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Synopsis

Fluorescence imaging methods integrated with substrate-based reporter assays (both
genetic and synthetic substrate) are routinely used to study the function of “active
protease” in the (patho) physiological processes. However, most of the substrate-based
reporters lack target specificity in the in vivo conditions. Recently, the activity-based
fluorescent probe (ABFP) method is used for monitoring protease function in vivo. This
method provides an opportunity to back-track the signal produced by the target enzyme and
other proteases. However, this is achieved through post-processing of cell or tissue lysate
followed by in-gel fluorescence studies. ABFP method is labor-intensive and cannot be
translated to high-throughput imaging studies. To address the drawbacks of existing
techniques, herein, we disclose the design and development of a new technology called
“Activity-based Reporter Gene Technology” (AbRGT). It uses a reporter protein-tagged
protease of interest (Pol) and an activity-based fluorescent probe (ABFP). The specific
activation of Pol is determined by measuring the fluorescence resonance energy transfer
(FRET) signal that occurs only upon labeling of ABFP to the reporter protein-tagged
Pol. In this manner, the method allows the imaging of an active protease with an exquisite
specificity in the presence of highly homogenous proteins within a cell. As a proof-of-
concept, we have applied this method to study the function of individual caspase protease in
both intrinsic and extrinsic apoptosis signaling pathways. We demonstrate that the same
method can be used for profiling of compounds that can inhibit caspases activity. We have
also shown the design and potential use of the BRET approach of AbRGT in the high-
throughput screening of protease inhibitors. Altogether, this method holds huge potential for

applications in the area of diagnostics, screening of drugs, and other discovery efforts.

Chapter-1 of my thesis focuses on introducing protease, protease regulation, and the
methodologies used to study protease function. Proteases play a fundamental role in patho
(physiological) processes. The activation of protease from its zymogen state is tightly
regulated at multiple levels. The conventional proteomics approach provides information on
the global expression of the protease. The expression profile of the protease does not
always correlate with its functional state as most of the proteases are post-translationally

modified or bound by endogenous inhibitors. Recently, fluorescent imaging methods such



as substrate-based reporter and ABFP technologies have been developed to study protease
function. However, both these methods lack target specificity in the native cellular
environment. To address these limitations, we have developed a novel approach called

Activity-based Reporter Gene Technology (AbRGT)

Chapter-2 of my thesis discusses the design and development of AbRGT. This method
image specific protease activation with unprecedented specificity. We demonstrated
AbRGT by imaging the specific activation of caspase-3 in the apoptosis signaling pathway.
The method integrates two labeling motifs; a reporter protein tagged to the protease of
interest and an activity-based fluorescent probe (ABFP) that targets the active site of a
protease. FRET between the reporter protein (donor) and the fluorophore (acceptor) of
ABFP occurs upon the labeling of ABFP to the GFP-tagged Pol. The nonspecific labeling
of the probe creates a highly specific FRET pair that reports only the target protease activity

but not the other proteases in the cell.

In Chapter-3, we have validated our method by demonstrating its applicability by
specifically imaging the function of five different target proteases (caspase-3, -7, -8, and -9
and cathepsin-B), independently in three different cell lines (HeLa, HEK-293, and MCF-7).
We have shown the potential of the method for the screening of protease inhibitors. As
another potential application, we have demonstrated the method can be used for validating
the activation of a protease in a signaling pathway by studying the direct activation of

cathepsin B in the apoptosis pathway.

FRET approach of AbRGT is a method of choice for performing the single-cell assays. It is
not suitable for performing population-based assays due to the autofluorescence from cells.
In addition, the FRET approach requires direct excitation of the fluorophore resulting in
photobleaching. To overcome these limitations, we have demonstrated the development of
the bioluminescence resonance energy transfer (BRET)-approach of AbRGT in Chapter-4.
The BRET approach of AbRGT combines the use of luciferase to the protease of interest
(Pol) and an ABFP targeting Pol and other protease resulting in the generation of in situ
BRET pair. We have also shown the potential of the BRET-approach of AbRGT for high-

throughput screening of caspase-3 inhibitors.

ii



Chapter-5 discusses the summary and future directions of the thesis. In the future, the
method can be used for the in vivo imaging of protease function by using the BRET-
approach of AbRGT. Alternatively, the FRET approach of AbRGT can also be used for in
vivo imaging by choosing RFP (donor) and a near-infrared fluorophore (NIRF, acceptor).
The method can also be applied for imaging the function of uncharacterized protease. We
have identified, HtrA2, a serine protease, as an interesting target protease to study its
function in the apoptosis pathway as it is known to induce apoptosis via both caspase-

dependent and independent pathway and is also not widely explored.
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Chapter 1

Methods to study protease function



1.1 Introduction to protease

Proteases are the enzymes that catalyze the hydrolysis of the amide bond between two
amino acids in a polypeptide chain of a protein. Proteases constitute the largest class of
enzymes, representing nearly 2% of the human genome.'” Based on the catalytic
mechanism, proteases are classified into five different protease families, i.e., aspartyl,
cysteine, metallo-, serine, and threonine proteases.1 Protease function is central in various
physiological processes, including development’, tissue remodeling®, programmed cell
death>®, immune response’, etc., and it also plays a crucial role in pathological conditions
such as cancer® and allergic diseases'’, etc. Proteases serve as a biomarker in diseases such
as cardiovascular diseases.'' This close association between protease and diseases makes it

a great target in the area of drug discovery, diagnosis, and therapeutics, etc.'

Proteases are translated as inactive enzymes such as zymogens that undergo post-
translational modifications (PTMs) to become active proteases. The proteolytic cleavage of
the inhibitory prodomain from the zymogen form is required for the activation of protease.
Proteolytic cleavage in the activation process is an irreversible event, leading to the tight
regulation of protease activity in the cellular system. The activity of protease is limited by
the interaction with endogenous protease inhibitors and by degradation by the proteasomal
compartment via the ubiquitination pathway (Figure 1.1)."”> Due to this multilevel
regulation, protease abundance may not always correlate to its activity levels. Essentially,
it is the protease activity rather than its abundance that plays a significant function in
biological processes.'* Emergence of the field of proteomics led to the study of protease
structure and function. Since then, several technologies, including conventional proteomics

approach and optical imaging methods, have been developed to detect protease function.
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Figure 1.1 Schematic representation of the regulation of protease activity. (a) Proteases are
synthesized as an inactive zymogen by ribosomes. (b) Proteases are activated via several different
mechanisms such as post-translational modifications (PTMs) or other environmental factors like pH
change, cofactor binding, etc., and also by the proteolytic cleavage of prodomain. Prodomain
cleavage can occur by the action of another individual protease or the same protease (autocatalysis).
(c) Protease activity is further restricted by the binding of an endogenous protease inhibitor or by
proteasomal degradation. Adapted with permission from reference (15). Copyright © 2014, Annual
Reviews.

1.2 Traditional proteomics approach

The conventional proteomics methodologies take into account the overall expression level
of a protease in a cell, tissue, or organism level.' This proteomics approach recognizes the
presence of a particular protease, i.e., protease-of-interest (Pol) and its relative quantity at a
given time.'®"

Traditionally, the study of protease has been a “top-down” approach, i.e., the Pol is
expressed in a suitable host, extracted, purified, biochemically and structurally
characterized to decipher its possible role in the living system. The advent of gel-based
approaches as a principle separation technique is considered as a significant boon in the
area of proteomics. Examples of gel-based methods such as sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) facilitates resolving different protease
from a mixture based on its molecular size. It also gives information on the estimated
molecular size of a PoL'® A step forward to SDS-PAGE is the invention of two

dimensional-polyacrylamide gel electrophoresis (2D-PAGE) that can resolve different

3



proteins in two dimensions. In the first dimension, proteins are separated based on its
isoelectric point (pI), whereas, in the second dimension, proteins are resolved depending on
its molecular weight. This gel-based approach has proved to be very useful as a qualitative

tool as it has been applied to evaluate the PTMs of a protein, mutant protein analysis, etc.'®

To obtain a pure protein fraction, various chromatographic methods such as ion-exchange
chromatography (IEC), size exclusion chromatography (SEC), and affinity
chromatography, etc., have been developed as classical protein purification techniques.
IEC separates the protein based on the net positive or negative charge carried by a protein at
its physiological pH, while SEC resolves the proteins based on the difference in their

2021 However, affinity chromatography takes advantage of the differential non-

sizes.
covalent interaction strength between biomolecules. It uses the specific interactions that
exist in the biomolecules, such as antigen-antibody interactions.”” In addition to its
applications in isolating specific biomolecules, it also serves several applications in the area

of drug discovery.”

Thereafter, to study the structure of a protein, techniques like X-ray crystallography have
been widely used. X-ray crystallography is a breakthrough technique that elucidates the
three dimensional (3D) structural details of a protein crystal at an atomic resolution of 0.83
A?* This technique has helped in identifying molecular interactions between different
molecules, such as discovering inhibitors for protease utilizing a structure-guided drug

design (SGDD) approach.”

Subsequently, for the characterization of multiple different proteins at a time, techniques
like mass spectrometry (MS) has been developed. MS is a high-throughput, analytical
technique that determines the molecular weight of a purified protein or mixture of different
proteins. Protein samples are transformed into charged species by an ionization source, and
the mass analyzer then measures the mass-to-charge (m/z) ratio of the charged proteins.
Depending on the ionization source, different MS techniques like matrix-assisted laser
desorption ionization (MALDI), surface-enhanced laser desorption/ionization (SELDI), and

electrospray ionization (ESI), etc.”*” have been developed (Figure 1.2). MS serves vast



biochemical applications in drug discovery, e.g., identification of the protein biomarkers

associated with pathological conditions®, etc.

Protein structure modeling (X-
ray crystallography and NMR)

Pull down assay

N Y N Y
J/
ﬁ * e The=3

1V Vol MV
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Figure 1.2 Schematic representation for detecting protein function by conventional proteomics
methodologies. It involves protein extraction, purification, and structural studies. The total protein is
extracted from the cells or tissue sample via sonication or treatment with detergents. The protein of
interest can be isolated by utilizing various chromatographic techniques depending on the
biochemical nature of polypeptides. For the structural and functional characterization of protein,
various methods like X-ray crystallography, NMR, and MALDI-TOF are extensively used. The
MALDI-TOoF is also used in high-throughput studies, including total proteome analysis that enables
the study of protein network biology. Adapted with permission from reference (29). Copyright ©
2017, Oxford University Press.

The standard proteomics methods proved useful in providing information on protease
presence, abundance, PTMs, protein-protein interaction, etc. However, these methods are
also not very selective and are often biased towards the protease present in high
abundance.*® These methods also involve the homogenization of cell/tissue resulting in the
loss of the spatial information of the protease and hence, unable to detect protease function

in its native cellular environment. The protease function is highly influenced by its



microenvironment, spatial localization, and dynamic interactions with other biomolecules;
the conventional proteomics approach does not offer details about the “functional state” of
a protease.”’ The fluorescence imaging probes addresses some of the limitations posed by
the traditional proteomics approach by deciphering the “functional state,” i.e., the active

state of protease rather than just abundance.

1.3 Fluorescence imaging methods

Optical imaging methods is a robust approach to non-invasively study the biochemical
processes in the living system. The fluorescence imaging uses fluorophores that are excited
by laser diodes at a wavelength specific to the fluorophore. The emitted light from the
fluorophore is further detected by the detector. Since it is a non-invasive approach, it is safe
and straightforward to use.*” It also offers the advantage of imaging the function of a
protease in real-time in the living system. The methods are broadly classified into substrate-

based reporter assays and activity-based fluorescent probes (ABFP).

1.3.1 Substrate-based reporters

Substrate-based reporters are the small molecules probes that dissect the function of the
protease family in an in vitro and an in vivo system. It constitutes of two primary chemical
moieties (i) a peptide substrate and (ii) a reporter molecule. (i) The peptide substrate is the
recognition and cleavage sequence of the protease. It also drives the selectivity towards the
target protease family. (ii) The reporter molecule, such as a fluorophore for visualization
and detection. Substrate-based reporters consist of a peptide substrate coupled to the
reporter molecule resulting in the quenching of the fluorescence of the fluorophore. The
cleavage in the peptide recognition sequence by an active protease leads to the changes in
the spectral properties of the fluorophore. The alteration in the fluorophore's spectral
properties is measured, which acts as a direct readout of the protease activity (Figure

1.3).3%
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Figure 1.3 Schematic representation of a typical substrate-based probe. A substrate-based probe
composed of a recognition element called peptide linker bound to a fluorophore and a quencher at
opposite ends. The donor molecule is excited, which transfers the energy to the quencher via
fluorescence resonance energy transfer (FRET), bioluminescence resonance energy transfer
(BRET), or nanosurface energy transfer (NSET) phenomenon. The cleavage of the peptide linker by
the target molecule (protease) results in the loss of energy transfer, indicative of protease activity.
D: Fluorophore, Q: Quencher. Adapted with permission from reference (35). Copyright © 2012,
World Scientific.

1.3.1.1 Fluorogenic substrate-based probes

Fluorogenic substrate-based probes are the prototype of the substrate-based probes. The
probe is designed by coupling a fluorophore to the peptide substrate resulting in quenching
of the fluorescence signal of the fluorophore. Cleavage by the protease releases the free
fluorophore that restores the original fluorescence signal of the fluorophore. Gurtu et al.
designed fluorogenic substrates Ac-DEVD-AFC/pNA for the detection of caspase activity
in 32D cell lysate. The probe utilizes the DEVD tetrapeptide as the recognition sequence
for caspases.’® Active caspases cleave the DEVD peptide sequence after the second
aspartate. The DEVD peptide is labeled to a fluorophore, 7-amino-4-trifluoromethyl
coumarin (AFC), or a chromophore, p-nitroanilide (pNA). The presence of active caspase
in the apoptotic 32D cells is determined by the release of free AFC or pNA molecule upon
the cleavage of the DEVD-AFC/pNA substrate by active caspases (Figure 1.4). Using this
assay, they found that the DEVD-dependent protease activity is co-related to the apoptotic

events of the cells.”’
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Figure 1.4 Schematic representation of the fluorogenic substrate-based probe used for detecting
caspase activity in the apoptosis pathway. (a) Detection of DEVD-dependent protease activity
utilizing fluorometric and colorimetric assays. The release of AFC from DEVD-AFC after cleavage
by the caspase results in the shift of the AFC fluorescence emission to 508 nm that is detected using
a fluorometric assay. Similarly, the release of pNA from the DEVD-pNA is detected using a
colorimetric assay. (b) Right, 32D cells were induced to undergo apoptosis by treatment with
etoposide, an apoptosis-inducing drug (100 uM) for 8 h. The cells are lysed, and DEVD-dependent
proteolytic activity was analyzed at varying substrate concentrations of DEVD-AFC and DEVD-
PNA, respectively. Left, 32D cells were induced to undergo apoptosis by treatment with etoposide
(100 uM) at varying time-points as indicated. DEVD-dependent proteolytic activity was detected
using the ApoAlert CPP32 assay kit according to the manufacturer's instructions. Substrates DEVD-
AFC and DEVD-pNA (50 uM) were added to the lysed cells. RFU, relative fluorescence unit.
Apated with permission from reference (37). Copyright © 1997 Academic Press.

One of the significant advantages of these probes is that it requires minimal modifications
to the natural peptide recognition sequence of the protease.’® However, these probes are
generally utilized for in vitro studies. Another major caveat of using fluorophores like AFC
for cell imaging is that the absorption maxima of AFC is ~375 nm, i.e., excites in the
ultraviolet (UV) region, and hence contributes to the high background due to auto-

fluorescence of the cells with UV light.” Also, these probes are intensity-based fluorescent
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probes that can add to artifacts caused by probe concentration, and hence limiting the
sensitivity. In order to enhance the sensitivity of these probes, another class of ratiometric

substrate-based probes such as FRET-based probes has been developed.

1.3.1.2 FRET-based probes

FRET-based probes work on the fluorescence resonance energy transfer (FRET)
phenomenon. It constitutes of a donor and an acceptor molecule attached to either end of
the peptide recognition sequence cleavable by the protease. The distance between the donor
and acceptor molecule can be regulated by adjusting the peptide linker length and is kept
less than 10 nm for the efficient FRET process. FRET pair, i.e., donor and the acceptor
molecule, is chosen such that the emission spectra of the donor overlap the excitation
spectra of the acceptor. The donor molecule non-radiatively transfers the energy to the
acceptor molecule upon excitation.***' However, cleavage in the peptide linker sequence by
the active protease leads to the spatial separation of the donor and the acceptor molecule
eliminating the FRET effect. The loss of FRET causes an increase in the donor molecule
intensity and a simultaneous decrease in the acceptor molecule intensity. The changes in the
spectral properties of the FRET pair can be measured and co-related with the protease
activity. Since the FRET-based probes are based on the ratiometric measurements of
emission intensities at two different wavelengths, donor and acceptor, it significantly
enhances the signal/noise ratio. These probes are also more sensitive as compared to the
intensity-based fluorogenic substrate-based probes. FRET-based probes are further
classified as synthetic FRET-based probes and protein-based FRET probes.

1.3.1.2.1 Synthetic FRET-based probes

1.3.1.2.1.1 Fluorochrome as a FRET acceptor: Nagano et al. developed a synthetic
FRET-based probe for measuring caspase-3 activity in apoptotic HeLa-S3 cells. They chose
6-carboxy-2’, 7’-dichlorofluorescein hydrazine (CDCF) as a donor fluorochrome, and 5-
carboxytetramethyrhodamine (CTMR) as an acceptor fluorochrome. CDCF and CTMR are
conjugated via the peptide sequence, GDEVDGVD. CDCF and CTMR exhibit the FRET
phenomenon in the intact probe. To detect the caspases-3 activity in the apoptosis pathway,

cells are treated with etoposide (apoptosis inducer). The active caspase-3 cleaves the



peptide linker and eliminates the FRET effect. FRET loss causes an increase in the
fluorescence signal of the donor CDCEF after etoposide treatment, indicative of the caspase-

3 activity in apoptotic HeLa-S3 cells (Figure 1.5).*
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Figure 1.5 Schematic representation of synthetic FRET-based probe and its utility in detecting
apoptosis. (a) Top, design of the synthetic fluorometric probe for measuring caspase-3 activation.
Probe constituting of a donor and an acceptor linked via GDEVDGVK peptide. The acceptor
molecule diffuses away from the donor molecule upon cleavage by the caspase-3, resulting in FRET
loss, indicative of caspase-3 activity. Bottom, the chemical structure of donor molecule CTMR and
the acceptor molecule CDCF. (b) Hel.a-S3 cells are microinjected with the CDCF-GDEVDGVK-
CTMR probe. After 12 h, cells are treated with 10 Wg/ml etoposide. Fluorescence microscopy
images are taken A: 2 h, B: 4 h, C: 6 h, D: 8 h, E: 10 h, and F: 12 h of etoposide treatment. Arrows
indicate the cell membrane blebs. Numbering from 1-5 is designated for five cells, as shown in A.
The fluorescence signal strength is indicated in the color spectrum scale, where the color blue and
red represents the lowest and the highest signal strength respectively. Adapted with permission
from reference (42). Copyright © 1999 Federation of European Biochemical Societies.

1.3.1.2.1.2 Quencher as a FRET acceptor: A quencher molecule absorbs light emitted
from the donor fluorochrome and re-emits the energy in the form of visible light
(fluorescence quencher) or as heat (dark quenchers). The use of a quencher molecule in the
FRET pair as an acceptor molecule enhances the sensitivity of the probe as a quencher
molecule absorbs light from the donor molecule more efficiently than the acceptor
fluorochrome. Also, the quencher molecule in the FRET pair reduces the background

fluorescence caused by the direct excitation of acceptor fluorochrome.* Kuiwon Choi and
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co-workers demonstrated the application of a fluorochrome-quencher FRET-based probe in
detecting matrix metalloproteinase-13 (MMP-13) activity in osteoarthritis (OA) induced rat
models. MMPs are known to be an accessible biomarker to study OA. Low expression
levels of MMP-13 is observed in normal cartilages while it is shown to be upregulated in
OA.* To image MMP-13 activity, a fluorochrome-quencher FRET-based probe is
designed. The probe uses (i) a near-infrared (NIR) dye, i.e., Cy5.5 (blue circle), that emits
light above 650 nm. These NIR dyes are widely used in vivo studies as it is least scattered
or absorbed by the tissue due to its long wavelength and hence minimizes the auto-
fluorescence. (ii) A NIR dark quencher, black-hole quencher-3 (BHQ-3, black circle) which
makes a suitable FRET pair with Cy5.5 dye and (iii)) an MMP-13 cleavable peptide,
GPLGMRGLGK. The intact probe is non-fluorescent due to the quenching of Cy5.5
fluorescence by BHQ-3 quencher; however, the cleavage by MMP-13 restores the
fluorescence of Cy5.5 fluorescence. The fluorescence readout is a direct measurement of
MMP-13 activity. Using this probe, they detected the early and late stages of OA by
imaging MMP-13 activity (Figure 1.6).%*
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Figure 1.6 Schematic representation of a fluorochrome-quencher FRET-based probe and its
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applications in vivo imaging of MMP-13 activity in OA-induced rat model. (a) Design of the MMP-
13 probe that utilizes near-infrared (NIR) dye, Cy5.5 (blue circle), and NIR dark quencher BHQ-3
(black circle) separated by the MMP-13 peptide substrate. The MMP-13 probe is non-fluorescent
due to fluorescence quenching of Cy5.5 by BHQ-3 as a result of the close proximity of Cy5.5 and
BHQ-3. Cleavage by the MMP-13 between Gly and Leu in the peptide substrate restores the
fluorescence of Cy5.5. (b) In vivo imaging of the MMP-13 activity in osteoarthritis (OA) induced
rat model of six weeks and eight weeks, intermediate and late-stage OA, respectively. OA induced
cartilages generated a strong NIR signal as compared to the normal cartilages indicative of MMP-13
activity. Adapted with permission from reference (45). Copyright © 2008, American Chemical
Society.

1.3.1.2.1.3 Self-quenching based FRET probes: Self-quenching or homo-FRET
refers to a phenomenon that occurs between two identical fluorophores in close proximity
and suppresses the fluorescence of each other by cross-relaxation. Self-quenching FRET-
based probes are designed by attaching the identical fluorophores to the opposite ends of
the peptide substrate that exhibit self-quenching FRET mechanism. Cleavage by the
protease at the peptide linker restores the fluorescence of each fluorochrome molecule.**"’
Weissleder et al. developed a FRET-based probe based on a self-quenching mechanism to
detect the activity of cathepsin-like protease in a mouse tumor model. They have used
synthetic graft copolymer incorporating poly-L-lysine (PL) that is used as a backbone,
methoxy polyethylene glycol (MPEG) as a delivery vehicle, and Cy5.5 dye as a
fluorochrome. The resulting probe, i.e. (Cy5.5)11-PL-(MPEG)o,, abbreviated as (C-PGC),
uses 92 MPEG molecules and 11 Cy5.5 molecules for each PL backbone. The PL backbone
contains 44 unmodified lysines for the protease that uses lysine-lysine specificity as its
cleavage site (Figure 1.7). The probe treated with trypsin showed a 12 fold increase in NIR
fluorescence intensity versus untreated ones. /n vivo studies showed an intense NIRF signal
in tumor implanted nude mice, indicating the cleavage of the probe by cathepsin-like
proteases. They successfully imaged tumors in mouse xenograft by developing a self-

quenched near-infrared fluorescence (NIRF) probe.**
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Figure 1.7 Schematic representation of a self-quenching near-infrared fluorescent (NIRF) probe.
(a) The identical fluorochromes in close proximity diminish the fluorescence signal of each
fluorochrome by a self-quenching phenomenon. The interaction by the target proteases releases the
fluorochromes and restores the original fluorescence. The amount of fluorescence generated is a
direct measure of the target protease’s activity. (b) A (Cy5.5)11-PL-MPEG92 (abbreviated as C-
PGC) probe containing capillary phantom untreated or treated with trypsin. Fluorescence intensity
difference of 12 fold was observed in trypsin inactivated versus activated probe. (c¢) Chemical
structure of the repeating unit of the C-PGC graft copolymer showing self-quenching by Cy5.5
fluorescent dye and the cleavage site for trypsin (green arrow). Adapted with permission from
reference (48). Copyright © 1999, Springer Nature.

1.3.1.2.14  Quantum dots as FRET donors: Quantum dots (QDs) are nanometer-sized
semiconductor nanocrystals. Upon excitation, QDs emit in the wide range of fluorescence
emission spectrum, depending on its size. The QD-FRET based protease sensors are
designed such that the peptide substrate labeled fluorescent dye binds to QDs, resulting in
the quenching of the fluorescence of QDs. Cleavage of the peptide substrate by protease
restores the fluorescence of the QDs.*! The article by Lifang Shi ef al. has demonstrated
the synthesis and development of QD FRET-based protease sensors for measuring the
MMPs, i.e., collagenase activity in the breast cancer cells. They utilized CdSe/ZnS quantum
dots with trioctylphosphine oxide (TOPO) ligands. TOPO ligands are replaced by
tetrapeptide RGDC labeled to rhodamine dye. Here, Cd/Se ZnS acts as a FRET donor,

13



rhodamine as the FRET acceptor, and RGDC peptide as collagenase substrate. Cleavage of
the RGDC peptide by collagenase results in FRET loss, indicative of collagenase activity.
Based on the FRET readout, they measured the MMP activity and differentiated normal
versus cancerous tissue (Figure 1.8).> Owing to its unique characteristics, such as high
photostability, brightness, tight emission spectra, high molar absorption coefficient, longer
lifetime, QDs have been extensively used as fluorescent probes in bioimaging.”*>”* Since
QDs are made of heavy metal ions such as Cd*" and Hg2+, toxicity is one of the major

. . . . 55
concerns while using QDs based probes in vivo systems.

.G-D- Rh
a @.Topo&@.c-m;-n

— @
—_— - 4 --Rh

DGR
(b)

Figure 1.8 Schematic representation of quantum dots (QD)-fluorochrome FRET-based probes for
imaging of collagenase activity in normal versus cancerous cells. (a) The probe is composed of
CdSe/ZnS quantum dots with trioctylphosphine oxide (TOPO) ligands. Tetrapeptide RGDC
conjugated to rhodamine dye replaces TOPO ligands leads to the formation of rhodamine-labeled
peptide-coated CdSe/ZnS quantum dots. Cleavage by the collagenase at the peptide substrate RGDC
restores QD fluorescence, indicative of collagenase activity. (b) Fluorescence microscopy images of
rhodamine-labeled peptide-coated quantum dots incubated in HTB 126 cell line (breast cancer cells)
for [top panel (a)] 0 min, [top panel (b)] 15 mins and in HTB 125 cell line (normal breast cells), for
[bottom panel (c)] 0 min, and for [bottom panel (d)] 15 mins. Adapted with permission from
reference (52). Copyright © 2006, American Chemical Society.

The synthetic FRET-based probes have served tremendous applications in imaging protease
activation and the diagnosis of diseases. The limitation of these probes is that it is

sometimes impermeable to the cells and requires microinjection to perform cellular studies.
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Microinjection makes the process tedious to be translated into high-throughput studies

(HTS).*®

1.3.1.2.2 Protein-based FRET probes

The Discovery and development of green fluorescent protein (GFP) from the jellyfish
Aequorea victoria by Osamu Shimomura, Martin Chalfie, and Roger Tsien brought a
revolution in the biosciences. The three shared a Nobel Prize in Chemistry in 2008 for this
remarkable discovery.”’ Wild-type GFP molecule absorbs light at 395 nm with a minor
peak at 470 nm and emits light in the green region with an emission maximum of 509 nm.>*
The introduction of the recombinant gene technology expanded the utility of GFP as a gene
expression marker and in situ tagging of proteins.” Further, Roger Tsien and co-workers
successfully developed spectral variants of wild-type GFP by performing site-directed
mutagenesis. The resultant color variants are cyan fluorescent protein (CFP), a yellow

fluorescent protein (YFP), a blue fluorescent protein (BFP), a red fluorescent protein

(RFP).%

The color variants are utilized to make a protein-based FRET probe for protease activity
detection. The two-color variants of GFP molecules that make a suitable FRET pair are
genetically encoded at opposite ends of the cleavable peptide substrate. Cleavage of the
peptide substrate linker by protease activity causes the FRET loss, an increase in donor
protein intensity, and a simultaneous increase in acceptor protein intensity.®' The article by
Ying Luo and co-workers has demonstrated the use of the protein-based FRET probe
named GDB. GDB encodes for an enhanced green fluorescent protein (EGFP) and
enhanced blue fluorescent protein (EBFP) conjugated via the 18 amino acid linker
containing the DEVD recognition sequence. EGFP acts as a fluorescence donor, EBFP as a
fluorescence acceptor, and DEVD as the substrate recognition sequence for caspases. The
probe is utilized to measure caspase-3 activity in apoptotic HeLa cells. Apoptosis was
induced by transfecting the cells with pCMV-Rip vector construct expressing protein kinase
Rip. Rip is known to be involved in the TNF-induced apoptosis pathway.®* Co-expression
of the cells with pCMV-Rip and pGDB eliminates the FRET signal between EGFP and
EBFP due to the cleavage at the DEVD peptide recognition site. Loss in the FRET signal
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observed in apoptotic cells indicating the presence of active caspase-like protease (Figure
1.9).9
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Figure 1.9 Schematic representation of a protein-based FRET probe for measuring caspase-3
activity in apoptotic cells. (a) Structure of GDB protein-based FRET probe constituting of EGFP,
EBFP, and peptide linker incorporating DEVD peptide recognition sequence. FRET direction is
represented by a dashed arrow. The arrow at the peptide sequence represents the caspase cleavage
site. Cleavage at the peptide sequence by caspase-like protease results in FRET loss indicative of
caspase activity. (b) Analysis of the FRET effect by utilizing fluorescence-activated cell sorting
(FACS) analysis. HEK-293 cells were transfected with pGDB or/and Rip, pEGFP, and pEBGP were
harvested 24-36 h after transfection. Laser 1, used for triggering and scatter detection, 488 nm
excitation line; laser 2, used for fluorescence detection in two channels using 450/65 and 530/40
bandpass filters, 351 excitation line. Only 530/40 detection channel data is shown. A: Cells
expressing EGFP only. B: Cells expressing EBFP only. C: Cells transfected by pGDB. D: Cells co-
transfected by pGDB and pCMV-Rip. Adapted with permission from reference (63). Copyright ©
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1998, Oxford University Press.

The advantage of using protein-based FRET probes is that it is genetically encoded that
uses the natural substrate for protease, and can mimic the native environment for a protease
action. It also eliminates the problems associated with cell permeability since the probe is
encoded by the genetic material. Unlike synthetic FRET-based probes, it does not require in
vitro modifications of the substrate. The caveat is that the GFP and its spectral variants
have a broad spectrum and cause bleed-through issues, e.g., FRET pair like ECFP and
EYFP show spectral bleeding and hence decrease the sensitivity of FRET readout.*

1.3.1.3 BRET-based probes

Bioluminescence resonance energy transfer (BRET) refers to the energy transfer between a
bioluminescent molecule that acts as an energy donor and a fluorescent molecule that acts
as an energy acceptor. Like FRET, BRET also requires spectral overlapping between the
donor and the acceptor molecules and a minimum distance of (< 10 nm) for the energy
transfer. The luciferase enzyme utilizes a substrate; the catalysis of the luciferase substrate
emits light that gets absorbed by a fluorescent acceptor to re-emit the light as a longer
wavelength.** BRET-based probes are developed by attaching a protease-cleavable peptide
linker with a bioluminescent donor and a fluorophore acceptor to opposite ends. The
absence of active protease shows a higher BRET signal, while the presence of active
protease shows the reduction in the BRET signal. The protease activity can be measured by
calculating the milli-BRET (mBRET) values.®>*® Piwnica-Worms and co-workers
constructed a BRET-biosensor to detect the executioner caspase activity in cellulo. The
BRET-based probe pCBG-DEVD-tdTomato; encodes for the DEVD peptide sequence, i.e.,
recognition sequence for executioner caspases, with click beetle green (CBG) and tdTomato
at opposite ends. Here, CBG is the bioluminescent protein donor, and tdTomato is the
fluorescence acceptor molecule. The executioner caspases activity was tested in apoptotic
HepG2 cells by monitoring the changes in the BRET ratio due to the cleavage of the pCBG-
DEVD-tdTomato probe (Figure 1.10).
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Figure 1.10 Schematic representation of a BRET-based probe and its function in detecting caspase
activity in a 96-well plate format. (a) The function of CBG-DEVD-tdTomato BRET-based probe in
detecting caspase-3 activity. Upon addition of the CBG substrate, it transfers the energy to
tdTomato which remits energy at 580 nm wavelength and is detected by a long pass filter > 590 nm.
The tdTomato diffuses away from the CBG after the cleavage at the DEVD peptide sequence
resulting in BRET loss resulting in the light emission at the peak of the luciferase emission
wavelength (540 nm). A control probe is also designed with an uncleavable linker GGSS yielding
CBG-GGSS-DEVD probe. The BRET value for the control probe, CBG-GGSS-DEVD, is
maintained even in the presence of active caspase-3. (b) Ultilization of CBG-DEVD-tdTomato
BRET-based probe to detect caspase activation induced by doxorubicin. HeLa cells were transiently
transfected with a vector encoding for either pCBG-DEVD-tdTomato, pCBG-GGSS-tdTomato, or
pCBG alone and then plated in triplicates columns in black-walled 96-well plates. After 24 hours,
doxorubicin was added to the cells in decreasing concentrations (10 to 0 uM) from the top to the
bottom of the plate and then imaged at 5 time-points. Images shown are from 1.5 h time-point (top
panel) or 12 h time-point (bottom panel) (peak induction). The images are, from left to right, the
average radiance acquired from an unfiltered acquisition, a green filter (540AF20 nm), or a red filter
(>590 nm long pass). After thresholding out the detector noise, the red/green ratio of the filtered
images was calculated and false-colored. Finally, a BRET image was obtained by subtracting from
the red/green pixel ratio to the average value of the red/green ratio from doxorubicin untreated CBG
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wells. Adapted with permission from reference (67). Copyright © 2009 American Institute of
Chemical Engineers (AIChE).

Since the FRET system requires the external light source for the donor molecule excitation,
it leads to autofluorescence, photobleaching, and light scattering, etc., which hampers the
sensitivity. Whereas BRET is a naturally occurring phenomenon where the donor molecule
generates light upon the catalysis of the luciferase (donor) substrate; hence, it is suitable for
imaging in living subjects and also in light-sensitive cells. However, FRET is a robust
technique that provides a high spatial resolution for imaging of the interacting protein
partners in living cells. It is well suited for single-cell assays, where the background can be
differentiated by taking unlabeled regions of the cell as a reference. On the contrary, BRET
is not very suitable for imaging purposes or single-cell assays because of the low output of
the emitted light. It is, however, superior to FRET to perform population-based cell assays

since it offers a high signal to noise ratio as compared to FRET.®®

1.3.2 Pros and cons of substrate-based probes

There are several advantages of using substrate-based probes. (i) The probe design is simple
and straightforward and can be encoded genetically or synthesized chemically (ii) can
measure the turnover number of a protease. The enzyme kinetics parameters such as Ky,
Vmax» kecat fOr a protease can be calculated using these probes. (iii) Signal amplification, i.e.,
one single protease, can hydrolyze multiple substrate molecules. The drawbacks of using
substrate-based probes are; (i) it lacks specificity, i.e., the peptide sequence of the probe can
be cleaved off by multiple proteases of the same family and is not specific for one particular
protease. (ii) The signal produced by a specific protease can not be back-tracked as the
probe does not remain bound to the target protease after getting cleaved. Due to this, the
exact subcellular location of the protease activity can not be identified.'> Another option for
substrate-based probes is the activity-based probes (ABPs). However, the mechanism of

action by which the two methods detect protease activity is different.

1.3.3 Activity-based probes

ABPs measure the activity of a class of protease by covalently modifying the active-site of

the protease by forming a covalent bond. The amount of active-site modification by the
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ABP is indirectly correlated to its activity. ABP is composed of three core structural
elements called warhead or the reactive group, linker or peptide recognition sequence, and

the tag (Figure 1.11)."°1¢

Warhead: Warhead is the reactive functional group that forms a covalent bond by reacting
with the catalytic active-site residue of the protease. Various warhead groups have been
designed and successfully applied to target a specific class of protease. For instance, the
fluorophosphonate functional group is designed as a warhead for targeting serine proteases
like trypsin or chymotrypsin.”” The range of different proteases targeted by the ABP
depends on the warhead since it drives the reactivity of the probe towards the target
protease.

Linker: A linker connects the warhead to the tag. It serves two purposes, (i) linker helps in
reducing the steric hindrance between the warhead and the tag. (ii) It also enhances the
selectivity of the probe towards specific proteases; by the incorporation peptide sequence
that mimics the binding pocket of the cellular substrate of the protease. For example, the
DEVD peptide sequence is incorporated in the linker region for probes that target
executioner caspases, i.e., cysteine protease.

Tag: The purpose of the tag is to visualize or purify the protease labeled by ABP.
Radiolabeled, fluorescent, and biotin tags, in combination with SDS-PAGE and mass

spectrometry, have been used to analyze, identify, and purify the labeled protease by ABP.
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Figure 1.11 Schematic representation of an activity-based probe (ABP) and its function in labeling
active protease. ABP is made up of three main components: warhead, spacer or recognition
element, and tag. Warhead is the reactive group that targets the active site of a protease. A spacer or
recognition element drives the selectivity of the probe towards the target protease and the tag for
visualization or detection, e.g., fluorescent dye or an affinity handle like biotin. The electrophilic
warhead of the ABP reacts with the nucleophilic active site of the protease and makes a covalent
bond resulting in the labeling of protease by an ABP. Adapted with permission from reference (69).
Copyright © 2012, Springer Nature.
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1.3.3.1 Activity-based fluorescent probes (ABFPs)

The development of activity-based fluorescent probes (ABFPs) is a significant boon to ABP
technology. ABFP utilizes a fluorescence molecule as a tag that allows the direct
visualization of the target protease activity in vivo studies. It also enables the
characterization of the ABFP labeled active proteases by using additional biochemical
techniques like SDS-PAGE. The article by Matthew Bogyo and co-workers demonstrated
the development of an ABFP, LP-1 (Legumain probe-1), for in vivo imaging of legumain
activity. LP-1 consists of aza-Asn epoxide as a warhead, selective inhibitor for cysteine
protease’', linker sequence incorporating proline for recognition by legumain’?, and Cy5 as
the fluorescent tag. They were able to track the legumain activity in both normal tissues and
solid tumors (Figure 1.12).”> Also, ABFP has been successfully applied to directly image
proteases like caspase-37*, caspase-6", cathepsin X'°, etc. However, the major drawback of
using an ABFP is its inherent fluorescence, i.e., it emits fluorescence signal both when
bound to the target protease or in the unbound form in the solution. To overcome this
limitation, a new class of ABFP is developed called quenched-activity based probes

(qABPs).
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Figure 1.12 Schematic representation of activity-based fluorescent probe (ABFP), legumain probe-
1 (LP-1), and its function in vivo imaging of legumain. (a) Chemical structure of LP-1 constituting
of aza-Asn epoxide as a warhead (blue), proline containing linker sequence (black), and Cy5 dye as
a fluorescent tag (red). (b) Images obtained from the in vivo imaging experiments performed in mice

21



bearing C2C12/ras xenograft tumors. Mice were intravenously injected with an LP-1 probe, and
images were collected at indicated points to detect the presence of active legumain. A colorimetric
scale is used to represent the images based on photons per second per centimeter square per
steradian (p s cm” sr ') overlaid on bright light images. Adapted with permission from reference
(72). Copyright © 2010, American Chemical Society.

1.3.3.2 Quenched-activity based probes

qABPs are the ABFPs with an added quencher molecule. The quencher molecule is
attached to the warhead group quenching the fluorescence of the fluorophore of the ABFP.
The removal of the quencher group by the proteolytic cleavage results in the covalent
attachment of the ABFP to the target protease and simultaneous emission of the
fluorescence signal. In this way, qQABPs emits the fluorescence signal only when it is bound
to the target. The article by Matthew Bogyo and co-workers demonstrates the development
and synthesis of GB117, a qABP for imaging active cysteine cathepsin-B proteases. GB117
consists of acyloxymethyl-ketone (AOMK) as a reactive warhead group that targets
cysteine protease. AOMK is coupled to the QSY7 quencher molecule and the dipeptide
phenylalanine lysine on each end. Cathepsin-B shows selectivity towards amino acid
residue phenylalanine.”””’® The dipeptide is conjugated to borondipyrromethane-tetramethyl
rhodamine-X (BODIPY-TMR-X) dye as a fluorophore. They have synthesized the GB111
probe that is without the quencher molecule as a control. Quenched probe GB117 and the
nonquenched probe GB111 were used to image cathepsin-B activity in live NIH-3T3 cells
and the MCF-10A 3D cultured cells. The more specific staining pattern was observed in
the case of GB117 as compared to GB111 before the washing step (Figure 1.13).” Another
example of a qABPs developed by Martijn Verdoes et al. is used for the in vivo imaging of
cysteine protease activity. The probe uses phenoxymethyl ketone (PMK) as a reactive
warhead, sulfo-QSY21 as a quenching group, and Cy5 dye for visualization. The probe is
utilized for the non-invasive imaging of tumor-bearing mice.*® The significant advantage of
qABP is qABPs are more sensitive probes than ABFPs for imaging of active protease.
Since qABPs generates fluorescence signal only upon binding to the active protease, also it

is well suitable for real-time imaging of protease activity in live cells.
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Figure 1.13 Schematic representation of a gABP and its function in imaging protease activity in
live cells. (a) Covalent labeling of active protease by qABP. The labeling of the active protease
results in the elimination of the quencher group and the formation of the fluorescently label
protease. (b) NIH 3T3 cells were pretreated with JPM-OEt inhibitor (50 uM), a general papain
family protease inhibitor, or vehicle DMSO (0.1%) for 1 h, and then subsequently labeled with
GBI111, an ABP or GB117, a qABP (1 pM) for 4-5 h. Cells were then stained with LysoTracker, an
acidotropic lysosomal marker, and were imaged in an inverted fluorescent microscope. (c¢) Cells
were labeled as in b but washed for 3 h in the JPM-OEt added culture medium before imaging. Red
staining depicts the protease activity; green staining depicts the lysosomal compartments, while
yellow staining represents the overlap in red and green fluorescence signals. Adapted with
permission from reference (78). Copyright © 2005, Springer Nature.
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1.3.4 Pros and cons of ABPs

Unlike substrate-based probes, the signal produced by a particular protease can be traced
back, identified, and quantified by performing additional biochemical assays like SDS-
PAGE. The disadvantages associated with ABPs are (i) Lacks signal amplification: one
molecule of ABP covalently binds to one molecule of active proteases resulting in the
inactivation of the protease, which hampers signal amplification. (ii) Off-target labeling:
ABPs are not specific for one particular protease of interest; it always shows some cross-
reactivity in the members of the same protease family. However, the specificity of the ABP
towards the target protease can be enhanced by modulating the warhead through the
traditional chemistry approach and screening for the peptide recognition sequence library
with better selectivity towards the target protease.’® Edgington ef al. demonstrated that it is
possible to minimize the cross-labeling of the ABFP by comprehensive probe engineering.
They designed an ABFP for in vivo imaging of caspases in the apoptosis pathway. The
probe is shown to target caspases with high selectivity; however, the cross-reactivity of the
probe towards to legumain could not be eliminated. It concludes that it is very challenging

to design an ABFP that is entirely selective towards a protease.”*
1.3.5 Activity-dependent proximity ligation method

Moellering and co-workers developed a novel platform called activity-dependent proximity
ligation (ADPL) that can image the protease activity with absolute specificity and
selectivity in a single cell. The approach combines the use of family-wide ABP with biotin
as an affinity tag®' and the proximity-dependent DNA ligation assays.®' The following steps
are required to perform ADPL for active protease detection. (i) The live cells are incubated
with family-wide ABP with a biotin affinity tag for the labeling of Pol. (ii) Fixed cells are
then incubated with primary antibodies specific to the Pol and the biotin tag of the ABP.
(iii)) Subsequently, cells are then incubated with secondary antibody-oligonucleotide
conjugates specific for each primary antibody. The close proximity of the ABP and Pol
allows the hybridization and ligation of the two bridging complementary oligonucleotides.
(iv) The signal is amplified by ligation and rolling circle amplification (RCA). (v)
Hybridization of the complementary oligonucleotides conjugated to a fluorophore enabled

the detection by the emission of the fluorescence signal (Figure 1.14). The ADPL platform
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is used to image the specific activation of enzymes like neutral cholesterol ester hydrolase-1
(NCEH1), a serine hydrolase, activity in cancer cell lines from ovarian and prostate
cancer.® The platform is further extended to soluble-ADPL (sADPL) that can measure the
activity of multiple enzymes from the same or different families using barcoded reagents

and a multiplexing scheme.”

ADPL offers several unique advantages like (i) In principle, cross-reactivity and off-target
labeling are eliminated, and the signal is narrowed down to the detection of a specific Pol.
(i1) It allows signal amplification, which is achieved by the proximity-dependent barcoded
oligonucleotides. (iii) It enables the detection of the low abundance and low activity
protease in a single cell with high resolution. However, ADPL is a multi-step process that
also requires the need of specific antibodies against the Pol. Also, it is difficult to translate

the method to in vivo imaging of protease activity.
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Figure 1.14 Schematic representation of the workflow of activity-dependent proximity ligation
(ADPL) platform. (a) Live cells are incubated with an activity-based probe (ABP) that labels active
proteins within the cells. (b) To detect the presence of ABP labeled protein-of-interest (Pol), fixed
cells are incubated with primary antibodies specific for Pol and probe detection handle (biotin).
Cells are further incubated with secondary antibody-oligonucleotide conjugates specific for each
primary antibody. When the probe and Pol are on the same protein, it will allow the hybridization
and ligation of two bridging complementary oligonucleotides. (c) The signal is amplified through
ligation, rolling circle amplification, and detection is achieved by subsequent hybridization of
complementary oligonucleotides conjugated to a fluorophore. (d) Pol activity is visualized and
quantified using fluorescence microscopy. Adapted with permission from reference (81). Copyright
@ 2017, Springer Nature.

1.4 Current challenges and aim of the thesis

Several imaging methods for imaging protease function have been developed with some

advantages and disadvantages. Protein-based™™® and synthetic®’**

substrates-based
reporter assays and activity-based fluorescent probes (ABFPs) are the two methods that are
frequently used to detect the function of "active proteases" in the (patho) physiological

processes. However, the substrate-based reporters lack target specificity in the in vivo
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conditions. Also, the signal generated by a particular protease can not be traced back, while
an activity-based fluorescent probe (ABFP) method targets a class of protease and hence
induces non-specificity in the system. However, the absolute specificity of the ABFP
towards the target protease can be achieved by engineering the warhead, the reactive
functional group, and the peptide scaffold of the ABFP. By extensive probe engineering,
Bogyo and co-workers enhanced the specificity of an ABFP to the target protease using the
medicinal chemistry approach. However, the results of that study showed it is nearly
impossible to design an ABFP with exclusive specificity towards a target protease.”* To
achieve absolute specificity, probe engineering alone may not be beneficial. Towards that
end, Moellering and co-workers developed an activity-dependent proximity ligation
platform (ADPL) that can measure the protease activity with absolute specificity.®'
However, ADPL requires the specific antibody against Pol, and also, it is difficult to

translate the method to in vivo studies.

To overcome some of the limitations posed by the existing technologies, we aim to develop
a novel approach for imaging of protease function with unprecedented specificity. Our goal
is to design and develop a simple, straightforward, and yet robust method that can be
readily applied to any protease of interest (Pol). The purpose is not to provide a substitute
for existing current proteomics methods as the ABPP approach in combination with mass
spectrometry is a robust technology that enables the detection of active protease with
unknown targets.® The objective is to offer an alternative platform for existing tools with
some unique features. The development of novel imaging tools that can image the function
of active protease with absolute specificity serves enormous potential for applications in the
area of high-throughput screening, in vivo imaging, target validation, diagnostic, and drug

screening.®> **!
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Chapter 2

Development of Activity-based Reporter Gene
Technology (AbRGT) for imaging of protease
activity
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2.1 Introduction

Proteases play an essential role in many physiological processes, including development,'
blood coagulation,2 and programmed cell death,’ and also in pathological conditions such as
cancer’ and infectious disease.” The conventional proteomics approach provides
information on the global expression level of the enzyme.® However, those readouts do not
always correlate with the functional state, as most of the proteases are post-translationally
modified or bound by endogenous inhibitors.” In spite of decades of research on protease
function, imaging of “active protease” with an exquisite specificity is still a significant
technical challenge.® Although the role of active proteases has been studied at the
physiological concentration in cell/tissue lysates,”’ very few techniques are available to
monitor its function in their native biological conditions in living cells.”'® Imaging of active
protease in live cells with an absolute specificity will have applications in understanding
various diseases and in testing the efficacy of targeted drugs.'!

12,13

Substrate-based reporter assays and the activity-based fluorescent probe (ABFP)

method '

are two major techniques used to monitor the function of active proteases. In
the substrate-based reporter assay, absolute specificity is the main challenge as substrates
can be cleaved by other proteases present in native biological conditions. Also, this method
lacks provision to trace back the fluorescence signal produced by the target enzyme. ABFPs
covalently modify the active site of an enzyme. Hence, the fluorescence signal generated by
the target enzyme and another off-target labeling can be traced back by performing in-gel
fluorescence assays of cell or tissue lysates.'>'® However, the ABFP method cannot be
employed to follow the biological processes in intact cells with an absolute specificity
because of cross-reactivity of the probe toward other enzymes.

To address the drawbacks of existing techniques, herein, we demonstrate the design and
development of a new method called activity-based reporter gene technology (AbRGT).
AbRGT is a hybrid of the reporter gene and ABFP technologies. Here, the enzyme tagged
to the fluorescent reporter protein is labeled by an ABFP creating a FRET pair. The readout

of this technology is based on the FRET effect, which is a very accurate, sensitive method
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and can be performed in a live cell. In situ generation of a FRET pair in a living cell has
been previously demonstrated by covalent labeling of the fusion protein by the synthetic
fluorophore. Hoffmann et al. have shown the activation of GPCR (G-protein coupled
receptor) tagged to CFP (cyan fluorescent protein) can be studied by labeling it with a
synthetic FIAsH probe resulting in the FRET effect.'” Nevertheless, to the best of our
knowledge, the detection of “active enzyme” by in situ generation of a FRET pair has not
been previously reported. This method discloses an innovative way to image the function of

the active protease with an exquisite specificity in a living cell.

2.2 Concept of AbDRGT

The concept of our technology is diagrammatically depicted in (Figure 2.1) Here, the
plasmid encoding protease-of-interest (Pol) tagged to a reporter protein (RP; FRET donor)
(Figure 2.1a) is expressed in the cell line of interest (Figure 2.1b). An appropriate stimulus
is given to cells for the activation of Pol (Figure 2.1c¢), followed by incubation of cells with
a cell-permeable ABFP carrying an appropriate fluorophore (FRET acceptor). Labeling of
Pol by an ABFP instantaneously creates a FRET pair in situ (Figure 2.1d). Upon RP
excitation, the emission of RP is absorbed by fluorophore of ABFP, resulting in quenching
of RP fluorescence and simultaneous excitation and emission of ABFP at a longer
wavelength resulting in the FRET effect (case a). Since the FRET effect heavily depends on
the distance between donor and acceptor, the labeling of other proteases by an ABFP will

not contribute to the FRET signal.
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Figure 2.1 Schematic representation of AbRGT. (a) Plasmid DNA encoding protease-of-interest
(Pol) (yellow) tagged to a reporter gene (green). (b) Cell expressing Pol tagged to a reporter protein
along with other proteases with the same or different protease family (gray). (c) Conversion of the
active protease from inactive zymogen form upon the application of an appropriate stimulus. (d)
Case a, Pol tagged to RP, labeled with ABFP (1x concentration), showing the FRET effect. (e) Case
b, cells are pretreated with the active-site protease inhibitor (20xconcentrations) and then labeled by
ABFP, abolishing the FRET effect. (f) Hypothetical graphical representation of FRET efficiency
comparison between cases a and b.

Additionally, this technology can be used for inhibitor profiling of protease as labeling of
Pol by an inhibitor would abolish the in situ generation of a FRET pair (Figure 2.1e) and
hence no FRET effect (case b). FRET efficiency comparison between “case a” (without
inhibitor) versus “case b” (with inhibitor) is represented in a hypothetical bar graph (Figure
2.1f). There would be a significant loss in the FRET efficiency of the cells pretreated with

an inhibitor versus untreated ones.
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2.3 Choice of the system to demonstrate the AbDRGT

To validate our method, we chose to study the function of caspases in the apoptosis
signaling pathway. Apoptosis is the programmed cell death that plays a significant role in
tissue homeostasis and development in the biological system. The regulation of apoptosis is
tightly controlled, and any dysregulation can result in various diseases such as cancer and
autoimmune diseases. Apoptosis can occur via two pathways, i.e., mitochondrial mediated

(or intrinsic)'® and death-receptor mediated (or extrinsic)'"® pathways.

The extrinsic pathway is initiated upon the binding of ligands to the death receptors present
on the cell surface leading to the formation of a death-inducing signaling complex (DISC)
that subsequently activates initiator caspases (caspase-8 or caspase-10). The initiator
caspases then activate the effector caspases by the site-specific proteolytic cleavage. The
effector caspase further dismantles the cell by degrading key intracellular molecules.
However, the intrinsic pathway is initiated by the release of specific death promoting
molecules from mitochondria that is triggered by several chemotherapeutic agents,
radiation, etc. The main event in the intrinsic pathway includes mitochondrial outer
membrane permeabilization (MOMP) that is considered to be an irreversible event in
apoptosis. MOMP leads to the release of certain proteins from the mitochondria. The
released proteins trigger a cascade of the caspase activation events resulting in apoptosis.
However, both the intrinsic and extrinsic pathways converge at the activation of effector
caspases (caspase-3 or caspase-7), leading to the destruction of crucial proteins and

eventually results in apoptosis (Figure 2.2).%°
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Figure 2.2 Apoptosis can occur through two alternative pathways: mitochondria-dependent (or
intrinsic) and death receptor-mediated (or extrinsic). The former pathway is shown on the left side,
and the latter is on the right side. The extrinsic pathway initiated by the binding of the ligands to
specific death receptors, e.g., Fas and tumor necrosis factor- (TNF-) related apoptosis-inducing
ligand (TRAIL) receptors DR4, and DRS induce cell death upon binding with Fas ligand (FasL) or
TRAIL, respectively. This process activates caspase 8. However, the intrinsic pathway induces
apoptosis by bid (BH3 interacting domain death agonist) cleavage, causing mitochondrial outer
membrane permeabilization (MOMP) and releasing cytochrome C and subsequent activation of
caspases-9 and -3. The intrinsic pathway is partly regulated by bcl family members bound to the

Cytochrome C

(D) Procaspase 3

mitochondrial membrane, including bax (pro-apoptotic) and bcl-2 (anti-apoptotic). The cytochrome
¢ release from the mitochondria is inhibited by the anti-apoptotic proteins bcl-2 and bel-XL.
However, all pro-apoptotic proteins, bcl-2—associated X protein(bax), bcl-2 homologous
antagonist/killer (bak), and bid promote cytochrome C release from mitochondria. The cytochrome
C and deoxyadenosine triphosphate (dATP) bind to apoptotic protease activating factor (APAF-1)
and forms a multimeric complex. The complex recruits and activates procaspase-9, an executioner
protease. Active caspase-9 subsequently activates caspase-3. Caspase-3 activation leads to DNA
fragmentation and cell death. Adapted with permission from reference (21) Copyright © 2014 Carla
Loreto et al.
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2.4 Choice of the protease of interest (Pol) to demonstrate
AbRGT

To demonstrate the work-flow of AbRGT, we chose to monitor the function of caspase-3 in
the apoptosis signaling pathway. The caspase-3 protease is chosen because it is the main
executioner caspase in the apoptosis signaling pathway. Caspase-3 is synthesized as a 32
kDa inactive zymogen consisting of a prodomain, a larger subunit (pl17), and a smaller
subunit (p12). The procaspase-3 is activated upon proteolytic cleavage by the effector
caspase-6 or -7. The proteolytic cleavage occurs after an aspartate (D) residue in 32 kDa
procaspase-3 in amino acid sequences, ESMDS (amino acids 25-29), and IETDS (amino
acids 172-176), yielding two subunits p17 and p12. The two subunits (p17 and p12) forms
a homodimer of heterodimer exhibiting two independent, active sites. The active site
involves the elements from both p17 and p12 subunits. The catalysis is performed by amino

acids Cys163 and His121 from the p17 subunit (Figure 2.3).%
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Figure 2.3 Procaspase-3 processing to active caspase-3. Caspase-3 zymogen form is composed of a
pro-domain, a larger subunit (p17), and a smaller subunit (p12) connected by a cleavable linker. The
caspase-3 gets activated upon cleavage by the effector caspases-6 or -7. After cleavage, larger and
smaller subunits form a heterotetramer via hydrophobic interactions. Adapted and modified from
reference (23).

2.5 Results and Discussion

2.5.1 Development of AbRGT using caspase-3 as a Pol

To demonstrate our method, we chose to monitor the specific activation of caspase-3 in the
apoptosis signaling pathway using an ABFP, rhodamine-VAD-fluoromethyl ketone (Rh-
VAD-FMK), in an MCF-7 cell line. The Rh-VAD-FMK probe comprises of rhodamine as a
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fluorescent tag, VAD as a peptide recognition sequence for pan-caspases, and FMK as the
reactive warhead for targeting cysteine proteases. Before performing cellular studies,
active-site labeling of the caspase3 protease by the Rh-VAD-FMK probe was validated in

vitro conditions.

2.5.1.1 In vitro 1abeling of recombinant caspase-3
25.1.1.1 Expression and purification of recombinant caspase-3

To begin with, recombinant human caspase-3 (rcaspase-3) was expressed and purified”*
using Ni-NTA column chromatography. The purified protein samples were characterized
using 15% SDS-PAGE gel and yielded two bands at the expected size (17 kDa and 12
kDa) with high purity (Figure 2.4a). The samples were analyzed using MALDI TOF/TOF
analyzer. Laser intensity was maintained at maximum, and mass was scanned between
10,000 Da and 40,000 Da. Caspase-3 expression was confirmed by peaks obtained at 12
kDa and 17 kDa in MALDI-ToF analysis (Figure 2.4b).
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Figure 2.4 Characterization of recombinant caspase-3 (a) The SDS-PAGE analysis of the Ni-NTA
affinity column purified caspase-3. Protein samples were run on 15% SDS-PAGE gel and stained
with coomassie brilliant blue. Fractions were eluted with 50, 250, and 300 mM imidazole
concentrations. (b) MALDI-ToF analysis of the purified caspase-3. The rcaspase-3 was mixed with
matrix 0.1% trifluoroacetic acid (TFA) with 70:30 water/acetonitrile mixtures and laser fired. The
identity of the purified enzyme was confirmed with the two peaks at 12939 and 16598 Da.

2.5.1.1.2 Michaelis-Menton kinetic assay and Lineweaver Burk plot

The Michaelis Menton kinetics assay was used to determine the activity of the rcaspase-3.
The rate Kwm/kea: of the rcaspase-3 catalyzed chemical reaction was calculated by plotting
velocity [P]/t (WM/min) against different substrate concentration [S] (Figure. 3a). The Ky and
Vmax values of rcaspase-3 were determined by reciprocating the values obtained by Michaelis
Menton plot to obtain a linear graph, i.e., Lineweaver Burk plot. The intercept on the X-axis
and Y-axis (Figure 2.5) signify the values of -1/Ky (-0.22 uM) and 1/Vax (1.1 pM/min) The
Ky and Vi values are calculated to be 4.5 pM and 0.9 uM/min, respectively.
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Figure 2.5 Lineweaver Burk plot for the determination of Ky and V., of rcaspase-3. To obtain a
linear graph, the values from the plot are reciprocated, and the Ky and k., values were calculated
from the intercept at x and y-axis.

2.5.1.1.3 Determination of the k., of recombinant caspase-3

The kot of the enzyme was calculated using the equation ey = Vinax/[Et]. The [E1] is the total
enzyme concentration, i.e., 10 nM. The Vi is 1.2 uM/min obtained from the Lineweaver
Burk plot. The calculated k. value is 1.5/secs. The active enzyme concentration was
determined by the graph plotted between hydrolysis rate versus inhibitor concentration
(Figure 2.6), 200 nM. The obtained k., values indicate that rcaspase-3 is catalytically active
and can be used to perform in vitro labeling by the Rh-VAD-FMK probe.
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Figure 2.6 Active -site titration of rcaspase-3. Hydrolysis rate [P]/t was plotted against the
concentration of Z-VAD-FMK. The intercept on the X-axis reveals the concentration of the active
rcaspase-3. The substrate DEVD-pNA was used at a final concentration of 50 uM.

2.5.1.1.4 Labeling of recombinant caspase-3 by Rh-VAD-FMK probe

In order to demonstrate rcaspase-3 labeling by the Rh-VAD-FMK probe with good
potency, rcaspase-3 was incubated with an increasing concentration (100, 500, and 2000
nM) of the Rh-VAD-FMK probe. The labeled protein samples were subjected to
electrophoresis, and the resultant gel was imaged using an in-gel fluorescence scanner. The
intense fluorescence signal of the rcaspase-3 pl17 band was found even at the lowest probe
concentration of 100 nM. The concentration-dependent increase in fluorescence intensity
of the caspase-3 pl17 band was observed (Figure 2.7a and b). The denaturation of the
rcaspase-3 by heat before labeling by the Rh-VAD-FMK probe eliminates the fluorescence
signal indicating that the reaction was driven through a specific mechanism between the

rcaspase-3 active site and the FMK warhead of the probe (Figure 2.7¢).
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Figure 2.7 In vitro labeling of rcaspase-3 by Rh-VAD-FMK probe. (a) In-gel fluorescence image
of purified rcaspase-3 (2 pM) labeled by the Rh-VAD-FMK probe at different concentrations (100,
500, and 2000 nM). b) Integrated band intensity values. (c) The specificity of the Rh-VAD-FMK
probe (1 uM) to label active enzyme (500 nM); (lane 1: active rcaspase-3 in the presence of Rh-
VAD-FMK probe, lane 2: thermally denatured rcaspase-3 in the presence of Rh-VAD-FMK probe.

2.5.1.2 FRET standardization

Before applying AbRGT on determining the caspase-3 activation in the apoptosis pathway
using the FRET approach, we first standardized FRET in the cellular system. To do that, we
chose a standard FRET positive control plasmid construct. The standard FRET C5V plasmid
encodes for a cyan fluorescent protein (CFP), (FRET donor) connected to a yellow
fluorescent protein (YFP), (FRET acceptor), via a five amino acid linker (GGGGG). The two

fluorescent proteins with overlapping spectral properties (emission spectrum of the donor
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overlapping with the absorption spectrum), makes a good FRET pair. The C5V plasmid was
over-expressed in the HEK-293 cell line, and the fluorescence signal was collected in CFP
channel (CFP excitation and emission), FRET channel (CFP excitation and emission) and
YFP channel (YFP excitation and emission). We observed the intense signal in all three
channels (Figure 2.8). To confirm the presence of FRET, we performed the acceptor photo-
bleaching method. The FRET efficiency was estimated by quantifying the donor, CFP
fluorescence intensity before and after photobleaching from the fluorescence intensity graph
(Figure 2.8). The FRET intensity is calculated to be 46% = 2, using the below equation. Thus,
we confirmed and calculated the FRET efficiency by acceptor photobleaching method with
C5V standard reference FRET plasmid construct taken as a positive control. Subsequently,
we proceeded towards performing the FRET-based AbRGT approach for measuring caspase-

3 activity in the apoptosis pathway.

(D)post—bleac - (D)pre—bleac

FRETef ficiency = D) -
post—bleac
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Figure 2.8 Acceptor photobleaching of the cells transfected with C5V standard FRET plasmid
DNA construct. The region labeled with 1 show the bleached zone, region 2 shows the unbleached
area i.e. background. (b) Quantitative measurement of the CFP and YFP intensities before and after
bleaching over different time scales. CFP fluorescence increased 152.3 from 107.2 in a bleaching
time of 0.9 minutes.

2.5.1.3 Imaging caspase-3 activation using AbRGT approach

Having demonstrated the labeling of rcaspase-3 by the Rh-VAD-FMK probe in vitro
conditions, AbRGT is used to detect the specific activity of caspase-3 in the native cellular
environment using the Rh-VAD-FMK probe. To do that, the MCF-7 cell line was chosen to
perform cellular assays because it lacks endogenous caspase-3.>> Cells were transfected
with a pCMV3 plasmid vector encoding C-terminally tagged GFPspark (FRET donor) to
caspase-3. For caspase-3 activity determination, it is necessary that GFPspark is tagged at
the C-terminus of the caspase-3 and not at the N-terminus, as the N-terminal peptide of the
zymogen caspase-3 is cleaved off of the protease during apoptosis as a part of the

maturation process of the protease.*®
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Transfected cells were treated with staurosporine (STS)*’2*

for 2, 4, 6, and 8 h or a TNF-related tumor-inducing ligand (TRAIL)*° (1 pug/mL) for 5 h
for apoptosis induction. Cells were then incubated with the Rh-VAD-FMK probe (1 uM)

(1 uM), a pan-kinase inhibitor

(FRET acceptor) for an additional 2 h for probe labeling. Subsequently, cells were washed
with phosphate buffer saline (PBS) to take out the unreacted Rh-VAD-FMK probe and

imaged under a confocal fluorescence microscope.

The Rh-VAD-FMK probe was chosen because it has been previously shown that this probe
labels caspase-3 with low selectivity’' and moderate affinity. Hence, it serves as a great
probe to validate the technology, i.e., extensive probe engineering is not required in this
case. Besides, the fluorophore (rhodamine derivative) attached to the Rh-VAD-FMK probe
can act as an excellent FRET acceptor because its absorption spectrum overlaps well with
the emission spectrum of GFPspark, which is one of the prerequisites for the efficient FRET

process.

To monitor the specific caspase-3 activation, the fluorescence signal was collected in three
different channels: the GFP channel (direct excitation and emission of GFP), the FRET
channel (direct excitation of GFP and indirect emission from rhodamine), and the
rhodamine (Rh) channel (direct excitation and emission of rhodamine). Diffused cytosolic
distribution of the GFP signal was observed in STS or TRAIL untreated control cells
[Figure 2.11 (i)] as procaspase-3 localization is known to be cytosolic.***> Caspase-3
GFPspark transfected cells showed a distinct punctate pattern® in GFP, FRET, and Rh
channels in both STS [Figure 2.11 (ii)] and TRAIL [Figure 2.11 (iii)] treated cells after 4
and 5 h of treatment, respectively. The fluorescence signal in the FRET channel represents
the presence of active caspase-3. The prominent difference between FRET and Rh channels
was not visible in the images because of the restricted resolution of confocal microscopy
due to its diffraction limit, i.e., 200 nm. To differentiate the fluorescence pattern in the two
channels, super-resolution imaging experiments were performed [Figure 2.11 (ii)], using
stimulated emission depletion (STED) microscopy>” (Figure 2.9). STED microscopy aided
in distinguishing the fluorescence pattern and labeling in the two channels, i.e.,

comparatively more precise labeling was found in the FRET channel than the Rh channel.
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Figure 2.9 Specific detection of caspase-3 GFPspark in MCF-7 cells. Caspase-3 GFPspark (1 pg)
transfected MCF-7 cells were treated with 1 uM of STS for 4 h and labeled by the Rh-VAD-FMK
probe (1 uM). Cells were fixed, and the fluorescence signal was collected in GFP, FRET, and Rh

channels. STED image (top) and confocal image (bottom).

The fluorescence signal obtained in the Rh channel in untransfected MCF-7 cells [Figure
2.11 b (iv)] depicts the presumable labeling of potential off-targets (cathepsin B, legumain,
and other caspase proteases) by the Rh-VAD-FMK probe including the Pol caspase-3 GFP
enzyme. To prove that the occurrence of the FRET effect [Figure 2.11 (ii)] is not because of
random physical interaction between GFPspark and rhodamine dye, EGFP (1 pg)
overexpressing MCF-7 cells were treated with or without STS (1 uM) for 4 h followed by
labeling with the RhVAD-FMK probe. The diffused fluorescence signal throughout the cell
was observed in the GFP channel in both STS treated or untreated cells since EGFP
localization is known to be ubiquitous in the cell, including the nucleus.’® The absence of
the fluorescence signal in the FRET channel in both STS treated or untreated cells proves

that there is no physical interaction between the Rh-VAD-FMK probe and EGFP.
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Nonetheless, the fluorescence signal in the form of punctate labeling was obtained in the Rh
channel in STS-treated but not in untreated cells representing the presumable activation of
the other cysteine protease by STS treatment allowing its labeling by the Rh-VAD-FMK
probe [Figure 2.11 (v) and (vi)]. However, EGFP transfected MCF-7 cells did not show any
apoptotic cell body upon STS treatment that could be because of the lack of endogenous
caspase-3 in this cell line. We replicated the EGFP control experiment in HEK-293 cells
since it has endogenous caspase-3. EGFP transfected HEK-293 cells were induced to
undergo apoptosis by the addition of STS (1 uM) for 12 h. In the STS untreated cells, the
diffused fluorescence signal was obtained throughout the cell in the GFP channel similar to
MCEF-7 cells, and the absence of the fluorescence signal was observed in FRET and Rh
channels, as expected [Figure 2.11b (vii)]. However, STS treated HEK-293 cells were
found to form apoptotic bodies, as evident by the fluorescence signal obtained in the GFP
channel. The fluorescence signal in the FRET channel was absent, but prominent punctate
labeling was observed in the Rh channel that further confirms the off target labeling by the
Rh-VAD-FMK probe [Figure 2.11b (viii)]. The corrected total cell fluorescence (CTCF) of
each image in GFP, FRET, and Rh channels in Figure 2.11b is calculated using ImageJ
software (Figure 2.12).

2.5.14 Validation of the off-target labeling of other proteases by the
Rh-VAD-FMK probe

Subsequently, an in-gel fluorescence assay was performed on Jurkat cells lysate to show the
multiple off-target labelings of other proteases by the Rh-VAD-FMK probe that has also
been elucidated in the previous reports.®’ Jurkat cells were induced to undergo apoptosis by
treatment with STS (1 uM) for 4 h, followed by labeling with the Rh-VAD-FMK probe.
The cell lysate (2 pg/uL) showed multiple bands on SDS-PAGE gel upon rhodamine
excitation at 561 nm laser, which proves the cross-labeling of other proteases by the Rh-

VAD-FMK probe (Figure 2.10).
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Figure 2.10 Cellular off-target labeling of Rh-VAD-FMK probe and Rh-DEVD-FMK probe shown
in Jurkat cells. 2.5 million Jurkat cells were incubated with 1 uM Rh-VAD-FMK probe or Rh-
DEVD-FMK probe in the (b) presence or (c) the absence of STS (1 uM) for 6 h. Cells are incubated
(a) without and (d) with Rh-VAD-FMK probe or Rh-DEVD-FMK probe and STS. Cells were then
lysed, and labeled proteins were analyzed by 12% SDS-PAGE followed by scanning for rhodamine
fluorescence (Ex: 561 nm, Em: 605 nm) with a flat-bed laser scanner.

2.5.1.5 Acceptor photo-bleaching method to confirm the FRET
occurrence

To prove that the fluorescence signal obtained in the FRET channel indeed manifests
exclusive detection of caspase-3, acceptor photobleaching studies were carried out.”’~"
Images in GFP and FRET channels were taken pre- and post-bleaching (Figure 2.11c).
Rhodamine photobleaching in the region of interest (ROI), the area under the white square,
was achieved by irradiating the cells with 100% intensity (561 nm), resulting in a rise in the
GFP signal in ROIL Quantified GFP intensities in the rhodamine bleached region as
compared to the unbleached region (Figure 2.11c¢), i.e., 58 = 3 and 6 £ 1 au, respectively

(*P <0.00001) confirming the in situ occurrence of FRET process with the FRET efficiency
(n=15 cells) of 35 + 1%.
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Figure 2.11 Development of AbRGT using caspase-3 as a target protease. (a) Schematic
representation of AbRGT in determining the specific activation of the caspase-3 GFPspark fusion
protein by the FRET effect utilizing the Rh-VAD-FMK probe. (b) The fluorescence signal was
collected in GFP, FRET, and rhodamine channels. MCF-7 cells transfected with caspase-3
GFPspark (i) untreated or treated with (ii) STS (1 uM) for 4 h or (iii)) TRAIL (1 pg/mL) for 5 h and
then labeled by the Rh-VAD-FMK probe. (iv) Untransfected MCF-7 cells were treated with STS (1
uM) for 4 h and then labeled by the Rh-VAD-FMK probe. MCF-7 cells transfected with enhanced
green fluorescent protein (EGFP) plasmid treated with (v) STS (1 uM) or without (vi) STS for 4 h
and then labeled by the Rh-VAD-FMK probe. Scale bar, 10 um. HEK-293 cells transfected with
enhanced green fluorescent protein (EGFP) plasmid treated without (vii) STS (1 uM) or with (viii)
STS for 4 h and then labeled by the Rh-VAD-FMK probe. (c) FRET validation between GFP and
rhodamine fluorophores using the acceptor photobleaching method. Images for GFP and rhodamine
fluorescence signals were collected in GFP and FRET channels pre- and postbleaching of
rhodamine signals. (d) Quantification of the change in GFP fluorescence intensity after rhodamine
photobleaching in both the GFP control region (1) and the GFP bleached region (2) (ROI), the area
under the white square using the acceptor photobleaching method. Error bar represents the SEM for
n =10 cells (*P <0.00001). Scale bar, 10 pwm, au, arbitrary units.
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Figure 2.12 CTCF (corrected total cell fluorescence) is calculated in GFP, FRET, and Rh
channels for each image in (Figure 2.11b) using Image J software. The procedure for
quantification is described in the “Materials and Methods” section.

2.5.1.6 Imaging caspase-3 activation at different time points

Similar results were obtained for other time points as well, i.e., 2, 6, and 8 h of STS
treatment (Figure 2.13a and b). Time-dependent imaging studies revealed enormous cell to
cell variability on the onset of programmed cell death. This observation is similar to the

results obtained by other researchers.*’
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Figure 2.13 Time-dependent activation of caspase-3 GFPspark in MCF-7 cells upon STS (1 uM)
induction. MCF-7 cells transfected with 2 pg of caspase-3 GFPspark plasmid and treated with 1 uM
of STS for 2, 6, and 8 h. Cells were then labeled with the Rh-VAD-FMK probe for an additional 2
h. (a) Images were collected in GFP, FRET, and Rh channels. (b) Images for GFP and rhodamine
fluorescence signals were collected in GFP and FRET channels pre- and post-bleaching of
rhodamine signals in ROI (region of interest), area under the white square, with 100% laser intensity
(561 nm). FRET validation between GFP and rhodamine fluorophore using the acceptor
photobleaching method for the MCF-7 cells with STS induction for 2, (¢) 6, and (d) 8 h. [ =
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intensity (a.u.), arbitrary units. The calculated FRET efficiency for 2, 6, and 8 h are 38, 43, and
36%, respectively.

2.5.1.7 Imaging caspase-3 activation using Rh-DEVD-FMK probe

Caspase-3 activation is also monitored using another ABFP containing peptide sequence
(DEVD) more selective for caspase-3, i.e., the Rh-DEVD-FMK probe. The Rh-DEVD-
FMK probe also showed a similar pattern of the fluorescence signal in all three channels as
that of the RhVAD-FMK probe with an estimated FRET efficiency of 35% (Figure 2.14a
and b). These findings demonstrate that the exquisite specificity cannot be achieved only by

simply changing the peptide recognition sequence to a more specific one.

a

Rh-DEVD-FMK (1 pm) + +
Z-VAD-FMK (50 uM)

GFP
channel

FRET
channel

Rhodamine
channel
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Figure 2.14 Applying AbRGT for specific detection of active caspase-3 GFPspark using the Rh-
DEVD-FMK probe. Caspase-3 GFPspark (2 pg) transfected MCF-7 cells were treated with 1 pM
of STS for 4 h and labeled with the Rh-DEVD-FMK probe (1 uM). (a) The fluorescence signal was
collected in GFP, FRET, and Rh channels in the presence or absence of inhibitor Z-VAD-FMK (50
uM). (b) Acceptor photobleaching experiment was performed to confirm and calculate FRET
efficiency—the rise in GFP intensity after rhodamine photobleaching in the background
insignificant as compared to the ROI. The calculated FRET efficiency is 35%.

2.5.1.8 Imaging caspase-3 activation in HeLa and HEK-293 cells

Further, the versatility of the technology was demonstrated by detecting the activity of
caspase-3 GFPspark in different cell lines, including HeLa and HEK-293. The same
methodology was applied where HeLLa and HEK-293 cells expressing caspase-3 GFPspark
independently were induced to undergo apoptosis by STS (1 uM) treatment for 10 h and
labeled by the Rh-VAD-FMK probe. In HeLa cells, a compounded (diffused and punctate)
fluorescence pattern was observed in all three channels with a FRET efficiency of 32 + 2%
(Figure 2.15). On the contrary, HEK293 cells showed the diffused fluorescence pattern in
all channels with a calculated FRET efficiency of 33 + 2% (Figure 2.16).
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Figure 2.15 Specific detection of active caspase-3 in HelLa cells. Caspase-3 GFPspark (1 pg)
transfected HeLa cells were treated with STS (1 uM) for 10 h. After 10 h of treatment, cells were
labeled with the Rh-VAD-FMK probe (1 pM) as described previously. Images were obtained in GFP
and FRET channels. FRET validation between GFP and rhodamine fluorophore using the acceptor
photobleaching method. Images were taken under GFP and FRET channels pre and post- rhodamine
photobleaching in the ROIL. The calculated FRET efficiency is 32 £ 2%.
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Figure 2.16 Specific detection of active caspase-3 GFPspark in HEK-293 cells. Caspase-3
GFPspark (1 pg) transfected in HEK-293 cells for 24 h and were treated with STS (1 pM) for 10 h.
After 10 h of STS treatment, cells were labeled with the Rh-VAD-FMK probe (1 uM) as described
previously. (a) Images were obtained in GFP and FRET channels. FRET validation between GFP
and rhodamine fluorophore using the acceptor photobleaching method. Images were taken under
GFP and FRET channels pre and post- rhodamine photobleaching in the ROI. (b) The rise in GFP
intensity in the ROl is 72, and the background is 13. The calculated FRET efficiency is 33 + 2%.

2.5.1.9 Optimization of the time window of caspase-3 or -7 activation
in HeLa cells

The time point of 10 h for STS treatment in HeLa cells was chosen based on the substrate-
based reporter assay. The cleavage of the FRET pair substrate, for executioner caspases,
i.e., cyan fluorescent protein (CFP)-DEVDR-yellow fluorescent protein (YFP), was
monitored during the time course of 12 h in the CFP-DEVDR-YFP plasmid transfected
HeLa cells. Disruption of the FRET signal was observed at 10 h time-point in the live-cell

imaging indicative of the activation of executioner caspases (Figure 2.17).

2.5.1.10 Confirmation of cleaved caspase-3 by western blotting

The presence of cleaved caspase-3 pl7 fragment in the immunoblotting assay was also
observed at 18 and 24 h time points of STS (1 uM) treatment in HeLa cells lysate, ensuring

the presence of active caspase-3 (Figure 2.18).
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Figure 2.17 Time courses of cleavage for CFP-DEVDR-YFP plasmid in the HeLa cell line. Time is
relative to the first frame taken after 8 h of STS treatment. (a) Fluorescence intensity of cyan
fluorescent protein (CFP) and yellow fluorescent protein (YFP) in the CFP channel was plotted
against time. (b) CFP to YFP intensity ratio was plotted was against time. The percentage rise in the
CFP/YFP intensity ratio was 47%. Rise in CFP/YFP intensity ratio is an indirect measure of
caspase-3/7 activation.
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Figure 2.18 Western blot analysis shows the expression of cleaved caspase-3 pl17 fragment after
18 and 24 h of STS (1 uM) treatment in HeLa cells. Lysate loading was done in triplicates. The
double-headed arrow is representing three lanes with the same sample.

2.6 Conclusion

Here, we disclose a simple but powerful method called “Activity-based Reporter Gene
Technology (AbRGT)” for imaging of “active enzyme” in the live cell with an
unprecedented specificity. The exquisite imaging of the target protease is achieved by
taking advantage of both reporter gene technology and the synthetic chemistry (ABFP)
method. By fusing a reporter tag (GFP fluorescent protein) to Pol followed by covalent
labeling of Pol by an ABFP (acceptor) led to the in situ formation of the FRET pair. The
non-specific labeling of the ABFP creates a highly specific FRET pair that reports only the
activity of the target protease but not the other proteases in the cell. We have demonstrated
that the AbRGT is a method that provides an opportunity to specifically image the function
of any “active enzyme” in an intact fixed or live cell. We have validated our approach by
demonstrating its applicability by specifically imaging the function of caspase-3 in the
apoptosis signaling pathway, independently in three different cell lines (HeLa, HEK-293,
and MCF-7).
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2.7 Materials and methods

2.7.1 Reagents

Staurosporine drug (S5921) was purchased from Sigma. The Rh-VAD-FMK probe
(ab65616) and the Rh-DEVD-FMK probe (ab65617) were procured from Abcam. TRAIL
recombinant protein (RPA139Hu01) was obtained from Cloud Clone Corporation.

2.7.2 Expression and purification of recombinant human caspase-3

Transformation: Human recombinant caspase-3 (rcaspase-3) His-tag cloned gene in pET
23b vector (pET23b Casp-3 His-tag); (Addgene plasmid # 11821) was transformed in BL21
(DE3) strain of E.coli cells. For transformation, 1 pL (100 ng) of plasmid was added in 25
uL of competent BL21 (DE3) cells and kept in ice for 30 mins. After incubating it on ice
for 30 mins, heat shock was given for 90 secs at 42 °C in a water bath. 950 pL of Luria-
Bertani (LB) medium was added and incubated at 37 °C for 1 h at the thermomixer, 400
rpm. The transformed cells were centrifuged at 4500 rpm for 5 mins. The pellet obtained
after centrifugation was resuspended in 100 pL LB and added on the LB agar plate
containing ampicillin antibiotic. The LB agar plate with transformed cells was then kept at
37 °C, incubated for 12 h. After 12 h, a single colony was picked and added to a 5 ml
culture for overexpression. Overexpression of rcaspase-3: The protein was overexpressed in
BL21 (DE3) strain of E.coli cells (2 L culture) at 37 °C to an O.D of 0.6 before induction
with 0.2 mM IPTG for 3 h at 30 °C. The cells were pelleted down at 6000 rpm for 10 mins
at 4 °C and resuspended in lysis buffer containing 100 mM Tris-HCI, pH-8; 100 mM NacCl
and 20 mM imidazole and lysed using a sonicator. After sonication, the sample was
centrifuged for 30 mins at 20,000 rpm. Purification of caspase-3 His-tag by affinity column
chromatography using Ni-NTA column: After removal of cellular debris, the supernatant
was incubated with Ni-NTA column pre-equilibrated with buffer A (100 mM Tris-HCI; 100
mM NaCl and 20 mM imidazole). The column was washed with an 8-bed volume of buffer
A twice. After incubating the column with buffer A, protein lysate was loaded in the Ni-
NTA column. The column was incubated with protein lysate was then washed with 10
column volumes of buffer B (10 mM Tris-HCI; 500 mM NacCl 4, and 20 mM imidazole)

twice. Protein was then eluted in 1 ml fractions with 6 ml of elution buffer, buffer C (50
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mM Tris-HCI, pH-8; and 150 mM NaCl and 250 mM imidazole. Fractions were checked on
SDS-PAGE for purity, followed by dialysis against buffer A. The protein was concentrated
and stored at -80 °C.

2.7.3 MALDI- ToF analysis

The molecular mass of purified enzyme caspase-3 samples was analyzed in Linear High
Mass mode in AB Sciex 4800 plus MALDI-ToF/ToF analyzer using 4000 Series Explorer
software. The scanning range was between 10,000 Da and 40,000 Da. MALDI Matrix
Preparation: 4 mg of dihydroxyacetone phosphate (DHAP) was dissolved in 150 puL of
ethanol (solution A). 4.5 mg of 1, 2 - diamino cyclohexane (DAHC) was dissolved in 200
puL of milli-Q (solution B). Both the solutions were sonicated using a bath sonicator for 1
min and vortexed for another min. 50 pL of solution B was mixed with solution A to yield
solution C. Solution C was vortexed for one more minute to yield matrix mixture. MALDI
Sample Preparation: Purified enzyme samples (100 uM), 2% trifluoroacetic acid (TFA),
and MALDI matrix (solution C) were mixed in a 1:1:1 ratio. The enzyme sample was then
kept undisturbed. Samples were spotted on the MALDI plate upon crystallization and air-
dried for 15 mins. The plate was then loaded and fired to get accurate molecular weight in

the +1 state.

2.7.4 Michaelis-Menton Kinetics assay

Ky and Vi of the rcaspase-3 were calculated using Michaelis Menton Kinetic Assay. The
protease activity was determined in a colorimetric assay. The reaction mixture containing
standard caspase assay buffer (20 mM PIPES, pH-7.5, 100 mM NaCl, 1 mM EDTA, 10
mM DTT, 0.1 (w/v) CHAPS, 10% sucrose, Caspase-3 (10 nM) with caspase substrate
incorporating amino acid sequence DEVD conjugated to para-nitroaniline (DEVD-pNA) in
increasing concentrations, 5 uM, 10 uM, 20 uM, 40 uM, 80 uM, 160 uM. The reaction
mixture was incubated for 10 minutes at 37°C. Caspase activity was correlated with the
cleavage after the second aspartate of the substrate DEVD-pNA and the amount of pNA
released from DEVD-pNA. pNA release was monitored by absorbance at 405 nm. Substrate
concentration was plotted against velocity, v, ([C]/t), and Michaelis Menton equation (given

below) was used for the determination of Ky and Viax.
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I/V = [KM/Vmax [S] + 1/ Vmax]

Where V is the initial velocity, Ky (Michaelis constant) is the substrate concentration at 0.5
Vinax, Vmax 18 the maximum velocity of the enzyme catalyzing the substrate, [S] is the substrate

concentration.

2.7.5 Determination of k., of caspase-3

keat of the enzyme can be calculated by determining the active enzyme concentration in the
preparation of purified protein. For this purpose, Z-VAD-FMK, one of the widely known
covalent inhibitors of pan-caspase, was used. For this assay, the rcaspase enzyme (10 nM)
was incubated with varying concentrations of the inhibitor Z-VAD-FMK (50, 100, 200, 400,
800 nM) in standard caspase buffer for 30 min at 37 °C and then diluted into the caspase
substrate DEVD-pNA (50 uM). The release of pNA was monitored at 405 nm. The rate of
hydrolysis (Y-axis) was plotted against inhibitor Z-VAD-FMK (X-axis) concentration. The
total concentration of active enzyme was determined from the intercept of the X-axis. kg, of

the enzyme was calculated by using the following equation
kcat = Vmax /[E]T

keat 1s the turnover number, the amount of substrate catalyzed by the enzyme per second, Viax

is the maximum velocity, [E]r is the amount of active enzyme concentration.

2.7.6 Recombinant caspase-3 labeling by Rh-VAD-FMK probe

2 uM of the purified recombinant caspase-3 was incubated with various concentrations of
the (100, 500, and 2000 nM) for 30 mins at 37 °C. The samples were analyzed by SDS-
PAGE, and active site labeling was visualized by scanning gels on a GE Typhoon flat-bed
scanner (excitation/emission 561/605). For labeling of denatured rcaspase-3, purified
rcaspase-3 was subjected to heating at 90°C for 30 mins followed by incubation with the

Rh-VAD-FMK probe.
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2.7.7 In-gel fluorescence assay

2.5 million Jurkat cells were seeded in 25 cm?® flask, and the flask was kept in the cell
incubator overnight. STS (1 uM) or vehicle dimethyl sulfoxide (DMSO) was added,
followed by the addition of the Rh-VAD-FMK probe (1 uM). After 6 h, the cells were
trypsinized, and the cell pellet was stored at -80 °C until further processing of cells. The cell
pellet was thawed to room temperature, and 100 puL of 1X phosphate buffer saline (PBS)
buffer was added to make cell suspension. Probe sonicator was used to lyse the cells (20
cycles ~ 20 secs). After the cell lysis procedure, the standards for protein assay were
prepared from a stock solution of bovine serum albumin (BSA) of 0.25, 0.5, 0.75, 1.0, 1.50,
and 2.0 mg. 25 uL of reagent A, 5 pL of the proteome, or standard solution, 200 pL of
reagent B was mixed and incubated for 10 mins. The absorbance of the sample was
measured at 650 nm. From the standard solution, the concentration of the unknown
proteome was calculated. All the samples were adjusted to the protein concentration of 1
mg/ml. To 100 pL of proteome solution, 100 pul of sample buffer was added. The samples
were loaded on to 18-well 12% Tris Gel. The gel was scanned with excitation and emission
wavelength of 561 and 605 nm for the Rh-VAD-FMK probe. Image J software was used to

integrate the band intensity.

2.7.8 Cell culture methods

MCEF-7 cells borrowed from Dr. Mayurika Lahri’s. HeLa and HEK-293 cells are borrowed
from Dr. Siddhesh Kamat’s laboratory, IISER Pune. MCF-7, HEK-293, and HeLa cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) supplemented
with 10% fetal bovine serum (FBS) (Gibco), 100 mg/mL penicillin, and 100 mg/mL
streptomycin (Gibco). Cells were maintained at a density of 1 x 10° cells in the T25 plate in

a humidified atmosphere of 5% CO, at 37 °C.

2.7.9 Plasmids and transient transfection

The caspase-3 GFPspark plasmid (Cat: HG10050-ACG) was procured from Sino
Biological. For transfection, cells were seeded in a 6-well plate at a density of 0.4 million

cells/well. At 60—70% confluency, cells were transiently transfected for 24 h at 37 °C with
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1 pg of the GFP tagged plasmid DNA construct and 5 pL of Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. 24 h posttransfection, cells were
visualized under a GFP filter for GFPspark expression under a fluorescence microscope at

10x magnification.

2.7.10 Labeling of active caspases in apoptotic cells by Rh-VAD-
FMK probe

After 24 h of transfection, cells were treated with STS (1 uM) drug or TRAIL (1 pg/mL) for
apoptotic induction and incubated for 2, 4, 6, and 8 h at 37 °C in a humidified atmosphere
of 5% CO2. Cells were gently scraped off from the surface at the end of apoptotic induction
and centrifuged at 3000 rpm for 5 min. The cell pellet was resuspended in 300 pL of fresh
DMEM containing 1 uM of the RhVAD-FMK probe or the Rh-DEVD-FMK probe and
incubated for an additional 2 h at 37 °C in a humidified atmosphere of 5% CO2. Cells were
again centrifuged at 3000 rpm for 5 min, and the supernatant was decanted. Cells were
washed with 1x PBS, thrice, and finally resuspended in 20 pL of 1 x PBS. The cell
suspension was put on a slide, and a coverslip was placed over it. It was left for air drying.
Slides were then imaged for GFP, FRET, and rhodamine fluorescence signals under

confocal microscopy.

2.7.11 Fluorescence imaging studies and FRET procedure

Images were collected on a Zeiss LSM710 confocal microscope with a 25 mW argon laser
using Zen10 software. The laser was tuned to lines at 488 nm (excitation laser for GFP) and
561 nm (excitation laser for rhodamine). Cells were examined with a 40x 1.3 NA Zeiss oil
immersion objective and 2.4x zoom. Images were collected in the three channels; the GFP
channel, argon laser tuned at 488 nm with 2% intensity and fluorescence emission was
collected in emission range of 490—550 nm; the Rh channel, argon laser tuned to 561 nm
laser with 2% intensity and fluorescence emission was collected in the range 550—650 nm;
and the FRET channel with excitation laser of the GFP channel and emission range of the

rhodamine channel. Images were captured and processed using ImagelJ software.
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2.7.12 Acceptor photobleaching method

We used the acceptor photobleaching method to confirm FRET occurrence and also to
calculate FRET efficiency. In this method, donor intensity (GFP) rises after acceptor
(rhodamine) photobleaching manifests FRET occurrence. Cells were bleached for
rhodamine fluorescence signals in the FRET channel at the region of interest (ROI), the
area under the white box, with 100% intensity (561 nm) for 200 iterations. Fluorescence
intensities pre- and postbleaching of rhodamine were determined, and change in GFP
intensity after pre- and post-bleach was calculated. FRET efficiency was calculated using
the equation mentioned below.* (D) is the donor intensity.

D)post- — (D)pre-
FRETef ficiency = ( )pOSt pieach ~ (D)pre-bieac

(D)post—bleac

2.7.13 Live-cell microscopy and image analysis

Cells were transferred to phenol red-free CO, independent medium (Invitrogen) with 10%
FBS and 1% penicillin and streptomycin. Time-lapse imaging with Zeiss LSM710 confocal
microscope at 60X magnification (frames every 3 mins) was captured over an 8-12 h time

point. CFP and YFP intensity changes were observed.

2.7.14 Quantitative analysis

Corrected total cell fluorescence (CTCF) for each image in the GFP, FRET, and Rh
channels were measured in the region of interest (ROI) using Image J software. The
polygon selection was chosen to create the ROI, and the region next to the cell, which has
no fluorescence, was chosen as a background. ROI was kept constant across all the
channels for measurements. The image parameters like area, mean grey value, and
integrated density within the ROI and the background were measured using Image J only.
The CTCF of each image was calculated using equation (1). A graph was plotted to
compare and contrast the fluorescence intensities across the three channels using GraphPad
Prism software. CTCF = Integrated density — (Area of the selected cell X Mean

fluorescence of background readings) [Equation-1].
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2.7.15 STED imaging

Stimulated emission depletion (STED) microscopy can obtain super-resolution images with
a theoretical resolution of approximately 20 nm that also surpasses the diffraction limit of
confocal microscopy. Images were acquired on Leica TCS —STED-3X nanoscope with a
100x, NA 1.4 oil objective using Leica Application Suite X (LAS X) software in the STED
mode. Caspase-3 GFPspark transfected MCF-7 fixed cells labeled by the Rh-VAD-FMK
probe were excited with the excitation wavelength of 488 nm and 561 nm of a pulsed white
light laser (WLL) with a laser intensity of 10 %. HyD gated detectors were used to collect
the emission wavelength with the appropriate bandwidth for the respective channels. The
STED acquisition was made using the following sequence, and the images were captured
between frames; In a first sequence, GFP channel, GFP was excited with 488 nm, depleted
with STED depletion laser of 775 nm (laser intensity-85%), and the final emission was
collected in the range 490- 550 nm; In a second sequence, rhodamine channel, rhodamine
was excited with 561 nm, depleted with STED laser 775 nm (laser intensity- 70%) and the
final emission was collected in the range 570- 670 nm; In the third sequence, FRET
channel, GFP was excited with 488 nm, and the final emission was collected in the range of

rhodamine channel. Images were processed using Image J (Fiji) software.

2.7.16 Immunoblotting

HeLa cells were seeded in 6 wells plate at a density of 0.6 million. At 70% confluence,
cells were treated with 1 uM STS and incubated in a humidified atmosphere of 5%
CO2/95% air. Cells were then lysed in hypotonic lysis buffer [5S0 mM piperazine-N,N'-
bis(2-ethanesulfonic acid) PIPES, pH 7.4; 10 mM KCI; 5 mM MgCly; 2 mM
ethylenediaminetetraacetic acid (EDTA); 4 mM dithiothreitol (DTT)] after 18 h and 24 h of
STS treatment. Total protein lysate was extracted and subjected to 12% SDS-PAGE.
Proteins were then transferred to polyvinylidene difluoride (PVDF) membrane and
subsequently probed with anti-caspase-3 Aspl75 antibody (Abcam). Immunoreactive
bands were then visualized by enhanced chemiluminescence of horseradish peroxidase

(HRP) substrate according to the manufacturer’s instructions.
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2.7.17

Plasmid information

S.No. | Plasmid Plasmid Source Addgene Insert Gene bank
Name Backbone Vector db No | source/name acc No
1. pCMV3- | pCMV3-C- | SinoBiolo | Not applicable | H. sapiens | NM_ 00434
CASP-3- | GFPspark gical (human) 6.3
GFPspark
2. pET23b- pET23b Addgene Plasmid H. sapiens Not
Casp3- #11821 (human) mentioned
His
3. C5V pEGFP C1 Addgene Plasmid Not Not
#26394 mentioned mentioned
4, pECFP- | pECFP-C1 Addgene Plasmid Synthetic Not
DEVDR- #24537 mentioned
Venus

Table 1: Table representing the plasmids information.
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Chapter 3

Applications of Activity-based Reporter Gene
Technology (AbRGT)
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3.1 Introduction

The inhibitors that are capable of blocking protease activity can be potential drug
candidates and hence beneficial for testing drug targets.' Substrate-based probes have
shown applications for imaging of protease activity in cells.'? Similarly activity-based
fluorescent probes (ABFP) is also been utilized for the imaging of protease. Poreba,
Marcin, ef al. have utilized ABFP for imaging cathepisn L in breast cancer cells.” It is also

utilized for the screening of protease inhibitors.

Methods that can image protease activity has shown severa

Herein, we demonstrate the different applications of AbRGT. It can be used as a tool to
screen inhibitors of protease. The method can be applied to study the activation of any
protease-of-interest (Pol). It can also be utilized to image the “active-state” of a protease,

in an unknown signaling pathway, in the native cellular environment.

3.2 Results

3.2.1 Utilization of AbRGT for inhibitors screening

Herein, we demonstrate the application of AbRGT in screening drug targets for a protease.
To show that the method can be employed for screening purposes, we have carried out a
proof-of-concept inhibitor screening experiment. We chose to screen inhibitors for caspase-
3 as over-activation of caspase-3 leads to several diseases such as acute neurological
diseases,’ Huntington disease,* Parkinson’s disease,” Alzheimer’s disease,’ etc., and hence
serves as a great target. For our studies, we chose Z-VAD-FMK"* and Q-VD-OPh’ (pan-
caspase inhibitors) because both of these inhibitors have been shown to covalently modify
the active site of caspase-3 and other cysteine proteases. Also, the substrate scope of these
two inhibitors is markedly different because of their sequence (VAD vs. VD) and the
warhead functionalities (FMK vs. OPh), therefore serving as excellent inhibitors to validate
the technology. Fluorescence imaging studies of the STS (1 puM) treated caspase-3
GFPspark overexpressing MCF-7 cells were carried out in the presence and absence [Figure

3.1 (1) and (iii)] of the Z-VAD-FMK inhibitor (50 uM) and also in the absence of the Rh-
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VAD-FMK probe [Figure 3.1 (ii)]. The fluorescence signal in the FRET channel was
effectively suppressed in the presence of the Z-VAD-FMK inhibitor (50 uM) because both
the probe and inhibitor contain the identical warhead (FMK) and recognition sequence
(VAD) and hence would compete for covalent labeling of the same target. The inhibitor
was added 50-fold excess (50 uM) compared to the Rh-VAD-FMK probe (1 uM), all active
cysteine proteases, including caspase-3 GFPspark protease, were labeled by the inhibitor,
thus abolishing the formation of the in situ FRET pair. However, in the presence of the Q-
VD-OPh inhibitor (50 uM), the FRET signal was found to be diminished, but definite
punctate labeling was still detected in the Rh channel, indicating the cross-labeling of
proteases other than caspase3 GFPspark by the Rh-VAD-FMK probe [Figure 3.1 (iv)].
Also, the fluorescence signal in the GFP channel did not overlap with the Rh channel.
Unlike the Z-VAD-FMK inhibitor, the Q-VD-OPh inhibitor did not abolish the signal in the
Rh channel. These results suggest that the substrate preference of the Q-VD-OPh inhibitor
is different compared to the Z-VAD-FMK inhibitor. However, both the compounds
efficiently inhibited the activity of caspase-3 GFPspark as apparent from total signal loss in
the FRET channel. The CTCF of each image in GFP, FRET, and Rh channels in Figure 3.1

is calculated using ImagelJ software (Figure 3.2).
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Rh-VAD-FMK (1 uM) * - + +
Z-VAD-FMK (50 uM) - - + -
Q-VD-OPh (50 uM) - . . +

GFP
channel

FRET
channel

Rhodamine
channel

Figure 3.1 Confocal microscopy images of MCF-7 cells in GFP, FRET, and rhodamine channels.
Caspase-3 GFPspark transfected MCF-7 cells were treated with STS for 4 h and labeled (i) with or
(i) without the Rh-VAD-FMK probe. Cells were pre-treated with (iii) the Z-VAD-FMK inhibitor
(50 uM) and (iv) Q-VD-OPh (50 uM) pan-caspase inhibitors 1 h before the Rh-VAD-FMK probe
labeling. Scale bar, 10 um.
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Figure 3.2 CTCF is calculated in GFP, FRET, and Rh channels for each image in (Figure 3.1) using
Imagel software.

3.2.2 Specific imaging of other caspases by AbDRGT

Previously, AbRGT was demonstrated by using caspase-3 GFPspark as a target Pol. To
further show the AbRGT can be applied to any Pol, we chose to image the specific
activation of other proteases, caspase-7 (executioner caspase) and caspase-8, and -9

(initiator caspases), in the apoptosis signaling pathway.

3.2.2.1 Specific imaging of caspase-7 activation in the apoptosis
pathway

Procaspase-7 is an executioner caspase in the apoptosis pathway, synthesized as a 35 kDa
zymogen, primarily localized to cytoplasm.'® The procaspase-7 constitutes of a propeptide
followed by a large subunit p20 (blue), linker sequence, and the small subunit p10 (green).
The processing of procaspase-7 involves the cleavage after Aspy; by initiator caspases
resulting in the removal of the propeptide. The second cleavage after Asp;oz and Asp,os leads to

the subsequent removal of the linker sequence. The p20 and p10 subunit assemble to form a dimer

that creates an active site on each site of the mature caspase-7 (Figure 3.3)."""
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procaspase-7

2 10 kDa 20 kDa -N

linker propeptide

caspase-7

Figure 3.3 Schematic representation of procaspase-7 processing to active caspase-7. Schematic
representation of the procaspase-7 and active caspase-7 homodimer (shown in green and blue,
respectively). The procaspase-7 constitutes of 303 amino acids. (M;) and (Qsp3) indicates the
identity and position of the first and last amino acid, respectively, in the amino acid sequence of
procaspase-7. The active site cysteine residue Cysl86 is indicated in red. The procaspase-7 is
proteolytically cleaved by initiator caspases after Asp,s localized between the propeptide and the
large p20 subunit. Subsequent cleavage after Aspjos and Aspyg results in the removal of the linker
region between the p20 and pl0 subunits. Removal of the propeptide and linker sequences by
proteolytic cleavage leads to the generation of p20 and p10 subunits that assemble to form the active
caspase-7 homodimer. Adapted with permission from reference (11). Copyright © 2009 Elsevier.

To visualize the “active-state” of caspase-7, standard AbRGT methodology was applied.
Exogenously expressed caspase-7 GFPspark in MCF-7 cells (MCF-7/casp-7 GFPspark)
was triggered to undergo apoptosis and labeled by the Rh-VAD-FMK probe. The GFP
channel manifests punctate morphology [Figure 3.4a (i)] similar to caspase-9 GFPspark
[Figure 3.4b (i)]. The fluorescence signal in the FRET channel represented the presence of
active caspase-7 GFPspark and was confirmed using the acceptor photobleaching

experiment with calculated FRET efficiency of 32 + 2% [Figure 3.6 (a and b)].
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MCF-7 /Casp-7 GFP MCF-7 /Casp-9 GFP HEK-293 /Casp-8 GFP
(i) (i) (iii) (i) (i) (i) (ii)
Rh-VAD-FMK (1 uM) + + + + + + +
Z-VAD-FMK (50 uM) - + - } + ) +
Q-VD-OPh (50 uM) i + i

GFP
channel

FRET
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Rhodamine
Channel

Figure 3.4 Confocal images of MCF-7 cells in GFP, FRET, and Rh channels. Caspase-7 GFPspark
transfected MCF-7 cells were treated with STS (1 uM) for 6 h and labeled (a) (i) by the Rh-VAD-
FMK probe (1 uM). Cells were pre-treated (a) (ii) with the Z-VAD-FMK inhibitor (50 uM) or (a)
(ii1)) Q-VD-OPh (50 uM) pan-caspase inhibitors 1 h before the Rh-VAD-FMK probe labeling.
Caspase-9 GFPspark transfected MCF-7 cells were treated with STS (1 uM) for 4 h and labeled (b)
(1) by the Rh-VAD-FMK probe (I uM). Cells were pre-treated (b) (ii) with the Z-VAD-FMK
inhibitor (50 uM) 1 h before the Rh-VAD-FMK probe labeling. Caspase-8 GFPspark transfected
HEK-293 cells were treated with TRAIL (1 ug/mL) for 5 h and labeled (c) (i) by the Rh-VAD-FMK
probe. Cells were pre-treated (c) (ii) with the Z-VAD-FMK inhibitor (50 uM) 1 h before the Rh-
VAD-FMK probe labeling. Scale bar, 10 pum.
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Figure 3.5 CTCEF is calculated in GFP, FRET, and Rh channels for each image in (Figure
3.4) using Image J software.
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Figure 3.6 Specific detection of caspase-7 GFPspark in MCF-7 cells. Caspase-7 GFPspark (1 pg)
transfected MCF-7 cells were treated with 1 uM of STS for 5 h and labeled with the Rh-VAD-
FMK probe (1 uM). Cells were fixed, and the fluorescence signal was collected in (a) GFP,
FRET, and Rh channels. (b) Acceptor photobleaching was done to confirm the FRET signal, as
described previously. Bar graph representing a rise in GFP intensity in ROI after rhodamine
photobleaching. FRET efficiency was calculated to be 32 + 2%.

The fluorescence signal in the Rh channel depicts the cross-labeling of other cysteine
proteases, including endogenous caspase-7 by the Rh-VAD-FMK probe. Pretreatment of
the cells with the Z-VAD-FMK inhibitor (50 uM) abolished the fluorescence signal in the
FRET and Rh channels [Figure 3.4a (ii)]. However, pretreatment of the cells with the Q-
VD-OPh inhibitor (50 uM) indeed abolished the fluorescence signal in the FRET channel
but not in the Rh channel. Significant punctate labeling was seen in the Rh channel [Figure
3.4a (iii)], indicating the evidence of cross-labeling by the Rh-VAD-FMK probe. Similar
results were obtained for HEK-293 cells as well [Figure 3.7 (a and b)].
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Figure 3.7 Specific detection of caspase-7 GFPspark in HEK-293 cells. Caspase-7 GFPspark (1 pg)
transfected HEK-293 cells were treated with STS (1 uM) for 10 h and labeled with the Rh-VAD-
FMK probe (1 uM) for 2 h. Cells were washed, fixed, and the fluorescence signal was collected in
(a) GFP, FRET, and Rh channels. (b) Acceptor photobleaching was done to confirm the FRET
signal, as described previously. Bar graph representing the rise in GFP intensity in ROI after
rhodamine photobleaching. FRET efficiency was calculated to be 33 + 2%. (b) The fluorescence
signal was collected in GFP, FRET, and Rh channels in the (i) absence or (ii) presence of inhibitor
Z-VAD-FMK (50 uM).

3.2.2.2 Specific imaging of caspase-9 activation in the apoptosis
pathway

Similarly, the AbRGT approach was also applied to monitor the specific activation of
initiator caspases -9. Procaspase-9 is synthesized as a 46 kDa zymogen and is known to be
localized in the mitochondria'® and nucleus.'® It is constituted of three domains, the N-
terminal prodomain followed by a large p20 (~20 kD) and a small subunit p10 (~20 kD)."

The large and small subunit forms the catalytic domain known as the large subunit catalytic
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domain (LSCD) and the small subunit catalytic domain (SSCD). The prodomain contains
the caspase activation and recruitment domains (CARD) domain, also known as the adaptor
domain. Proteolytic processing is not required for the activation of procasase-9 as it is
activated upon interaction with the endogenous cytosolic complex, apoptotic protease

activating factor 1 (Apafl)/cyto-c."°

227bp 286bp 35bp 235bp 90bp 148bp 180bp 110bp 740bp

gy 1| 2 Bl 4 [s{el7]8] o @&

Bl prodomain || large subunit || small subunit — linker domain
catalytic domain catalytic domain
Apaf-1 binding phc-ysphorylatlon Active site C287 307315
CARD site Thrl25 autolytic processing
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— i ' Cas-3 processing 330

Adaptor domain Catalytic domain

Figure 3.8 Schematic representation of human caspase-9. Exons are numbered from 1 to 9 inside
the red boxes, and their respective lengths are indicated on the top. The predicted amino acid
structure is represented with the translated regions shown in different colors. The transcribed but
untranslated exon regions are shown as white boxes. The pro-domain containing the caspase
activation and recruitment domains (CARD) domain, also called the adaptor domain, is shown as
blue boxes. The large subunit catalytic domain (LSCD) and the small subunit catalytic domain
(SSCD) are shown as green and oranges boxes, respectively. Both LSCD and SSCD form the
catalytic domain. The linker domain (LD) is shown as a purple line. The amino acid residues
location involved in the proteolytic processing of the procaspase-9 molecule and the post-translation
modification sites are also indicated. Adapted with permission from reference (17). Copyright ©
2017 Li et al.

Apoptosis was induced in MCF-7 and HEK-293 cells overexpressing caspase-9 GFPspark
independently and labeled by the Rh-VAD-FMK probe. The signal in the FRET channel
implies the specific activation of caspase-9 GFPspark [Figure 3.4b (i)]. The calculated
FRET efficiencies in MCF-7 and HEK-293 cells are 30 £ 1% and 35 + 2%, respectively [
Figures 3.9 and 3.10 (a and b)]. As expected, pretreatment cells with the Z-VAD-FMK
inhibitor (50 uM) suppressed the fluorescence signal in FRET and Rh channels [Figure 3.4b

(i1)].
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Figure 3.9 Specific detection of Caspase-9 GFPspark in MCF-7 cells. Caspase-9 GFPspark (1 pg)
transfected MCF-7 cells were treated with STS (1 pM) for 4 h and labeled with the Rh-VAD-FMK
probe (1 uM). Cells were fixed, and the fluorescence signal was collected in GFP, FRET, and Rh
channels. Acceptor photobleaching was done to confirm the FRET signal, as described previously.
Bar graph representing a rise in GFP intensity in ROI after rhodamine photobleaching. FRET
efficiency was calculated to be 30 + 1%.
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Figure 3.10 Specific detection of caspase-9 GFPspark in HEK-293 cells. Caspase-9 GFPspark (1
ng) transfected HEK-293 cells were treated with STS (1 uM) for 4 h and labeled by the Rh-VAD-
FMK probe (1 uM) for 2 h. Cells were washed, fixed, and the fluorescence signal was collected in
(a) GFP, FRET, and Rh channels. Acceptor photobleaching was done to confirm the FRET signal,
as described previously. Bar graph representing a rise in GFP intensity in ROI after rhodamine
photobleaching. FRET efficiency was calculated to be 35 = 2%. (b) The fluorescence signal was
collected in GFP, FRET, and Rh channels in the (i) absence or (ii) presence of inhibitor Z-VAD-
FMK (50 uM).

3.2.2.3 Specific activation of caspase-8 activation in the apoptosis pathway

Likewise, we then measured the specific caspase-8 activation using the AbRGT approach.
Procaspase-8 is an initiator caspase, primarily localized to the mitochondria as an inactive
55 kDa zymogen and released into the cytoplasm upon apoptosis stimulus.'® Procaspase-8
is composed of two domains, a prodomain followed by a catalytic domain. Prodomain is
constituted of two tandem death effector domains (DEDs), whereas, catalytic domain
comprises of a large pl18 and a small p12 subunit. Procaspase-8 processing occurs in two
steps. Step 1 involves the proteolytic cleavage between p18 and p12 subunits. Whereas step

2 involves the proteolytic cleavage at D216, and D384, generating two active subunits p18
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and p10, and also prodomain. The p18 and p12 subunits assemble to form a heterotetramer

(p18,-p10,), active caspase-8 (Figure 3.11)."

Caspase-8
DED DED p18 p10

prodomain i&a’calytic domain
{ Step 1

p43/p41 p12 [

p1s I +p10 [N
{ Step 2

active
Caspase-8

Figure 3.11 Schematic representation of procaspase-8 processing to active caspase-8. The initiator
caspase, procaspase-8 p55/p53, comprises of a prodomain followed by a catalytic subunit. The
prodomain consists of two tandem death effector domains (DEDs), and the catalytic subunit consists
of a large p18 and a small p10 subunit. The processing of procaspase-8 involves the autocatalytic
cleavage of procaspase-8 and is a sequential two-step-process. In step 1, the first cleavage occurs at
residue D374 generating two subunits, p43/p41 and p12. Step 2 involves cleavage of D216, and
D384, resulting in two active subunits, p18 and p10, and the prodomain p26/p24. The processed
caspase-8 forms a heterotetramer (p18,-p10,), active caspase-8. Adapted with permission from
reference (20). Copyright © 2013 Federation of European Biochemical Societies.

Further, the same method is used for specific detection of active caspase-8 in HEK-293
cells, which were subjected to apoptosis through the extrinsic mechanism. Caspase-8
GFPspark transfected HEK-293 cells were treated with TRAIL (1 pg/mL) for 6 h and
labeled by the Rh-VAD-FMK probe. TRAIL is a well-known agent proven to induce
apoptosis through the extrinsic mechanism. The diffused fluorescence signal was found in
all three channels [Figure 3.4c (i)], and the presence of active caspase-8 GFPspark is shown
by the fluorescence signal in the FRET channel. The calculated FRET efficiency in the
FRET channel is 31 + 1% (Figure 3.12). The signal in the FRET and Rh channels was lost
upon pretreatment with the Z-VAD-FMK inhibitor [Figure 3.4c (ii)]. The CTCF of each
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image in GFP, FRET, and Rh channels in Figure 3.4 is calculated using ImageJ software
(Figure 3.5).
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Figure 3.12 Specific detection of caspase-8 GFPspark in HEK-293 cells. Caspase-8 GFPspark (1
ng) transfected HEK-293 cells were treated with TRAIL (1 mg/ml) for 6 h and labeled with the Rh-
VAD-FMK probe (1 pM) for 2 h. Cells were washed, fixed, and the fluorescence signal was
collected in GFP, FRET, and Rh channels. Acceptor photobleaching was done to confirm the FRET
signal, as described previously. Bar graph representing a rise in GFP intensity in ROI after
rhodamine photobleaching. FRET efficiency was calculated to be 31 £ 1%.

3.2.3 Direct imaging of cathepsin-B activation in the apoptosis
pathway using AbRGT

Another application of AbRGT is its capability of imaging the “active-state” of a protease
in a signaling pathway in a native cellular environment. To demonstrate that, we validated

the active-state of cathepsin-B proteases in the apoptosis signaling pathway. Cathepsin-B is
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a lysosomal cysteine peptidase that cleaves off the internal peptide bonds. Human
cathepsin-B is synthesized as 37 kDa inactive zymogen, preprocathepsin-B at the rough
endoplasmic reticulum (RER). Preprocathepsin-B undergoes proteolytic cleavage,
removing signal peptide (SP, residue 1-17) to generate procathepsin. The resultant
procathepsin-B is subsequently translocated to the lysosomes via the Golgi apparatus. The
procathepsin-B is further auto-processed to remove propeptide (Pro, residue 18-79),
resulting in the formation of 27 kDa active mature cathepsin B (residue 80-333). Cathepsin-
B is subsequently cleaved internally to generate a light and heavy chain linked by a

disulfide bond (Figure 3.13).*!
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Figure 3.13 Preprocathepsin B zymogen processing to active cathepsin B. Preprocathepsin B, a
37 kDa protease, is synthesized at the rough endoplasmic reticulum (RER). The N-terminal signal
sequence (SP, 17 residues) is cleaved off at the RER by signal peptidase to generate 35 kDa
procathepsin-B (residues 18-333). The resultant procathepsin-B is subsequently translocated
through the Golgi apparatus to lysosomes. The procathepsin B undergoes autoprocessing to cleave
off the propeptide (Pro), resulting in the formation of the 27 kDa active, mature cathepsin-B
(residues 80-333). Cathepsin B is further processed to form light and heavy chains linked by a
disulfide bond. The asterisk (*) represents the active site Cys108. The sequences source of these
forms of cathepsin-B were NCBI (196) and UniProt (197) protein sequence databases. Note: The
residue 80 of preprocathepsin B may be referred to as residue 1 of the N-terminal of mature
cathepsin-B with an active site Cys29. Adapted with permission from reference®'. Copyright © 2020
Elsevier.

Evidence from the literature suggests that cathepsin-B plays a significant role in the
caspase-dependent apoptosis pathway.”> Muir and co-workers have used activity-based

probe profiling to show the release of cathepsin B from lysosomes to the cytosol, thus
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showing the participation in the caspase-dependent cell death pathway (Figure 3.14). The
role of cathepsin-B in the apoptotic pathway has been studied using invasive techniques
such as in-gel fluorescence and immunoblotting;> however, these methods do not provide
an opportunity to study the spatiotemporal activation of cathepsin-B in real-time in the

apoptotic pathway.

Mitochondria
Cytochrome C

_>O

Apoptosis

Figure 3.14 Schematic representation of the intrinsic apoptotic pathway involving cathepsin-B as a
positive regulator. Two non-mutually exclusive mechanisms, represented as a and b, of the
cathepsin B involvement in the apoptosis pathway, are proposed. The active caspase-9 results in the
release of cathepsin-B from the lysosome to the cytosol. In pathway a, cytosolic cathepsin- B causes
the release of more cytochrome c¢ from the mitochondria that further activates additional caspase-9
by a positive feedback loop. The cathepsin-B can also be directly involved in apoptosis (pathway b)
by proteolyzing proteins containing canonical caspase cleavage sites. Apdated with permission from
reference (23). Copyright © 1998, Cell Press.

3.2.3.1 Validation of cathepsin B localization in the lysosome

Using our method, we attempted to image the direct activation of cathepsin-B. To do that,
cathepsin-B GFPspark transfected HEK-293 cells were stained with acidotropic lysosomal
marker LysoTracker (50 nM) to validate its localization in the lysosome.** The apoptosis
was induced via an intrinsic mechanism using STS. Untreated control cells were found to
be co-localized with LysoTracker while no co-localization was observed in STS-treated
cells, and instead, a diffused fluorescence pattern was seen (Figure 3.15). This is because
apoptosis induction leads to the translocation of cathepsin B from lysosomes to the

cytoplasm, followed by cleavage of protein targets by cathepsin-B.*>*°
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Figure 3.15 Co-localization of cathepsin-B GFP and LysoTracker. Cathepsin-B GFPspark (1 pg)
plasmid transfected in HEK-293 cells and then labeled with LysoTracker (50 nM) for 1 h and
treated with STS (1 uM) for 1 h. The cells were fixed with 4% PFA, washed, and images under
GFP and red channels. GFP signal was found to be co-localized with the red fluorescence signal in
the absence of STS, and no co-localization was seen in the presence of STS.

3.2.3.2 Cathepsin B activation in the apoptosis pathway

To directly image the cathepsin B activation in the apoptosis pathway, cathepsin B GFP
expressing HEK-293 cells were treated with STS (1 uM) for 4 h and then labeled by the
Rh-VAD-FMK probe (1 uM) for 2 h. The bright diffused fluorescence signal was obtained
in the FRET channel manifests the presence of active cathepsin B [Figure 3.16a (i)]. The
fluorescence signal was entirely abolished in the FRET channel when cells were pre-treated
with the Z-VAD-FMK or E-64 inhibitor, an epoxide-based cysteine peptidase inhibitor*’>*
(50 uM), independently [Figure 3.16a (ii)]. The less intense fluorescence signal was
retained in the Rh channel in the case of the Z-VAD-FMK inhibitor. However, in E-64
inhibitor pre-treated cells, sharp, intense punctate labeling was observed in the Rh channel

[Figure 3.16a (iii)], indicating the cross-labeling of other active cysteine proteases by the

Rh-VAD-FMK probe. The fluorescence signal was absent in the cells that were neither pre-
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treated with an inhibitor nor labeled by the Rh-VAD-FMK probe [Figure 3.16a (iv)]. These
results manifest that the substrate scope of the E64 inhibitor is different compared to the Z-
VAD-FMK inhibitor because the E-64 inhibitor is more selective as compared to the Z-
VAD-FMK inhibitor. The calculated FRET efficiency of the fluorescence signal obtained in
the FRET channel is 37 + 1% for (n = 10) cells (Figure 3.16b). The CTCF of each image in
GFP, FRET, and Rh channels in Figure 3.16a is calculated using ImagelJ software (Figure
3.17).
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Figure 3.16 Confocal microscopy images of HEK-293 cells in GFP, FRET, and Rh channels.
Cathepsin B GFPspark transfected HEK-293 cells were treated with STS (1 uM) for 4 h and labeled
(a) (1) with or (a) (iv) without the Rh-VAD-FMK probe. Cells were pre-treated with (a) (ii) the Z-
VAD-FMK inhibitor (50 uM) or (a) (iii) the E-64 inhibitor (50 uM) 1 h before the Rh-VAD-FMK
probe labeling. (b) Quantification of the change in GFP fluorescence intensity after rhodamine
photobleaching in both the GFP control region (1) and the GFP bleached region (2) (ROI), the area

100



under the white square using the acceptor photobleaching method. Error bar represents the SEM for
n =10 cells (*P <0.00001). Scale bar, 10 pwm, au, arbitrary units.
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Figure 3.17 CTCF is calculated in GFP, FRET, and Rh channels for each image in (Figure 3.16a)
using Image J software.
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We showed applications of AbRGT in (i) inhibitors screening of proteases, (i) imaging the
function of any Pol, (iii) validating the activation of a protease in a signaling pathway. The
method offers sevaral advantages over the existing methods. For instance, ABFP method
provides an opportunity to backtrack the signal produced by the target enzyme, however,
this is achieved by postprocessing of cell or tissue lysate after the imaging
experiment.50,51 This invasive technique has several disadvantages such as (i) the spatial
and temporal information (fluorescence signal) is lost when the cells are subjected to an
invasive procedure such as homogenization of cells, (ii) in-gel fluorescence studies impose
significant limits on the amount of sample needed, (iii) backtracking of the signal produced
by low protein abundance may not be possible, (iv) this method is highly laborious and
cannot be translated to high-throughput studies, (v) extensive probe engineering is required
which results in complicated chemical synthesis, and (vi) requirement of very expensive
mass-spectrometry facilities. In contrast, our method has the following favorable features: it
(1) 1s simple and straightforward, (ii) provides unprecedented specificity, (iii) does not
involve postprocessing of cell or tissue lysates, (iv) enables direct visualization of localized
protease activity at the subcellular scale, (v) provides single-cell resolution, and (vi) can be
used for inhibitor profiling. However, our method does have some limitations like any other
methods; unlike substratebased reporter assay and ABFP methods, our technology cannot
be applied to image the function of endogenous proteases without tagging it to a reporter
protein. Also, overexpression of certain proteases is lethal in certain cell lines. For new
protease targets, cloning of target gene tagged to a reporter protein is required. It also lacks

signal amplification.

3.3 Conclusion

In conclusion, we have demonstrated different applications of AbRGT. The method is
utilized in screening inhibitors for caspase-3 protease. We validated our approach by using
known pan-caspase inhibitors Z-VAD-FMK’® and Q-VD-OPh’. The loss in the FRET
signal was observed in the cells pre-treated with inhibitors showing the method is

successful in inhibitor screening assays.

To show that the tool can be applied to image the function of any protease, we visualized

the “active-state” of other caspases (caspase-7, -8, and -9) in the apoptosis signaling
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pathway in MCF-7, HeLa, HEK-293 cells. We have also demonstrated that this technique
can be used to image the function of the protease in various signaling pathways. We have
studied the function of cathepsin-B in the apoptosis signaling pathway that has previously

. . . . . . . 23
been done using invasive techniques such as in-gel fluorescence and immunoblotting.

Looking forward, this method has enormous potential in a variety of applications;
considering protease upregulation and downregulation are implicated in various diseases,
one could envisage using this technique to image the function of the uncharacterized

protease in various signaling pathways.

3.4 Material and Methods

3.4.1 Reagents

The Q-VD-OPh inhibitor (SML0063), the E-64 inhibitor (E3132), and were purchased from
Sigma. The Z-VAD-FMK inhibitor (G7231) was obtained from Promega.

3.4.2 Inhibitor Assay

Cells were pre-treated with 50 uM of Z-VAD-FMK or Q-VD-OPh or E-64 inhibitors 1 h
before the Rh-VAD-FMK probe or the Rh-DEVD-FMK probe labeling and incubated for 1
h at 37 °C in a humidified atmosphere of 5% CO,. Cells were gently scraped off from the
surface at the end of inhibitor treatment and centrifuged at 3000 rpm for 5 min. Cells were
then labeled with the Rh-VAD-FMK probe or the Rh-DEVD-FMK probe, as described in

the previous section.
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3.4.3 Plasmid information

S.N Plasmid Plasmid Source Addgene Insert Gene bank acc
0. name backbone vector db No | source/name No
1. pCMV3- | pCMV3- | SinoBiologi Not H. sapiens | NM_001227.
CASP-7- C- cal applicable (human) 3
GFPspark | GFPspar
k
2. pCMV3- | pCMV3- | SinoBiologi Not H. sapiens NM 001229.
CASP-9- C- cal applicable (human) 2
GFPspark | GFPspar
k
3. pCMV3- | pCMV3- | SinoBiologi Not H. sapiens NM 033355.
CASP-8- C- cal applicable (human) 3
GFPspark | GFPspar
k
4. pCMV3- | pCMV3- | SinoBiologi Not H. sapiens | NM_001908.
CTSB- C- cal applicable (human) 3
GFPspark | GFPspar
k
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3.4.4 Caspase inhibitors structures
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Chapter 4

Development of BRET-approach of Activity-
based Reporter Gene Technology (AbRGT)
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4.1 Introduction

Methods to detect protease activity broadly falls under two categories; substrate-based
reporter assays and activity-based fluorescent probes.' These methods target a family of
protease and therefore lack specificity towards a particular protease. Moellering and co-
workers have reported a method called activity-dependent proximity ligation (ADPL)
platform that can image a specific protease-of-interest (Pol) with high spatial resolution.’
However, the method requires a specific antibody against the Pol. It is also challenging to

translate the method to in vivo studies.

Parallelly, we have also reported the development of a fluorescence resonance energy
transfer (FRET) based method called “Activity-based reporter gene technology (AbRGT)”
for the exquisite imaging of protease activity.” The readout of AbRGT is based on the
FRET effect. The FRET approach of AbRGT allows the microscopic level visualization of
active protease in a cellular system with high spatial resolution. The major limitation of the
FRET process is that it requires an external laser for the excitation of the donor that can
sometimes cause an unwanted excitation of acceptor due to the overlapping excitation
spectra of the donor and acceptor, resulting in autofluorescence. The background caused by
autofluorescence can be easily subtracted in single-cell imaging experiments. However, in
the cell population-based experiments, it contributes to the high background that reduces
the sensitivity of the assay; therefore, the FRET-based AbRGT approach can not be
translated to high-throughput studies.*> BRET method also has an added advantage over
FRET method in capturing intermolecular interactions in living subject as such studies are
difficult to perform using FRET method due to autofluorescence and signal attenution®®
Sam Gambhir and co-workers have demonstrated the utility of BRET reporters for imaging

the rapamycin induced FKBP12 and FRB proteins interaction in living subjects.’

To expand the AbRGT for the high-throughput studies, we have developed the
bioluminescence resonance energy transfer (BRET)-approach of AbDRGT. BRET is a non-
radiative form of energy transfer between a luciferase enzyme and a fluorophore molecule.

The conversion of luciferin to oxyluciferin by luciferase releases photons, which is
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transferred to the acceptor molecule, resulting in the excitation of the acceptor molecule.
The acceptor molecule further emits the energy at a longer wavelength resulting in the

BRET effect.'”"’ BRET method has shown applications in detecting protein-protein

12,13

interaction in a high throughput assay format. Recently, the BRET method is utilized to

identify the binding characteristics of a drug with a cellular target in intact cells in target
engagement assays.' '’ Here, we demonstrate that BRET-approach of AbRGT is capable of
detecting specific protease activity and can be used for screening protease inhibitors in a

high-throughput assay format.

4.2 Results

4.2.1 The concept of BRET-approach of AbRGT

The BRET-approach of AbRGT is schematically depicted in (Figure 4.1). Here, the
protease-of interest (Pol) is cloned into a plasmid vector encoding for the luciferase gene
generating a luciferase-tagged Pol recombinant plasmid (Figure 4.1a). Luciferase-tagged
Pol plasmid is expressed in a suitable cell line (Figure 1b.). An appropriate stimulus is
applied to the cells for the activation of Pol (Figure 4.1¢). Cells were then incubated with
an activity-based fluorescent probe (ABFP) for the labeling of Pol (Figure 4.1d). The
choice of ABFP should be such that it allows a significant spectral overlapping between its
excitation and the emission of luciferase. Subsequently, luciferase substrate luciferin is
added to the cells. The luciferin will be converted to oxyluciferin by luciferase leading to
the generation of photons. The photons will be transferred to the ABFP, causing the
excitation of ABFP, resulting in the BRET effect (Figure 4.1¢).
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Figure 4.1 Schematic representation of the BRET approach of AbRGT. (a) Generation of a plasmid
vector encoding for the luciferase tagged to the protease-of-interest (Pol); LS: linker sequence and
LG: luciferase gene. Vector encoding the Pol tagged luciferase is expressed in a suitable cell line.
(b) Cells expressing Pol tagged to luciferase enzyme along with the endogenous protease (pink) of
the same or different families. Cells are subjected to an appropriate stimulus for the activation of
Pol tagged to luciferase. (c) Cells expressing the active Pol tagged luciferase and other endogenous
proteases. Cells are incubated with an activity-based fluorescent probe (ABFP) with appropriate
warhead and fluorophore. (d) Labeling of the Pol tagged luciferase enzyme along with other
endogenous proteases of the same family by an ABFP. (e) Labeling of Pol by an ABFP creates an
instantaneous BRET pair that reports the activity of the Pol.

4.2.2 Choice of the BRET donor and acceptor

To develop the BRET approach of AbRGT, RLuc 8.6, and rhodamine was chosen as a
BRET donor and acceptor, respectively. RLuc 8.6 is a 36 kDa enzyme that uses
coelenterazine h as a substrate and emits at 535 nm wavelength.'? The rhodamine dye is
excited at a wavelength of 561 nm, and the emission occurs at 590 nm.

To determine the compatibility of RLuc 8.6 and rhodamine as a suitable BRET donor and
acceptor, respectively, the spectral overlap between the two was analyzed. To obtain the
RLuc 8.6 spectra, MCF-7 cells were transiently transfected with RLuc 8.6 plasmid. After
24 h of transfection, RLuc 8.6 substrate coelenterazine h was added to the cells.

Immediately after substrate addition, the emission from RLuc is recorded from 500-700 nm.
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The emission maxima for the RLuc 8.6 was observed at a bandpass filter 520-540 nm,
consistent with the previous reports where the maxima are obtained at 535 nm.'?
Afterwards, the excitation and emission spectra of rhodamine were acquired. To do that, we
diluted the Rh-VAD-FMK probe in 1X PBS (Rh-VAD-FMK probe: 1X PBS, 1: 500 uL)
and excited from 500-700 nm. The excitation maxima are observed at 561 nm, similar to
the reported values. The values of RLuc 8.6 and rhodamine spectrum were normalized and
merged to evaluate the spectral overlapping between the RLuc 8.6 emission and the
rhodamine excitation (Figure 4.2). The significant spectral overlapping (540-600 nm)
between the RLuc 8.6 emission (green spectrum) and rhodamine excitation (blue spectrum
was observed that establishes RLuc 8.6 and rhodamine as suitable BRET pair. However,
we could also observe the spectral overlapping (560-680 nm) between the RLuc 8.6
emission (green spectrum) and the rhodamine emission (red spectrum) that amounts to

spectral bleed through. The bleed-through values are subtracted in BRET calculations to

obtain a corrected BRET wvalue.
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Figure 4.2 Schematic illustration of the spectral overlap between the normalized RLuc 8.6 emission
spectra and the normalized excitation and emission spectra of the rhodamine dye. The RLuc 8.6 is
excited by the addition of substrate, coelenterazine h, and the bioluminescence emission spectrum is
recorded (green line). The rhodamine is excited with a 561 nm laser (blue line), and the emission
spectra are recorded (red line). RLuc and rhodamine spectra are obtained separately using suitable
filter combinations and merged to evaluate the spectral overlapping between the RLuc emission and
rhodamine excitation and emission.
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4.2.3 Devlopment of BRET-approch of ADRGT

4.2.3.1 Cloning of caspase-3 into RLuc 8.6 vector

To develop the BRET-approach of AbRGT, we chose caspase-3 as our Pol, as we have
already demonstrated the caspase-3 activation via the FRET-approach of AbRGT. The
human caspase-3 gene was amplified by polymerase chain reaction (PCR) from pCMV3-C-
OFPspark using suitable primers. The amplified caspase-3 gene was digested with
restriction enzymes Hind III and Bgl II. The digested caspase-3 gene was cloned into the
pCMV-GGS-RLuc 8.6 vector between the Hind III and Bgl II restriction sites using PCR
dependent restriction enzyme based cloning method. The resultant caspase-3 RLuc 8.6

clone was confirmed by restriction digestion and DNA sequencing (Figure 4.3).

L 1 2 3 4

1kb =
<€— 846 bp
500bp = Caspase-3
fallout

Figure 4.3 Recombinant pCMV-GGS-RLuc 8.6-caspase-3 plasmid was confirmed by restriction
digestion analysis using Hind III and Bgl II Lane L, 1 kb DNA ladder; Lane 1, undigested pCMV-
GGS-RLuc 8.6 plasmid; Lane 2, pCMV-GGS-RLuc 8.6 plasmid digested with Hind III and Bgl II;
Lane 3, undigested recombinant plasmid pCMV-GGS-RLuc 8.6-caspase-3; Lane 4, recombinant
pCMV-GGS-RLuc 8.6-caspase-3 plasmid digested with Hind IIT and Bgl II.

4.2.3.2 Expression of caspase-3 RLuc 8.6 vector in MCF-7 cells

The expression of the recombinant caspase-3 RLuc 8.6 plasmid vector was determined by
examining the RLuc8.6 activity. For this, MCF-7 cells were transiently transfected with

caspase-3 RLuc 8.6 or RLuc 8.6 plasmid. 24 h post-transfection, RLuc 8.6 substrate,
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coelenterazine h was added to the caspase-3 RLuc 8.6, RLuc 8.6 transfected MCF-7 cells
and the untransfected MCF-7 cells. Immediately after coelenterazine h addition, average
radiance was recorded for each sample. The average radiance values is an indicative of
RLuc 8.6 activity in the cells. The average radiance values for RLuc 8.6 transfected MCF-7
cells (3.8 x 10° photons/sec/cm?/sr) is higher as compared to the caspase-3 RLuc
transfected cells (5.9 x 10° photons/sec/cm?/sr) as RLuc 8.6 activity is compromised in
caspase-3 RLuc 8.6 fusion construct. However, the average radiance value of caspase-3
RLuc 8.6 transfected MCF-7 cells is significantly higher as compared to the untransfected
cells (2.6 x 10° photons/sec/cm?/sr), confirming that the recombinant caspase-RLuc 8.6

plasmid is appropriately expressing in MCF-7 cells (Figure 4.4).

Avg. radiance [p/s/cm?/sr]
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Figure 4.4 The expression of recombinant pPCMV-GGS-RLuc 8.6-caspase-3 (Casp-3 RLuc 8.6) and
pCMV-GGS-RLuc8.6 (RLuc8.6) was determined byexamining the average radiance values.. The
bar graph representing the average radiance values [p/s/cm”/sr] for untransfected MCE-7 cells,
RLuc 8.6 and the caspase-3 RLuc 8.6 transfected MCF-7 cells.
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4.2.3.3 Quantification of caspase-3 activation using BRET-approach of
AbRGT

To determine the specific caspase-3 activation, caspase-3 RLuc 8.6 plasmid was
overexpressed in the MCF-7 cell line since it is caspase-3 null. The cells were subjected to
treatment with STS (1 puM) for 4 h for the induction of apoptosis. The STS triggers
apoptosis via the intrinsic pathway and leads to the activation of caspases. Subsequently,
cells were incubated with ABFP, Rh-VAD-FMK probe (BRET acceptor) for the labeling of
Pol and other proteases of the same family. The RLuc 8.6 substrate coelenterazine h was
added to the cells, and the average radiance was recorded in the donor emission channel,
RLuc 8.6 (520-540 nm), and the acceptor emission channel, rhodamine (580-600 nm)
channel. The BRET measurements were done by calculating the mBRET values for the
STS treated versus untreated samples using the following equation.” Here, acceptor and
donor are represented by (A) and (D), respectively. The mBRET values represent the
quantification of specific caspase-3 activation in MCF-7 cells.

o _ Acceptor channel emission
A/D channel emission ratio =

Donor channel emission

) Acceptor channel emission (D + A)
BRET ratio =

Donor channel emission (D + A)
Acceptor channel emission (D only)

Donor channel emission (D only)
mBRET unit = BRET ratio * 1000

The calculated mBRET value for the STS treated sample is 60 + 0.4, which is significantly
higher as compared to the UT control, 11 £ 9.2 (Figure 4.5). The rise in mBRET values in

the STS treated samples is an indicatve of the specific caspase-3 activation in MCF-7 cells.
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Figure 4.5 Caspase-3 RLuc 8.6 transfected MCF-7 cells were were treated with or without STS (1
uM) for 4 h. Subsequently, cells were incubated with the Rh-VAD-FMK probe for 1 h, followed by
coelenterazine h addition. Immediately after coelenterazine h addition, average radiance was
recorded, and the mBRET values for both the STS treated and untreated cells were calculated.

4.2.3.4 Screening protease inhibitors in a high-throughput assay using
BRET-approach of AbDRGT

Here, we show that the BRETapproach of AbRGT can be used for the high-throughput
screening of protease inhibitors. For our experiment, we chose four different inhibitors; Z-
VAD-FMK,'*"” Q-VD-OPh,” E-64,”'** and cpm-VAD-CHO. Here, Z-VAD-FMK, E-64,
and Q-VD-OPh are irreversible inhibitors, while cpm-VAD-CHO is a reversible inhibitor.
Here, cpm is the cell-permeable peptide with a peptide sequence (-Ala-Ala-Val-Ala-Leu-
Leu-Pro-Ala-Val-Leu-Leu-Ala-Leu-Leu-Ala-Pro-). We chose Z-VAD-FMK, Q-VD-OPh,
E-64 and cpm-VAD-CHO for our assay because these inhibitors target different range of
substrate. The mechanism of action of these inhibitor is very different because of their
warhead functionalites i.e FMK, OPh, epoxide and CHO and peptide recognition sequence
VAD, VD, L and VAD. However, Z-VAD-FMK and cpm-VAD-CHO share the same
peptide recognition sequence. Also, the Z-VAD-FMK, E-64, and Q-VD-OPh covalently
modifies the active-site of caspase-3 and are irreversible inhibitors whereas, cpm-VAD-
CHO is a reversible inhibitor. Therefore, these inhibitors serves as the interesting
candidates to screen caspase-3 inhibitors in high-throughput assay using the BRET -
approach of AbRGT.
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To validate the applicability of the BRET approach of AbRGT in screening caspase-3
inhibitors in a high-throughput format, caspase-3 RLuc transfected MCF-7 cells in 96 well
plates were treated with STS (1 uM) for 4 h. Subsequently, after STS treatment, cells were
incubated with Z-VAD-FMK or Q-VD-OPh E-64 or cpm-VAD-CHO at two different
concentrations (25 or 50 uM) for 1 h. Cells were then labeled with the Rh-VAD-FMK
probe for 1 h, followed by the addition of coelenterazine h. Immediately after
coelenterazine h addition, average radiance was recorded in the donor emission and the
acceptor emission channel. The BRET measurements were done by calculating the mBRET
values of each sample. The calculated mBRET value of the sample, in the absence of
inhibitor, is 60 = 0.4. The mBRET values dropped in the presence of the inhibitor in the
sample. The drop in the mBRET values is an indicative of the loss of caspase-3 activity as it
gets effectively inhibited in the presence of inhibitor. The highest drop was observed for Q-
VD-OPh inhibitor, followed by Z-VAD-FMK, caspase-inhibitor-II, and E-64 (Q-VD-OPh >
Z-VAD-FMK > c¢pm-VAD-CHO > E-64) (Figure 4.6). This signifies that Q-VD-OPh and

E-64 is the most and least potent inhibitor for caspase-3 respectively.
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Figure 4.6 BRET approach of AbRGT for screening inhibitors in a 96 well plate. Caspase-3 RLuc
8.6 transfected MCF-7 cells treated with STS (1 uM) for 4 h. Cells were subsequently treated with
different inhibitors, Z-VAD-FMK, cpm-VAD-CHO, E-64, Q-VD-OPh at concentrations 25 or 50
uM for 1 h. After inhibitor treatment, cells were incubated with the Rh-VAD-FMK probe for 1 h,
followed by the substrate coelenterazine h addition. The average radiance was recorded in the
acceptor and the donor channel, the mBRET values are calculated and represented as a bar graph.

However, we observed high error bars in the mBRET values for the samples which could
be because of variable caspase-3 RLuc (donor) concentration in the cells due to transient
transfection. In order to enhance the dynamic range of the system, we developed the stable

clones of MCF-7 cells expressing caspase-3 RLuc protein.

4.2.3.5. Quantification of caspase-3 activation in Caspase-3 RLuc
expressing stable MCF-7 clones

Luciferase activity in the MCF7 Caspase3-GGS-RLuc8.6 clone no. 2, 3, 4 was measured
by the addition of luciferase substrate, coelentrazine. Immideately after substrate addition,

average raidance value was recorded and plotted as a bar graph (Figure 4.7). The MCF7
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Caspase3-GGS-RLuc8.6 clone no. 2 cells shows the highest luciferase activity (~1 x 10°

photons/sec/cm?/sr) and is selected for further experiments.
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Figure 4.7 The average radiance for caspase-3 RLuc 8.6 stably transfected clone no. 2, 3, and 4 of
MCEF-7 cells was recorded in the donor channel and represented as a bar graph.

We further quantified the caspase-3 activity in the clone 2 cells by the BRET-approach of
AbRGT. MCF-7 Caspase3-GGS-RLuc8.6 clone no. 2 cells were treated with increasing
concentration (0, 50, 100, and 200 nM) of STS for 4 h. Subsequently, cells were incubated
with Rh-VAD-FMK probe for 1 h followed by the addition of coelenterazine. Immediately
after substrate addition, average radiance was recorded and the mBRET values were

calculated and plotted as a bar graph (Figure 4.8).
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Figure 4.8 MCF7 Caspase3-GGS-RLuc8.6 clone no. 2 cells were treated with increasing
concentrations of STS (0, 50, 100, and 200 nM) for 4 h. Subsequently, cells were incubated with the
Rh-VAD-FMK probe for 1 h, followed by coelenterazine h addition. Immediately after
coelenterazine h addition, average radiance was recorded, and the mBRET values were calculated
and represented as a bar graph.

We found a linear dose-dependent increase in mBRET values uponSTS treatment indicative
of the concentration dependent activation of caspase-3.. A ~4-fold increase in mBRET was
found at 200 nM of STS concentration as compared to the untreated cells. Also, precise
error bar in the mBRET values were obatined indicates that stably expressing caspase-3
MCEF-7 cells is better than the transiently transfected caspase-3 MCF-7 cells to detremine
the specific capase-3 activation via the BRET-approach of AbRGT. Further, these results
show the potential of the BRET-approach of AbRGT for the quantification of protease

activation and for the high-throughput screening of protease inhibitors in cells.

4.3 Conclusion

In conclusion we have shown the development of BRET approach of AbRGT by determing
the specific caspase-3 activation in a population-based cell assay. The method utilizes a
Pol tagged luciferase protein and an ABFP targeting Pol and other proteases. The BRET
between the luciferase protein and fluorophore of ABFP gives an indirect readout of the
caspase-3 activation. The BRET effect is expressed in the mBRET values which indicates
the quantification of specific caspase-3 activation in the cells. We have shown the

applicability of the method in screening caspase-3 inhibitors. For this purpose, we had
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chosen, Z-VAD-FMK, Q-VD-OPh, E-64 and cpm-VAD-CHO as known caspase-3
inhibitors. We found that Z-VAD-FMK and E-64 are the most and least potent inhibitors of
caspase-3 respectivity. We also show that the stably expressing caspase-3 RLuc 8.6 MCF-7
is better than the transiently transfected caspase-3 RLuc 8.6 MCF-7 cells to perform to
quantify the caspase-3 activation by the BRET-approach of AbRGT. Further, these results
conclude the capability of the method to screen protease inhibitors in a high throughput

assay.

4.4 Materials and methods
4.4.1 Reagents

Lipofectamine 2000 (11668-027), E-64 protease inhibitor (E3132), Q-VD-OPh hydrate
(SML0063), cpm-VAD-CHO (218830), staurosporine (S5921) are procured from Sigma.
Rh-VAD-FMK probe (ab65616) with Z- VAD-FMK inhibitor was obtained from Abcam.

4.4.2 Cloning

For caspase-3 RLuc 8.6 recombinant vector preparation, 846 bp of the human caspase-3
gene was PCR amplified from pCMV3-C-OFPspark plasmid using suitable primers. The
amplified 846 bp caspase-3 PCR product was digested with Hind III and Bgl II restriction
enzymes and cloned into pCMV-GGS-RLuc 8.6 vector between the restriction sites Hind
IIT and Bgl II using a PCR based method for restriction cloning. The clones are confirmed

by DNA sequencing.

4.4.3 Transient transfections

MCF-7 cells were seeded in a 35 mm dish and were transiently transfected with caspase-3
RLuc 8.6 recombinant plasmid at 70-80% cell confluency. 24 h post-transfection, the cells
were trypsinized and distributed in a 96 well black plate with a clear bottom (20,000
cells/well). Cells were allowed to attach overnight by overnight incubation in a humidified

atmosphere of 5% CO, at 37 °C before the start of experiments.
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4.4.4 Luciferase assay

After 24 h of transfection, RLuc 8.6 substrate, coelenterazine h (50 pL of the 1 mg/mL
stock, dissolved in 1X PBS) was added to each well. Immediately after substrate addition,
cells were analyzed for luciferase activity using IVIS spectrum with an open filter and an

integration time of 60 secs, and the average radiance for each well was recorded.

4.4.4 Caspase-3 activity measurement

For the caspase-3 activity measurements, caspase-3 RLuc 8.6 transfected MCF-7 cells in a
96 well clear bottom plate were treated with STS (1 uM) for 4 h. Cells were then incubated
with the Rh-VAD-FMK probe for an additional 1 h. Subsequently, RLuc 8.6 substrate,
coelenterazine h, was added to the cells, and the average radiance value for each well was

taken immediately using an IVIS spectrum.

4.4.5 Inhibitors screening in a high-throughput format

For inhibitors screening, caspase-3 RLuc 8.6 transfected MCF-7 cells in 96 well plates with
clear bottom were pretreated with different inhibitors. The treatment of the inhibitors was
given for 1 h and 1 h before Rh-VAD-FMK probe incubation. Different concentrations of
inhibitors (25 and 50 uM) were tested. Subsequently, the caspase-3 labeling was performed
by incubation of the cells with the Rh-VAD-FMK probe for 1 h. For BRET studies,
coelenterazine h was added to the cells, and immediately after substrate addition, the

average radiance was recorded.

4.4.6 Stable clone

The MCF7 cells were seeded in a 35 mm plate at 60-70% confluency and subsequently
transfected with pCMV-Caspase3-GGS-RLuc8.6 plasmid by using Lipofectamine 2000
(Thermo Fisher) as per manufacturer's instructions. The transfected cells were incubated for

48 hrs for the expression of the transfected plasmid. Transfected cells were then grown in
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RPMI under Zeocin (300 pg/ml), an antibiotic selection marker, to allow colony formation
from single cells in a 10 cm plate. The plate was incubated till colonies were formed.
Colonies formed from single cells were picked up and grown in 96-well plate. After cells
attain confluency in a 96-well plate, they were transferred to a 24-well plate, and then
clones were grown in bulk to check the expression of Caspase3-Rluc8.6 protein with
respect to luciferase activity RLuc8.6. The clones with high luciferase activity were

selected for further experiments.

4.4.7 BRET measurements

To perform the BRET measurements for each sample, ROIs were drawn for each well, and
the values of average radiance (photons/sec/cm?/sr) were obtained. The average radiance
values were acquired for the donor channel (donor emission channel, 520-540 nm,
RLuc8.6), and the acceptor channel (acceptor emission channel, 580-600 nm, rhodamine).
The acceptor/donor channel emission (A/D) ratio was calculated for the donor (D) only, and
the donor + acceptor (D+A) sample. A/D channel emission ratio of the D only sample was
subtracted from the D+A sample to obtain the BRET ratio.” Subsequently, mBRET values
were calculated by multiplying the values of the BRET ratio to 1000. The analysis was
performed using Living Image software version 4.5 for the IVIS spectrum, and the
calculations were done using MS excel; data is statistically analyzed and represented using

Graph Prism software version 6.5.

Acceptor channel emission

A/D channel emission ratio = —
Donor channel emission

) Acceptor channel emission (D + A)
BRET ratio =

Donor channel emission (D + A)
Acceptor channel emission (D only)

Donor channel emission (D only)

MmBRET unit = BRET ratio * 1000
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4.4.8 Plasmids and primers information

S.No. | Plasmid | Plasmid Source Addgene Insert Gene bank
name backbone vector db | source/name acc No
no.
1. pCMV3- | pCMV3- | SinoBiological Not H. sapiens | NM_004346.3
CASP-3- C- applicable (human)
OFPspark | OFPspark
2. CL.17 pCMV- Dr. Abhijit Not - -
pCMV- GGS- De’s lab, applicable
GGS- RLuc 8.6 ACTREC
RLuc 8.6
S.No. Primer name DNA sequence
1. Forward primer (FP) 5> gccAAGCTTgccaccATGGAGAACACTGAAAACTC 3°
Casp-3 HindlIII
2. Reverse primer (RP) 5 gccAGATCTGTGATAAAAATAGAGTTCTTTTGTG 3’

Casp-3 Bglll

HindIII restriction site- A|AGCTT

BgllI restriction site- A|GATCT

Kozak sequence- gccace
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4.4.9 Inhibitors structure
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Conclusions and future directions
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5.1 Summary of the thesis

To address the need for new imaging methods for studying protease function, several
methods have been developed with mixed success. Fluorescence microscopy coupled with
substrate-based reporter assays (both genetic and synthetic substrate) is being routinely
used to monitor the function of “active proteases” in the (patho) physiological processes.
However, most of the substrate-based reporters lack target specificity and the ABFP
methods shows cross-reactivity towards other proteases. Achieving absolute specificity is a
major challenge associate with these methods. To overcome some of the limitations
associated with existing methods, we disclose the design and development of a new

technology called “Activity-based Reporter Gene Technology” (AbRGT).

As discussed in chapter-2, we showed that AbRGT is a simple and powerful method for
imaging of “active protease” in the live cell with an unprecedented specificity. The
exquisite imaging of the target protease is achieved by taking advantage of both reporter
gene technology and synthetic chemistry (ABFP) knowledge. By fusing a reporter tag
(GFP, green fluorescent protein) to the protease of interest (Pol) followed by covalent
labeling of Pol by an ABFP (acceptor) led to the in situ formation of FRET pair. The
nonspecific labeling of the probe creates a highly specific FRET pair that reports only the

activity of the target protease but not the other proteases in the cell.

As a proof-of-concept, we have applied this method to study the function of caspase-3
protease in both intrinsic and extrinsic apoptosis signaling pathways. To study the specific
activation of caspase-3 in the apoptosis signaling pathway, caspase-3 is labeled by 1)
GFPspark and 2) Rhodamine-linked small molecule that labels the active site of the
cysteine protease (Rh-VAD-FMK probe). The FRET between the GFPspark and rhodamine
dye of the Rh-VAD-FMK probe was measured as an indirect readout of the caspase-3
activation. By detecting specific caspase-3 activation in the apoptosis pathway, we
demonstrated that AbRGT is a method that provides an opportunity to study the function of
a protease of interest (Pol) with absolute specificity. We showed that the absolute
specificity can not be achieved by simply changing the peptide recognition sequence to a

more specific one. We also demonstrated that there is an enormous cell to cell variability on
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the onset of programmed cell death, and this observation is consistent with the previous
reports.'

Furthermore, in chapter 3, we demonstrated different applications of AbRGT. As a
potential application, we have shown that this method can be used as a tool to screen
inhibitors of protease. We validated our approach by screening the known inhibitors of
caspases (Z-VAD-FMK and Q-VD-OPh) and cathepsin B (E-64). We also demonstrated the
applicability of the method in specifically imaging the function of any protease of interest
(Pol). For our studies, we imaged the specific activation of five different target proteases
(caspase-3, -7, -8, and -9 and cathepsin-B), independently in three different cell lines
(HeLa, HEK-293, and MCF-7). In addition, we also show that the method can be applied to
detect the protease activation in a signaling pathway. Using our approach, we imaged the
direct cathepsin B activation in the apoptosis pathway as the function of cathepsin B has not
been previously detected in the apoptosis pathway in a noninvasive way.

FRET-approach of AbRGT has certain limitations as the FRET process requires an external
laser for the excitation of the donor molecule that can result in photobleaching. It also
sometimes causes an unwanted excitation of the acceptor molecule due to the overlapping
excitation spectra of the donor and acceptor molecules, causing autofluorescence. To
overcome these limitations, we have developed a bioluminescence resonance energy
transfer (BRET)-approach of AbRGT, which is discussed in Chapter 4. The BRET
approach of AbRGT utilizes the tagging of luciferase to the protease of interest (Pol)
followed by labeling of the cells will ABFP. The energy generated during the conversion of
luciferin (luciferase substrate) to oxyluciferin will be transferred to the fluorophore of
ABFP, resulting in the BRET effect. The BRET signal is an indirect readout of the protease
activation. To develop the BRET approach, caspase-3 is tagged to Rluc 8.6 and expressed
in MCF-7 cells. The cells were induced to undergo apoptosis for caspase-3 activation,
followed by the labeling of cells with Rh-VAD-FMK probe. Subsequently, Rluc 8.6
substrate, coelenterazine h, is added to the cells. The conversion to coelenterazine to
coelenterazine by Rluc 8.6 generates energy that is transferred to the rhodamine of the Rh-
VAD-FMK probe resulting in the BRET effect. The BRET values is an indirect readout of
the caspase-3 activation. We have used the BRET-approach of AbRGT for the high-
throughput screening of caspase-3 inhibitors (Z-VAD-FMK, cpm-VAD-CHO, Q-VD-OPh,
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and E-64). The mBRET values determine the potency of the inhibitors. Based on the
mBRET values, we found out the relative potency of the four inhibitors (Q-VD-OPh > Z-
VAD-FMK > cpm-VAD-CHO > E-64), where Q-VD-OPh is the most potent and E-64 is

the least potent inhibitor of caspase-3.
5.1.1 Advantages of ADRGT

1. The method is simple and straightforward and provides unprecedented specificity
for studying the function of active proteases.

2. It does not involve post-processing of cell or tissue lysates as it enables direct
visualization of localized protease activity at the sub-cellular scale.

3. The method can be used for inhibitor profiling and can be translated to high-
throughput screening of protease inhibitors.

4. The probe required for imaging does not have to be highly selective for the target
protease.

5. Most importantly, the approach can be applied to study the function of any protease-

of-interest (Pol) in the biological system.

5.1.2 Limitations of AbRGT

1. The method can not be applied to image the function of endogenously expressed
proteases and is limited to reporter protein tagged protease that are exogenously
expressed in the cells.

2. It involves the overexpression of the reporter protein tagged Pol, and the
overexpression of some proteases is known to be lethal in certain cell lines.

3. The method requires the tagging of a fluorescent protein to Pol without altering
function.

4. Similar to the ABFP method, it also lacks signal amplification.
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5.2 Future directions

5.2.1 In vivo imaging of protease function

The BRET-approach of AbRGT provides an avenue to use this method for in vivo imaging
of small animals. The advantage of the BRET system in the in vivo studies is that it offers
enhanced sensitivity as autofluorescence and photobleaching associated with fluorophore
excitation are absent.”” To extend the AbRGT approach for the in vivo imaging of protease,
the luciferase tagged Pol will be stably transfected in the cell line of interest. The stable
cells will be injected into the mice. Subsequently, mice will be injected with the ABFP,
followed by the luciferin administration. The signal in the BRET channel will be measured
as an indirect readout of the specific activation of Pol in vivo conditions (Figure 5.1).
Alternatively, the FRET-approach of AbRGT can also be used for in vivo imaging; it can be
done by simply changing GFP to a red fluorescent protein (RFP) and rhodamine to near-
infrared fluorescence (NIRF) dye. The longer wavelength of near-infrared fluorophores
allows the deeper penetration of light into the tissues and hence minimize the effect of

. 4,5
tissue autofluoresence.™
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Figure 5.1 Schematic representation of the BRET-approach of AbRGT for in vivo imaging of
specific protease activation. Pol (Pink) is tagged to the luciferase gene (green). The Pol tagged
luciferase is stably expressed in the cell line of interest. The cells expressing Pol tagged luciferase is
injected into the mice. The mice is administered with the ABFP for the labeling of Pol and other
proteases of the same family. Subsequently, luciferin is injected into the mice resulting in the BRET
effect. The BRET signal is an indirect readout of the specific Pol activation.

5.2.3 Imaging the function of the uncharacterized protease

Considering protease upregulation and downregulation are implicated in various diseases,
one could envisage using this technique to image the function of the uncharacterized
protease across multiple signaling pathways. For instance, the method can be applied to
study the function of the high temperature requirement A2 (HtrA2)/Omi, a serine protease,
in the apoptosis pathway. The zymogen form of HtrA2 is a 50 kDa protease localized in the
mitochondria. The N-terminal of the HtrA2 zymogen is cleaved off after mitochondrial
translocation as a part of the maturation process yielding a 36 kDa mature HtrA2 protease.’
HtrA2 is an interesting target to study as it induces apoptosis via both caspase-dependent
and caspase-independent pathway. HtrA2 elicits caspase-dependent apoptosis by binding to
the inhibitor of apoptotic proteins (IAPs).” Whereas the serine protease activity of HtrA2
results in the induction of apoptosis via the caspase-independent pathway.® However, the

mechanism by which HtrA2 induces apoptosis is not fully explored. The function of HtrA2
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protease in the apoptosis pathway can be studied using the FRET-approach of AbRGT. To
do that, HtrA2 protease will be endogenously tagged to GFP and expressed in the cell line
of interest. Subsequently, the cells will be given an appropriate stimulus for apoptotic
induction followed by the incubation of cells by a serine protease targeting ABFP, i.e.,
rhodamine-labeled fluorophosphate probe (Rh-FP, Figure 5.2). Here, the FRET between the
GFP-tagged HtrA2 and the Rh-FP probe will be measured as an indirect readout of the

HtrA2 activation

Figure 5.2 Schematic representation of the labeling of HtrA2 tagged GFPspark protein by
rhodamine-labeled fluorophosphate probe (Rh-FP). The HtrA2 protease (blue) is tagged to the
GFPspark protein (green), incorporating serine at the active site. The HtrA2 GFPspark is incubated
with the FP probe. The FP warhead of the FP probe attacks the serine active site residue of the
HtrA2 GFPspark protease resulting in the formation of the covalent bond and labeling of the HtrA2
protease FP probe.
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