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Abstract - Cell death is a major process in a biological cell that
occurs during development, homeostasis and immune
regulation in multicellular organisms. Dysregulation of cell
death pathway has been implicated in many diseases.
Principal cell death pathways include apoptosis, autophagy,
necrosis, mitotic catastrophe, etc. Knowledge of cell death
pathways and the reason the cell chooses to die are key factors
to understand the disease, the way it affects the cellular system
and subsequent drug discovery. This study is focused on
developing genetically encoded Forster Resonance Energy
Transfer (FRET) based biosensors to identify autophagy
pathways in vitro. FRET is an energy transfer phenomenon
that occurs between two spectrum-overlapping fluorophores
that are within 10nm of each other. The design of the sensor is
based on enzyme-substrate dynamics and consists of a
reporter gene fused between fluorescent proteins.
Additionally, FRET-based protease assay has been used to
determine the kinetics of Atg4A, an enzyme involved in
autophagy. The kinetic parameters Km, Kkca, kcat /Km were
derived using real-time detection methods. A further aim of
this research is to transfect the sensor in H460 lung cancer cell
line to identify the type of death that the cell chooses on
treatment with drugs.
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1. Introduction

The major cell death pathways, classified as
autophagic, apoptotic, and necrotic, work to maintain
homeostasis in the organism. Dysregulation of these
pathways leads to several pathologies. Identification of
the pathway the cells takes to die has important
therapeutic implications. At the same time, there is a
need for a specific and sensitive technology to identify
and modulate the pathway [1]-[4].

Autophagy is an intracellular degradation process
that helps in cell survival by removing unnecessary
components, damaged organelles, misfolded proteins
and specific intracellular pathogens by the lysosomal
degradation process. Additionally, autophagy plays an
important role in cellular dysfunction and cell death
under certain circumstances. Studies suggest that the
autophagy process, in both cell survival and cell death,
can be a significant therapeutic target for
neurodegenerative diseases and cancer [5-10].

The process of Autophagy is initiated and executed
by the Autophagy-related genes (Atg) family that was
discovered by genetic screening in yeast. Two ubiquitin-
like conjugation systems are key to autophagy: the Atg5-



Atgl12 and the Atg8-phosphatidylethanolamine systems.
In mammals, there are six Atg8 homologues namely
LC3A, LC3B, LC3C, GABARAP, GATE16/GABARAPL2 and
GABARAPL1 (Atg8L) and four Atg4 homologues namely
Atg4A, Atg4B, Atg4C, Atg4D. Atg4 is a cysteine protease
that cleaves Atg8 at the carboxyl terminus to expose the
glycine residue that is necessary for subsequent
reactions. This is a crucial step in the autophagosome
biogenesis and presents itself as a target for therapeutic
interventions [11-13].

Standard methods to detect autophagy such as
fluorescence microscopy techniques, although reliable,
suffer from a need of expensive reagents, trained
personnel, as well as being laborious and unsuitable for
quantitative analysis or high throughput
applications[14-15]. Fluorescent biosensors are among a
highly diverse class of biosensors that exploit the
intrinsic property of a biomolecule to modulate the
fluorescent intensity or hue of a pair of fluorophores.
Biosensors have the advantage of high sensitivity,
versatility, and simplicity [16-18]. In our research, we
have introduced genetically encoded biosensors that
work on the principle of FRET.

Forster Resonance Transfer Energy (FRET) has
been widely used in biological studies both in vitro and
in vivo for static and real-time measurements. It relies
on the transfer of energy from an excited donor
fluorophore to an acceptor fluorophore non-radiatively.
For efficient and accurate FRET, the two fluorophores
must be in a favorable orientation and within proximity
of about 10 nm. FRET-based biosensors have a wide
range of applications that range from monitoring
heterogeneous cell populations to studying a single cell
in real time[16, 19].

FRET-based assays have been used to study
protein-protein interactions, ligand-receptor binding as
well as the activity of enzymes [20-26]. We have
exploited the use of this technology to study protease
activity. Understanding the dynamics of Atg4A is key to
gain an in-depth knowledge of the autophagy pathway.
The catalytic efficiency or specificity of an enzyme is best
characterized by the ratio of the kinetic constants, kc.,/
K. It indicates the efficiency with which the enzyme
catalyzes a reaction both in the forward and reverse
directions. The accuracy of proteases kinetic parameters
is not only important for understanding protease activity
in normal physiological processes but also critical for
estimating inhibitor potency and efficacy for drug
discovery and development.

Previous methods to characterize Atg4A enzyme
efficiency parameters have been attempted on substrate
Gate16-GST by using SDS-PAGE technique along with
Coomassie Blue staining. The amounts of substrates, as
well as cleaved products, were quantified by
densitometry and the use of GST standard curve. The
Keat/Km obtained using this method was 1*104 M-1s-1,
Assessment of Atg4 activity has been mainly based on an
SDS-PAGE-based assay, which can be cumbersome and
highly variable with relatively low detection sensitivity.
These methods would only be suitable for in vitro
analysis and cannot be formatted for high-throughput
analysis. FRET-based Kinetic analysis has also been
studied on full-length Gatel6 using parental CFP-YFP.
The value of kei/Km obtained using this method was
1310 M-1s-1 which was even lower than that obtained
when GATE16-GST was used [5, 27].

Here, we describe the development of a highly
sensitive FRET-based Biosensor to study the autophagy
pathway. An engineered FRET pair, CyPet and YPet, with
significantly improved FRET efficiency and fluorescence
quantum yield[28] compared to the parental CFP-YFP
was used to generate the CyPet-Gate16-YPet substrate.
Additionally, assays were designed to study the kinetics
of Atg4A. This method includes the application of
quantitative FRET analysis together with the
considerations of the self-fluorescence of donor and
acceptor during the digestion analysis of Gatel6. The
absolute fluorescent signals were converted into protein
concentrations using the real-time detection method.
The value of kca/Km of Atg4A toward Gatel6 was
obtained as 5.2x10* M-s!, which agrees with general
enzymatic  kinetic parameters. Besides, error
propagation and analysis have been done using both
GraphPad and R. This assay in future will be converted to
a high throughput screening assay to screen for Atg4A
inhibitors.

2. Material and Methods
2.1. Plasmid Constructs/Autophagy

The open reading frame of CyPet was amplified
using primers containing the portion of pET28b vector
sequence 3’ to Nhel site and CyPet as a template; YPet
was amplified using primers containing the reverse
complement of the portion of PET28b that was 3’ to Xhol
site and YPet as a template. The open reading frame of
Gate16 was amplified using Gatel6 as a template. The
construct was designed to have three restriction enzyme
sites Xhol, HindlIIl, Sall in the same order from the C-
terminus of CyPet to the N-terminus of Gatel6. Three



more restriction sites BamHI, Nhel and Ecorl were added
in the same order from C-terminus of Gatel6 to the N-
terminus of YPet. Multiple restriction sites were
incorporated so that the construct could be put to good
use in the future. PCR was performed to amplify
fragments pET28b (overlap)-CyPet-Xhol-HindIII-Sall,
Gate16-BamHI-Nhel-Ecorl and YPet. pET28b vector was
digested with Nhel and Xho1l. The concentration of the
PCR fragments along with the digested vector fragment
was measured using Nanodrop. The fragments were
incubated with 10ul NEB Master Mix in a 1:1 ratio for 1
hour at 50°C. The mixture was then transformed into
TOP10 Escherichia cells and the colonies screened to get
the positive clone. The construct was obtained after
sequencing results were confirmed.

Similarly, for determining the donor self-
fluorescence a, the fragment CyPet-Xhol-HindIII-Sall-
Gatel6 (cleaved) was cloned into pET28b vector and
sequenced. The acceptor self-fluorescence 3 did not vary
much between different proteins tagged to YPet. Hence,
it was summarized from previous results?3 25,

2.2. Protein Expression and Purification

Escherichia coli cells of strain BL21 (DE3) were
transformed with pET28 vectors encoding Atg4A, CyPet-
Xhol-HindIII-Sall-Gate16-BamhI-Nhel-Ecorl-YPet and
CyPet-Xhol-HindlIII-Sall-Gate16 (cleaved). The
transformed bacterial cells were plated onto LB agar
plates containing 50 mg/ml kanamycin, and a single
clone for each protein was picked up for starter culture
and inoculated in 10 ml LB overnight at 37°C. This was
transferred to 1L 2XYT medium and grown at 37°C for 3
hours until the optical density of the bacterial culture
reached 0.5-0.6. Expression of polyhistidine-tagged
recombinant proteins was induced with 0.3mM
isopropyl  b-D-1-thiogalactopyranoside at 25°C
overnight. The 6x histidine-tagged recombinant proteins
were purified from bacterial lysates with nickel agarose
affinity chromatography (Qiagen, Valencia, CA, USA) and
eluted in 20 mM Tris-HCl, pH 7.4, 50 mM NaCl, 1 mM
DTT. Protein purity was examined by SDS-PAGE and
concentrations of the purified proteins were determined
by the Bradford assay (Thermo Fisher Scientific,
Waltham, MA, USA). Similar purification protocol was
followed to purify Atg4A protease (Addgene).

2.3. Fluorescence Spectrum Analysis of FRET

When substrate CyPet-Gate16-YPet is excited at
414 nm, the emission at 475 nm was from the emission
of unquenched CyPet (FLpp). The emission intensity at

530 nm (FLpa) consists of three components: the direct
emission of unquenched CyPet (FLpp), the direct
emission of YPet (FLaa) and the emission of YPet excited
by energy transferred from CyPet (Emgrer). Excited at
475 nm, an emission peak at 530 nm (FLas) was
observed from the direct excitation of YPet but not CyPet.
The direct emission of donor, CyPet, at 530 nm was
proportional to its emission at 475 nm when excited at
414 nm with a ratio factor of a, while the direct emission
of acceptor, YPet, at 530 nm was proportional to its
emission at 530 nm when excited at 475 nm with a ratio
factor of B. Therefore, the FRET emission of YPet
(Emprer) can be determined by:
Empgrgr = FLpg — a FLpp — B FLpa (1)
2.4. Standard Curve Analysis
CyPet-Gate16-YPet was incubated at 37°C in a
suitable buffer (50mM Tris-HCI Ph 8, 150mM NaCl, 1mM
DTT) to a total volume of 80 ul and added to each well of
a 384-well plate. The emission signals at 475 nm were
collected after excitation at 414 nm. The concentration
was varied from 0.1 to 1 puM. CyPet-Gate16 (cleaved) and
YPet were also incubated at 37°C in the same buffer to a
total volume of 80 pl with 1:1 molar ratio and added to
each well of a 384-well plate. The emission signals at 475
nm were collected after excitation at 414 nm. The
concentration of CyPet-Gate16 was varied from 0.1 to 1
uM.

2.5. Determine Digested Substrate Concentration
from the FRET Signal Changes

After digestion by Atg4A, the fluorescent signal at
530 nm decreased, and the fluorescent signal at 475 nm
increased because of the disruption of the FRET signal
after substrate digestion. The remaining fluorescent
emission at 530 nm (Em’grer) could still be divided into a
similar three components
Em'ppgr = FL'pg— a FL'pp — B FL'44 (2)

where FL'pa is the remaining FRET-induced
acceptor emission, FL'pp is the fluorescent emission of
CyPet, which consists of two parts: the undigested CyPet-
Gate16-YPet and the digested CyPet-Gate16, and FL’ax is
the fluorescent emission of YPet, which is constant
whether the substrate is digested or not. The amount of
digested substrate is correlated with the decrease of the
absolute FRET signal. Therefore, after treatment with



Atg4A, the remaining FRET-induced acceptor’s emission
m'pRer !

C_;x X EmFRET= % X{ (FLDA) - (FLDD) - B (FLAA) } (3)

where C is the concentration of substrate(uM) and
x is the concentration of digested substrate(uM).

2.6. Statistical analysis

The bootstrap method was implemented in R to
calculate enzyme efficiency parameters and 95%
confidence intervals for kcar/Km.

3. Results
3.1 Design of a highly sensitive Biosensor to detect
Autophagy pathway using FRET and

characterization of emission ratio

A FRET fusion substrate CyPet-Gate16-YPet with a
strong fluorescent signal for Atg4A protease activity was
constructed. Digestion by Atg4A releases the products
CyPet-Gate16 (cleaved) and C-terminus of Gate16-YPet,
and the FRET signal decreases corresponding to the
amount of digested substrate (Figure 1).

CyPet-Gate16-YPet (2uM) was mixed with Atg4A
in a 1:1 molar ratio along with a suitable buffer (50mM
Tris-HCl pH 8, 150mM NaCl, 1mM DTT) to a total volume
of 60ul and incubated for 60 min at 37°C. As a control,
the substrate CyPet-Gatel6-YPet was mixed with the
same buffer to a total volume of 60ul and incubated at
the same temperature for the same time. The mixture
was transferred
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Figure 1. Scheme of FRET-based ATG4A kinetics
determination.
A) The cartoon depicts the principle behind the sensor design.
In the absence of Autophagy, a strong FRET signal can be
observed. When Atg4A is added, it cleaves Gatel6 at the
Glycine Residue resulting in separation between CyPet and
YPet and loss of FRET. B) shows the design of Autophagy full-
length Biosensor. Gate-16 full-length sequence is sandwiched
between fluorescent proteins CyPet and YPet. The construct is

cloned into pET28b vector with an N-terminal Histidine tag.
Atg4A cleaves Gate-16 at the C-terminus of glycine residue.

to a 384 well plate and readings were taken from
Flexstation II (Molecular Devices Inc) by exciting at
414nm. The emission intensity is measured in Relative
Fluorescence Units (RFU) and plotted on the y-axis.
Wavelength measured in nm is plotted on the x-axis
(Figure 2B). The emission ratio (Es3o/E475) changes more
than 2fold when substrate CyPet-Gatel6-YPet is
incubated with enzyme Atg4A (100:1) ratio at 37°C and
excited at 414 nm (Figure 2C). Also shown are the results
of SDS-Page gel obtained before and after digestion of the
substrate (Figure 2D).

3.2. Donor self-fluorescence determination
To determine the cross-talk ratio of CyPet's self-
fluorescence, purified CyPet-Xho1-HindlIII-Sal1-Gatel6
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Figure 2 (A). Spectrum analysis of emission at 530 nm.
Dissection of emission spectra from the engineered protein
CyPet observed. When Atg4A is added, FLpp is CyPet emission
at 475 nm when excited at 414 nm; FLaa is direct YPet
emission at 530 nm when excited at 475 nm; and Emrrer is
FRET-induced YPet emission at 530 nm when excited at 414
nm. The curve in the grey dotted line indicates a change in
emission signal after the complete digestion. (B). Autophagy
FRET Assay. From the graph above we can see the loss in
signal intensity corresponding to FRET at 530nm and a
corresponding rise in CyPet emission at 475nm. There is
more than four times decrease in FRET signal as Atg4A
cleaves the substrate CyPet-Gate16-YPet. This decrease is
directly proportional to the concentration of substrate
digested. (C). The bar graph shows a significant decrease in
emission ratio as the emission of acceptor decreases and
donor increases when Atg4 is added to CyPet-Gate16-YPet.



(D). Protein gel of purified proteins stained with Coomassie
Blue. Extreme left; prestained ladder, LaneA: Enzyme Atg4A4,
LaneB: Undigested Substrate, LaneC: Digested substrate.

(cleaved) was incubated at 37°C in buffer containing 20
mM Tris-HCl, pH 7.4, 50 mM NaCl, 0.1% (v/v) Tween-20
and 1mM DTT to a total volume of 80 uL at
concentrations of 20nM, 50nM, 100nM, 200nM, 500nM,
750nM and 1000nM for 10 minutes and added to each
well of a 384-well plate (Greiner, glass-bottom).
Fluorescent emissions of CyPet at 475 and 530 nm were
detected in a fluorescence multi-well plate reader
(Flexstation 11384, Molecular Devices, Sunnyvale, CA,
USA) when excited at 414 nm to determine the cross-talk
ratio o. Three samples were repeated for each
concentration. a value was determined to be 0.38+ 0.02.
B was summarized from previously obtained results as
0.026 (Figure 3).

3.3. Standard curve

Standard curves were obtained to derive the
relationship between the FRET signal and protein
concentrations. The undigested substrate CyPet-
Gatel6-YPet was incubated in

CyPet Self fluorescence YPet Self fluorescence

Ex = 414nm

CyPet direct Ex=475nm

emission

YPet direct
emission
Ex=414nm

Relative Fluorescent Unit
Relative Fluorescent Unit

475 530 530

Emission Wavelength (nm) Emission Wavelength (nm)

_ FLpa FRET channel _ FLpa FRET channel

FLpa Acceptor channel

- FLDD Donor channel
Figure 3. The schematic graph depicts the alpha and beta

values that determine CyPet and YPet's self-fluorescence
emissions, respectively.

a suitable buffer at 37°C, and emission signals were
obtained at 475nm after exciting at 414nm. Similarly,
emission signals were obtained from the products
obtained after digestion of the substrate. Slopes value
was obtained as 459000 and 713000 respectively,
describing the linear relationship between the detected
fluorescent signals and the protein concentrations
(Figure 4).

3.4. Atg4A protease Kinetics assay

FRET-based kinetic assays were conducted by
using the kinetic spectrum in a fluorescence multi-well
plate reader (Flexstation 11384, Molecular Devices) that
was set to 37° C. Blank readings were taken after adding
buffer (50mM Tris HCI Ph 8, 150mM NaCl and 1mM DTT)
to a total volume of 80ul in the 384 well plate. This
constitutes the background signal. The substrate CyPet-
Gate16-YPet at different concentrations starting from
0.1uM, 0.2uM,

A. B.

Standard curve for Cy-Gate16-Ypet Standard curve for Cy-Gate16 + Ypet (1:1)
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Figure 4. Standard curves of fluorescent signal versus related
protein concentration. (A). Emission of CyPet -Gate16-Ypet at
475nm under excitation at 414nm; (B). Emission of CyPet-
Gatel6 + YPet (1:1) at 475nm under excitation at 414 nm.

0.3uM, 0.5uM, 0.75uM, 1uM, 2uM, 3uM, 5uM, 10uM and
15uM was incubated in the buffer to a total volume of
80ul at 37°C and transferred to each well of a 384-well
plate (Greiner, glass-bottom). Three samples were
repeated for each concentration. Readings were taken
every 52 secs for one hour. Atg4A was then added at a
concentration of 10nM to the substrate using a
multichannel pipette. Same readings were repeated. The
data was imported into MS Excel. Background signal was
subtracted from the original data,

which was then processed to get Emgger, Em’rrer and x
(amount of digested substrate). The x values are
imported into GraphPad in replicate. The curve fit is
performed using nonlinear regression. The
concentration of product formation increases
exponentially with time from time t=0 when the
substrate concentration is 0 to a concentration of Sp at a
time 0 per the following formula:

[P]= [S]o (1— e7*) (4)

One phase association model with least-squares criteria
was used to fit the data (Figure 5). GraphPad Prism
provides the mean and standard error values of the key
parameters of the model, namely the plateau [S], (the
substrate concentration at a time 0) and k (the rate



constant). The standard deviation of the parameters is
calculated by taking the product of standard error and
the square root of the no of points analysed for arriving
at the result (Table1).
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Figure 5. Timing of product formations from different
substrate digestion. The time course of product formation
from substrate CyPet-Gate16-Ypet digestion by Atg4A at
different concentrations.

To determine the reaction velocity of Atg4A, the
reaction rate (V) was correlated to the change in the

amount of substrate (S):

_ _dls] _ dlp]
V= at ~  dt (5)

Table 1. The mean values of rate constant (k) and substrate
concentration at a time 0 (S0) are derived along with the
standard error and standard deviation values.

S(um) 010 020 030 050 075 L00 200 300 500 1000 1500
[SJofuM) 004598 | 04203 | 0211 | 03954 | 058% | 08126 | 1475 | 2202 | 337 | S4B | 650
k 99904 | GUEM | BI0E4 | 712604 | 73504 [ GOOE-M4 | GO1EM | S43EM | A MEM [400EM | 436EM
std err ([S]y) 259603 | 30BE-03 | 3.06E3 | SATEQ3 | 6A0E-03 | 825E-03 | 1.70E-02 | IB1E2 | 8.03E2 | 1.59E1 | 199E:01
’slderr(k) 168504 | ST1E05 | 3ME-05 | 219E-05 | 182E-05 | 160E-05 | 179E-05 | 1.86E-05 | 1.97E-05 | 208E05 | 231E-05
’stddev({SlJ 3T6ED | 446E02 | 443602 | TAGEN | BBAE-02 | 120E-01 | 24601 | 552601 | 116E:00 | 231E+00 | 288E+00
lﬂddev(k] QU3E03 | B2TE4 | 455604 | IATE4 | 264E-4 | 2304 | 259E-M4 | 269E:M4 | 285604 | 302604 | IIEM

The initial velocity of the reaction is determined by
calculating the derivative of the product formed at time
t=0. The values obtained are listed in (Table 2):

d[P
Vo= 1o = K[Slo (6)
The standard error of Vo (s,,) is then computed
using the formula:
2 2
s, = {mean(Vp)y? | —=2 ok

{mean(k)}? (7)

{mean(s,)}?

3.5. Michaelis-Menten Model

The mean and the standard error of V, are plotted
against the substrate concentration in GraphPad Prism V
software to fit the Michaelis-Menten equation (Figure 6).

The value of k..;/Km is calculated using the below

formula:
kcat Vmax

= % 108 M1s (8)

Km m

Table 2. The initial velocity values obtained along with the
Standard error.

S (uM) VO (uM/s) Std error (VO)
$=01 459x10" 8.13x10"
$=02 1.02x10" 7.34x10"°
$=03 1.75x10" 7.10x10"°
$=05 2.82x10" 9.40x10"

S 433x10" 117x10"

5=1 5.59x10 1.42x10"
Sat 1.00x10" 2.88x10"
5=3 1.20x10" 4.58x10"
5 1.51x10" 7.48x10"
$=10 2.05x10" 1.24x10"
$=15 2.89x10" 1.76x10"

The standard error of (kca/Kn) is calculated using
the following equation:

2
2 — kcat
Skcat/l(m = {mean (1( )}
m

Sk 5%
cat Km (9)
{mean(k¢qr)}? {mean(Km)}?

95% confidence intervals were found using
Microsoft Excel.

The derived values of Viax, Kim, Kcar, and keai/Km ratio
are listed in the (Table 3).




Table 3. The Kinetic parameters that demonstrate the enzyme
efficiency of Atg4A.

Vmax in uM/s Km in uM kcat/Km in M-1S-1 | 95% Cl
Vmax (mean) Km (mean) kcat/Km(mean) [6.32x10
3.96x10 719 551x10"
Vmax(Std error) Km(Std error) kcat/Km(Std 4.70x10
3.77x10" 142 error)
1.21x10

Error analysis was also done using the bootstrap
method in R. The values of kca/Km and 95% confidence
intervals were shown in (Table 4).

5. Discussion

Here, we have reported the development of a
highly sensitive FRET-based biosensor to detect
autophagy pathway. The efficiency of the biosensor lies
in the use of a highly optimized FRET pair CyPet-YPet
and a robust

Michealis Menten Model

0.000 T T

0 5 10 1I5 20
Substrate Conc uM

Figure 6. Michaelis-Menten model of Gate16 digestions by
Atg4A.

The initial velocity of differenct substrate
concentrations digeted by Atg4A were determined by the
FRET signal of substrate CyPet-Gatel6-YPet digestion by
Atg4A.

Construct design that can detect the execution
phase of autophagy most efficiently. We have also
described a quantitative FRET-based protease assay for
determination of the kinetic parameters of Atg4A in the
digestion of Gate16. The value of k¢;/Kn 5.5 X 104 M-15-1
obtained through this method is higher than the values
obtained previously in the literature. In this approach,
the absolute FRET signal was correlated to the digested
substrate and was continuously determined during the
digestions of CyPet-Gatel6-YPet by Atg4A. The
experimental procedure used here obtains Kkinetic

parameters by deriving the quantitative contributions of
absolute fluorescence signals from a donor, acceptor,
and real FRET at the acceptor’s emission wavelength.
Traditional ratiometric measurements of FRET do not
consider the direct emissions and convert all the signal
change to disrupted energy transfer [5, 22, 26]. This
results in an overestimation of kinetic parameters from
the Michaelis-Menten equation because of an
overestimation of FRET emission signal (containing
donor and acceptor direct emission) and an
overestimation of FRET donor emission (increases with
the digested substrate).

Table 4. The kinetic parameters obtained using bootstrap
method in R.

kcat/Km (mean) (M-1LS-1) 5.52 x10+4
5.86 x10*
95% Cl
5.18 x10*

Gatel6's digestion by Atg4A has been studied by
other methods, such as protein gel-based methods used
on substrate Gate16-GST (Gatel6 tagged with GST) and
a ratiometric-based FRET assay that used FRET-Gate16
(Gate16 fused between CFP AND YFP) as a substrate. The
former established a kcat/Km value of 12,800 M-1 s-1 while
a value of 1,310 M-1 s-1 was obtained from the latter.
Both the techniques used different methods to analyze
enzyme efficiency parameters as well as the different
configuration of substrates. This showed that specificity
of Atg4A towards substrate depends on the
configuration of substrates [5, 27]. Atg4A is unable to
cleave the peptide sequence of GATE16 as efficiently as
opposed to the full-length protein (results not shown).
This implies the existence of dynamics between Atg4A
and Gate16 that needs further investigation.

Determination of standard error and 95%
confidence intervals of the enzyme efficiency parameters
have been done using GraphPad as well as bootstrap
technique in R. Although kc./Kn values obtained were
similar using both methods, the confidence intervals
have a tighter fit using the statistical bootstrap method.

Our assay has multiple advantages that include, 1.
The FRET-based assay has higher sensitivity than a gel-
based assay, 2. The assay is interference-free and
involves an only enzyme (enzyme in free form or as a
complex with substrate), substrate and the products, 3.
The use of optimized FRET pair CyPet-YPet in the
reaction results in an 11-fold signal change as opposed
to 3-fold observed when the parental pair CFP-YFP is



used. The use of CyPet-YPet promises improved
sensitivity and dynamic range of detection.

6. Conclusion

In conclusion, the biosensor developed in this
study is highly sensitive in detecting autophagy and can
be used to derive quantitative data using FRET
technology. It can be used both in vitro and in
mammalian cells and can differentiate between cell
death pathways. The results of this study can help to
expand biomedical knowledge by illuminating the
mechanisms of different cell death pathways. This will
pave the way for simple and non-invasive ways to
modulate cell death pathways for therapeutic
intervention in the future. These results are significant,
as many high throughput assays that will be based on the
protease require a thorough knowledge of their biology.
The search for small molecule drugs that target
proteases has been a topic of intensive research
throughout academics and industry.
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