'

3.6 TnI1-KpnI-BK 5'-TAG GCG GGT ACC TTC GCG TTC CAG TTC CTG TTT CGC AAT CTG CAG CAG CAG
GGT TTT C-3'

3.7 BglII-TnI2-FR 5'-CGC CTA AGA TCT CGC GAA CCG CGC CCG GCG CCG GCG CCG ATT CGC C-3'
3.8 TnI2-kpnI-Bk 5'-TAG GCG GGT ACC ATA GTT GCT GCT GCG GCG GCG AAT CGG CGC CGG CG-3'

3.9 BglII-Ctrl-
MMP2-Fw

5'-CGC CTA AGA TCT GGC GGC AGC GGC GGC ATT CCG GTG AGC CTG CGC AGC-3'

3.10 Ctrl-MMP2-
KpnI-BK

5'-TAG GCG GGT ACC GCC GCC GCT GCC GCC GCC GCT GCG CAG GCT CAC CGG AA-3'

4.1 Oxy-81-XhoI-N-
FD

5’-TAT TCT CGA GGG AGA TGG CAA GCC AG-3’

4.2 OxyR-205-
PVVSERM-BK

5’-CAT CCG CTC GGA AAC CAC GGG CAT TGC CTG ATC GCG CAA AC-3’

4.3 Oxy-81-206-
SAG-RED-BK

5’-CTC GGG GTA CAT CCG CTC GGA GCC CGC GCT CAT TGC CTG ATC GCG CAA ACA
GTG ACC A-3’

4.5 SAG-red-GECO-
FD

5’- GCA ATG AGC GCG GGC TCC GAG CGG ATG TAC CCC GAG GAC GGC GCC CTG AAG-
3’

4.6 Oxy-206-SAG-G-
GECO-BK

5’- CTT GTC GGC CTT GAT ATA GAC GTT GCC GGC GGA CAT TGC CTG ATC GCG CA-3’

4.7 SAG-GEM FD 5’-ATG TCC GCC GGC AAC GTG TAT ATA AAG GCC GAC GAG-3’
4.8 SAG-G-GECO- 5- ATG TCC GCC GGC ACG TCT ATA TCA AGG CCG AC-3’
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FD
4.9 OxyR205-

PENV-GEM-BK
5’- GTC GGC CTT TAT ATA CAC GTT CTC TGG TGC CTG ATC GCG CAA AC-3’

4.10 PENV-GEM-FD 5’-CCA GAG AAC GTG TAT ATA AAG GCC GAC G-3’
4.11 GEM-KpnI-BK 5’-TAG GCG GGT ACC GCT GTA CTC CAG CTT GTG CCC-3’
4.12 OxyR205-

LENV-G-GECO-
BK

5’-GTC GGC CTT GAT ATA GAC GTT CTC GAG TGC CTG ATC GCG CAA AC-3’

4.13 LENV-G-GECO-
FD

5’-CTC GAG AAC GTC TAT ATC AAG GCC GAC-3’

4.14 G-GECO-KpnI-
BK

5’-TAG GCG GGT ACC CTT GTA GTT GCC GTC GTC CTT-3’

4.15 PVV –RED-cpFP
fw

5’-CCC GTG GTT TCC GAG CGG ATG-3’

4.16 RED-cpFP-KpnI-
BK

5’-AAT AGG TAC CAG CCT CCC AGC CCA TGG TCT-3’

4.17 OxyR-206-KpnI-
FD

5’-GGT ACC GGT TTC TGT TTT GAA GCC GGG G-3’

4.18 OxyR-305-
HindIII-BK

5’-AAT AAA GCT TTT AAA CCG CCT GTT TTA AAA CTT T-3’
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