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ABSTRACT

Author: Cholger, Daniel J. PhD

Institution: Purdue University
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Title: Engineering A High Affinity Extracellular ATP Sensor for Studying Purinergic Signaling
Committee Chair: Mathew Tantama

Adenosine Triphosphate (ATP) can be released as a signal between cells in an autocrine
and paracrine manner that bind purinergic receptors. Highly conserved, purinergic receptors
expressed on the cell surface of neurons and astrocytes are capable of being activated across eight
orders of magnitude from hundreds of nanomolar ATP to millimolar. Genetically encoded
fluorescent protein biosensors have been used to detect ATP outside the cell, but a high affinity
extracellular ATP sensor is required to study the ATP signaling dynamics from nanomolar to
micromolar magnitudes. Previously, our lab developed a first generation sensor of extracellular
ATP called ECATSL1 (Conley et al.). To develop an improved sensor, we carried out site-directed
mutagenesis of the sensor’s ATP-binding site and identified a mutant that exhibited 4-fold increase
in ATP binding affinity in solution. We then optimized the membrane-tethering of the sensor to
achieve the 4-fold increase in extracellular ATP binding affinity when measured on live cells. This
second-generation sensor was dubbed ECATS2. As a proof-of-concept application, we sought to
detect ATP release from cells using in vitro models of edema. We subjected HEK293A cells to
hypo-osmotic shock (HOS), revealing ATP release at micromolar levels. Then we tested HOS in
cultured cortical astrocytes, also revealing micromolar ATP release. However, when we tested
neuron-astrocyte co-cultures, we no longer observed ATP release in response to HOS.
Interestingly, this implies that co-culture either entirely prevented ATP release from astrocytes or

dampened it into the nanomolar range below the limit of ECATS2 detection. Thus, we have
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validated the development of a higher affinity, second generation sensor and used it to discover

that ATP release from astrocytes after HOS can be affected by the presence of neurons.
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CHAPTER 1. INTRODUCTION

1.1 Purinergic Signaling in the Brain

The thought that adenosine 5’-triphosphate (ATP) acted as a signaling molecule was first
proposed in the 1970°s (Burnstock). Until then, it was widely accepted that ATP released into the
extracellular space was only a result of some form of insult or damage to the membrane
(Burnstock). The concept that ATP acts as a signaling molecule is now widely accepted, and it is
known that ATP is packaged in secretory vesicles in neurons along with neurotransmitters as a co-
transmitter and neuromodulator (Burnstock; Engel et al.; Praetorius and Leipziger).
Ectonucleotidases in the extracellular space hydrolyze ATP to adenosine 5’-diphosphate (ADP),
then to adenosine 5’-monophosphate (AMP) and finally adenosine (Zhao et al.).

In order for extracellular ATP to act as a purinergic signal, receptors that bind ATP and its
hydrolysis products must be present on the membrane. There are four types of adenosine receptor
(A1, A2A, A2B, A3), seven subtypes of P2X ion channel receptors (P2X1-P2X7), and eight
subtypes of P2Y G protein-coupled receptors (P2Y1, P2Y2, P2Y4, P2Ys, P2Y 11, P2Y 12, P2Y 13, and
P2Y 14) expressed throughout the body (Jacobson and Muller; Burnstock; Guzman and Gerevich).
Astrocytes have been demonstrated to express the ion-channel receptors P2X1 (ECso ~100-700 nM
ATP), P2X; (ECso ~2-8 uM ATP), P2X3 (ECso ~1 uM ATP), P2X4 (ECso ~1-10 uM ATP), and
P2X7 (ECso ~2-4 mM ATP) (Jacobson and Muller; James and Butt). Astrocytes also express the
G protein-coupled receptors P2Y1 (ECso ~ 10 uM ADP), P2Y2 (ECso ~ 100 nM ATP or ~10 nM
UTP), P2Y4 (ECso ~1 uM UTP), and P2Ys (ECs0 ~300 nM UTP) (Jacobson and Muller; Guzman
and Gerevich; James and Butt). Neurons are known to express P2Y1, P2Y2, P2Y 4, P2Y 12 and P2Y 13

in their presynaptic terminals that close voltage-activated calcium channels (VACCSs) and inhibit
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further glutamate release from the presynaptic neuron (Guzman and Gerevich). Astrocytes
surround and support synapse function of neurons, and the machinery is in place for ATP and its
hydrolysis products to modulate neurotransmission in both physiological and pathological states.

See Figure 1.1 for our model of neuron-astrocyte synapse purinergic machinery.

Presynaptic Cell

Astrocyte
Secretory vesicles

Post-synaptic Cell

Figure 1.1 Machinery for Purinergic Signaling in the Synapse
G protein-coupled purinergic receptors (P2YR) and ion-channel purinergic receptors (P2XR) are
expressed in both astrocytes and neurons. ATP activation of P2YRs in the presynaptic and post-
synaptic neurons inhibits calcium influx from voltage activated calcium channels (VACCs),
inhibits further vesicular release from the presynaptic cell, and inhibits glutamate excitation in the
post-synaptic cell. P2YR activation in astrocytes can lead to ATP and glutamate release from
astrocytes. (Guzman and Gerevich)

Purines such as ATP are capable of being released into the extracellular space by channels
or secretory vesicles by both astrocytes and neurons in response to a variety of stimuli in the brain
(Mulligan and MacVicar; Kimelberg et al.; Darby et al.). Released purines such as ATP act in an
autocrine and paracrine manner by binding ionotropic and metabotropic P2 receptors (Wang et al.;
Burnstock; Jacobson and Muller; Guzman and Gerevich). Several of these receptors have been

revealed to have ECso values in the nanomolar (P2Y2 ECso ~100 nM ATP) and low micromolar
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ranges (P2X2 ECso ~2-8 uM ATP), driving cellular responses to signals at concentrations at least
three orders of magnitude smaller than inside the cell (Imamura et al.; Jacobson and Muller;
Guzman and Gerevich; Zhao and Yang). The receptor with the lowest ATP affinity, P2X7 (ECso
~2-4 mM ATP), has been shown to activate apoptosis or necrosis pathways in response to ATP
release from membrane damage and is conserved across most cell types (Jacobson and Muller; Y.
Zhang et al.; Burnstock). Thus, in order to thoroughly study purinergic signaling in regard to
extracellular ATP concentrations that can activate purinergic receptors, tools capable of detecting

dynamic changes in ATP across eight orders of magnitude are required.

1.2 Traumatic Brain Injury and Pathologies

Traumatic Brain Injury (TBI) can occur from a variety of stimuli and insults. Following a
TBI, a variety of mechanisms can cause ATP release activating purinergic receptors (Burda et al.;
Kimelberg et al.; Z. Zhang et al.; Y. Zhang et al.). The primary biological mechanisms of interest
in this dissertation pertains to purinergic signaling of ATP in response to in vitro models of TBI

such as mechanical injury, ischemia, excitotoxicity and edema.

1.2.1 Mechanical Stimulation and Injury

Mechanical stimulation and injury of brain tissues can release ATP in the extracellular
space by rupturing the plasma membrane and allowing cytosolic ATP to spill out acting in an
autocrine and paracrine manner. Previous studies have demonstrated that ATP released near the
ruptured membrane can reach millimolar concentrations, which is sufficient to activate P2X7
receptors that trigger apoptosis and necrosis pathways (Y. Zhang et al.; Jacobson and Muller;
Neary et al.). Among the mechanical injury models tested that exhibit ATP releases are the poke,

stretch and scratch models (Neary et al.; Y. Zhang et al.). It is expected that even despite the
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massive ATP release, the signal is diluted beyond detection only 100 um away, most likely from
diffusion (Y. Zhang et al.). Membrane tethered cell surface sensors are required for more accurate

measurements of ATP signaling for both spatial resolution and local ATP concentration ranges.

1.2.2 Swelling and Edema

Brain swelling, or edema, is a common symptom in TBIs, where excess water enters the
brain. Without space to expand in the skull, the excess water causes neurons and astrocytes within
the brain to swell. When cells are exposed to excess water, it is a form of hypo-osmotic shock
(HOS) where the osmolality of the surrounding solution suddenly drops. Water rushes into
astrocytes in an aquaporin dependent mechanism, which in turn causes volume regulated anion
channels (VRACS) to open (Thrane et al.). VRACSs are conserved across most cell types as nearly
all mammalian cell types require some form of volume control. VRACs release many types of
negatively charged molecules into the extracellular space in response to intracellular volume
increase (Wang et al.). The predominant anion carrying the negative current is chloride, while ATP
and negatively charged excitatory amino acids such as glutamate are released as well (Kimelberg

et al.; Mulligan and MacVicar).

1.2.3 Ischemia

Lack of oxygen in the brain can result from local causes such as the rupturing or occlusion
of blood vessels in stroke, or global causes such as hypoxia or cardiac arrest. In the case of TBI,
the extent of the injury and damage to blood vessels creates a local ischemic environment in the
brain tissue around the injury (Burda et al.). Neurons are much more sensitive to ischemic stress
than astrocytes, and purinergic signaling mechanisms between astrocytes and neurons may play
an important protective role (Rossi et al.). Astrocytes are reported to experience a fusion of

lysosomes with the plasma membrane, releasing lysosome components into the extracellular space
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in response to acute ischemic stress. ATP in lysosomes can reach millimolar concentrations,
indicating lysosomal fusion from acute ischemic stress can lead to activation of P2X and P2Y
receptors (Z. Zhang et al.; Rossi et al.). In cases of long-term ischemia, astrocytes begin to swell

and can release ATP in the same mechanisms described in 1.2.2.

1.2.4 Seizure-like Excitotoxicity

Seizures and epilepsy are caused by a myriad of genetic and environmental factors. Patients
that experience a TBI may experience seizures depending on the brain region and severity of their
injury (Engel et al.; Burda et al.). During a seizure, neurons are overly active and increase their
firing activity. Increased neuronal activity has been reported to increase extracellular ATP levels
(Burnstock; Engel et al.), but whether the ATP originates in neurons, astrocytes or both is not well

known.

1.3  Genetically-Encoded Fluorescent Protein Sensors

In all of the aforementioned TBI-associated pathologies, understanding the role of
purinergic signaling could benefit from better technology to measure extracellular ATP. One of
the first methods that forged the path for detection of ATP for the study of metabolism and
purinergic signaling was the use of firefly luciferase (Beigi et al.; Gould and Subramani).
Providing an incredibly bright signal upon use of ATP to oxidize its substrate luciferin, firefly
luciferase can detect even small ATP release events. Even current end-point ATP detection kits
like the ATPlite assay (PerkinElmer Cat# 6016943) use a version of firefly luciferase to produce
a signal from ATP in solution. While incredibly useful, luciferase requires the addition of the
substrate luciferin to produce a signal and consumes ATP to produce its signal. The consumption
of ATP could prove to be a confounding variable in studies that aim to understand purinergic

signaling mechanisms in real-time and their downstream implications.
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Genetically encoded fluorescent protein biosensors provide a reagent-free solution to the
problem. While the addition of luciferin is no longer needed, a method for delivering the DNA of
the desired sensor into the target cell type is a major consideration when constructing the sensor
and choosing its delivery vector. For example, a sensor required to be expressed in mammalian
cells will require a vector possessing the sequences for making mammalian transcription possible.
Several such vectors for purchase come with features that can modify the protein product with N-
and C-terminal domains such as secretion sequences or transmembrane domains.

ATeam is a ratiometric Forster Resonance Energy Transfer (FRET) based ATP sensor,
consisting of a cyan fluorescent protein (CFP) and a yellow fluorescent protein (YFP) connected
by an ATP binding domain. Developed by the Imamura lab, ATeam has three variants consisting
of three different ATP binding domains from different species of Bacillus bacteria. ATeam3.10
derived its ATP binding domain from the epsilon subunit of the FoF1-ATP synthase in Bacillus
PS3. ATeam1.03 and its variant ATeam1.03-YEMK both derive their ATP binding domain from

Bacillus subtilis (Imamura et al.). An example of ATeam structure is shown in Figure 1.2 below.
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Figure 1.2 Example Structure of the ATeam Family of FRET Sensors
Top: The unbound, low ATP, low FRET apo-state shows increased space between the YFP and
CFP. Bottom: The ATP bound, high FRET state reduces space between the YFP and CFP
increasing FRET.

Conversion of ATeam3.10 from a cytosolic sensor into an extracellular sensor was done
prior to this study (Conley et al.). The strategy employed the addition of an N-terminal IgK leader
sequence and a C-terminal transmembrane tethering domain from the platelet-derived growth
factor receptor (PDGFR). The addition of these two domains tethers the sensor to the membrane
and directs it for secretion to the extracellular side of the plasma membrane (Coloma et al,;

Gronwald et al.; Conley et al.). An example of the extracellular ATeam3.10 sensor (ecATeam3.10;

ECATS]) is shown in Figure 1.3 below.
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Cytosol - C Anchor

Figure 1.3 Diagram Demonstrating Strategy for Targeting ATeam3.10 to the Membrane
From C-terminus to N-terminus: transmembrane PDGFR tether, mVenus as the yellow fluorescent
protein (YFP), the ATP binding domain of the epsilon subunit of the FoF1-ATP synthase, CFP,
then finally the IgK secretion signal.

In the following studies, we describe the modulation of ATP binding affinity by mutation
of the epsilon subunit from two different species of Bacillus to tailor ATP affinity across the
several orders of magnitude necessary for studying purinergic signaling. We specifically focused
on the development and testing of the highest affinity sensor when displayed on the cell surface.
After mutating the epsilon subunit and optimizing the length of the linker between the sensor and

the PDGFR anchor, we successfully developed an increased affinity sensor that we dubbed

extracellular ATeam3.10 sensor 2 (ECATS?2).
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CHAPTER 2. INCREASING AFFINITY FOR ATP USING CYCLIC
MUTANT ANALYSIS

2.1 Introduction

ATP plays a vital role in signaling and metabolism both inside and outside cells. Within
prokaryotic and eukaryotic cells, ATP is the product of central energy metabolism, and it is a
universal energy currency found at millimolar concentrations in the cytosol (Zhao et al.).
Intracellular ATP also has important roles in signaling because it is a major phosphate donor in
the phosphorylation of proteins and other biomolecules, which is a key regulatory modification.
Furthermore, ATP acts outside of cells as one of the most widespread autocrine and paracrine
signals (Burnstock). Extracellular ATP can be released via channels or secretory vesicles, and
extracellular ATP directly activates metabotropic and ionotropic purinergic receptors. Activation
of these receptors occurs over a wide range of concentrations from nanomolar to millimolar levels
(Jacobson and Muller; Zhao et al.; Burnstock; Guzman and Gerevich; Engel et al.). Within
secretory vesicles, it has also been estimated that ATP levels can reach up to 100 mM
concentrations (Engel et al.). Thus, the functions of ATP are incredibly diverse and ubiquitous,
and this diversity is reflected in the very broad range of physiologically relevant concentrations
that span nearly eight orders of magnitude.

To understand the function of ATP in signaling and metabolism, genetically encoded
fluorescent protein-based sensors, such as the Perceval and ATeam sensors, have been especially
useful for measuring real-time ATP dynamics in live cells (Tantama et al.; Imamura et al.). For
example, the ATeam sensors originally engineered by Imamura and co-workers have been used
extensively to study energy metabolism in bacteria, yeast, flies, and mammalian cells, and they

have also been re-engineered to study extracellular ATP and purinergic signaling (Conley et al.).
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These sensors are composed of an ATP-binding domain flanked by a cyan fluorescent protein
(CFP) and yellow fluorescent protein (YFP). The CFP and YFP act as a Forster-type resonance
energy transfer (FRET) donor-acceptor pair. The ATP-binding domain is derived from an epsilon
subunit of a bacterial FoF1-ATPase, which undergoes an ATP-dependent conformational change
that causes an increase in FRET between the CFP-YFP pair (Imamura et al.).

Although the ATeam sensors have proven valuable in the measurement of ATP dynamics,
they are still limited in the ranges over which they can detect changes in ATP concentration. In the
original development of the ATeam sensors, four affinity variants were reported based on sensors
constructed from epsilon subunits from different Bacilli species. The ATeam3.10 and
ATeam3.10M®K variants utilized the Bacillus sp. PS3 epsilon subunit and exhibit micromolar ATP
affinities. The ATeam1.03, ATeam1.03YEMK variants utilize the Bacillus subtilis epsilon subunit
and exhibit millimolar ATP affinities. The ATeam1.03NL variant also has millimolar ATP affinity
and was rationally engineered by examining contacts between the N-terminal and C-terminal
domains in the ATP-bound crystal structure (Zhao and Yang). Thus, with the one exception of the
ATeam1.03NL mutant, there has little exploration of other ATP binding determinants that could
be exploited.

To expand the range of sensors with different affinities, it is important to use a range of
different protein engineering strategies. Recently, Kato-Yamada experimentally demonstrated that
a mutant of the Bacillus sp. PS3 epsilon subunit with two arginine-to-alanine mutations near the
ATP binding site has increased ATP affinity, and Krah and co-workers computational studies
suggest that these two residues are generally important secondary ATP binding determinants found

across epsilon subunits from different species (Krah et al.; Kato-Yamada). Thus, in this study we
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carried out a systematic mutational analysis of these two arginine residues in the context of the

ATeam sensors to test whether they are fruitful sites for fine-tuning the ATP affinity of the sensors.

Figure 2.1 Structure of ATP binding domain in ATeam family of sensors
Top: Crystal structure of the ATP-bound Bacillus sp. PS3 epsilon subunit. PDB: 2E5Y. Arginine
residues R103 and R115 that are studied in this work are labeled. Bottom: Sequence alignment of
the Bacillus PS3 and Bacillus subtilis epsilon subunits, which are the ATP-binding domains for
ATeam3.10 and ATeam1.03. R103 and R115 are shown in red. Arginine residues that form direct
interactions with ATP (R92, R99, R122 and R126) are shown in blue.

2.2 Materials and Methods
2.2.1 Q5 Site-directed Mutagenesis

All chemicals and cell culture reagents were purchased from Sigma Aldrich and
ThermoFisher. Template vectors pRSetB-ATeam3.10 (from H. Imamura), pRSetB-ATeam1.03
and pRSetB-ATeam1.03-YEMK were used to generate mutants using the primers in Table 1 and
the NEB Q5 site-directed mutagenesis Kit. All mutants were sequence verified by Sanger

sequencing at Genewiz (South Plainfield, NJ).
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Table 1 Mutagenesis Primers for Cyclic Mutant Analysis of ATeam Constructs

pRset-AT1.03
and pRset-AT1.03YEMK Sequence

nt0819 B.subtilis_eps R103A F GGCCCAGGAGGCCCTGAACTCTCAATC
nt0820 B.subtilis_ eps R103A-E R | CTCTGTCTTGCGGCTTCT
nt0821_B.subtilis_eps_R103E_F GGCCCAGGAGGAGCTGAACTCTC
nt0822_B.subtilis_eps R115A F CGATATTCGCGCTGCCGAGCTGG
nt0823 B.subtilis_eps R115A-E R | GTGTCATCGGATTGAGAG

nt0824 B.subtilis_eps R115E F CGATATTCGCGAGGCCGAGCTG

pRset-AT3.10 Sequence

nt0693 BsPS3epsilon_R103A_F GGCGGAGCGCGCCCTGCAAAGCC

nt0694 BsPS3epsilon R103A-E_ R | CGCTCTTTCGCCGCTTTG

nt0695 BsPS3epsilon_R103E_F GGCGGAGCGCGAGCTGCAAAGCC

nt0696 BsPS3epsilon_R115A F CGACTTCAAAGCAGCCGAACTGGCGTTAAAAC
nt0697 BsPS3epsilon R115A-E R | ATGTCGTCCTGCTGGCTT

nt0698 BsPS3epsilon R115E F CGACTTCAAAGAGGCCGAACTGGCG

2.2.2 Protein Expression and Purification

BL-21 strain E. coli cells expressing pRSetB-ATeam3.10 was cultured in Auto Induction
Media (AIM) at 37 °C for 12h then at room temp for 36h. Cells were then pelleted, resuspended
in lysis buffer (25 mM Sodium Phosphate Buffer [pH 7.8], 500 mM NaCl, 10 mM Imidazole, 5%
Glycerol, 0.1% Triton X-100, 1 mM PMSF, 1 mM DTT, and 0.2 mg/mL Lysozyme), and lysed by
sonication. Lysate was then centrifuged at 30,000xg for 30 minutes at 4°C, and passed through a
0.45 pm syringe. The sample was then run over a Ni column (GE Chelating Sepharose column
charged with Ni%*). The column was then washed with wash buffer A (25 mM Sodium Phosphate
Buffer [pH 7.8], 500 mM NaCl, 20 mM Imidazole, 5% Glycerol), wash buffer B (25 mM Sodium
Phosphate Buffer [pH 7.8], 500 mM NaCl, 40 mM Imidazole, 5% Glycerol), then elution buffer
(25 mM Sodium Phosphate Buffer [pH 7.8], 500 mM NaCl, 150 mM Imidazole, 5% Glycerol).
The fractions containing purified ATeam3.10 were dialyzed in storage buffer (5 mM MOPS Buffer

[pH 7.3], 300 mM NacCl, 10% Glycerol), with two changes at 4°C and stored at -80 °C until use.
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2.2.3 Protein Solution ATP dose-response Assays

Protein concentration was determined using Beer’s Law and chromophore denaturation in
IM NaOH, wavelength: 448nm, e=44000 L*mol-1*cm-1. The protein was diluted to 0.125 uM in
assay buffer (50 mM MOPS-KOH, pH 7.3, 50 mM KCI, 0.5 mM MgCl», and 0.05% Triton X-
100) and fluorescence was measured using a BioTek Synergy H4 microplate reader at room
temperature, in the absence and presence of dose-response of ATP concentrations. For all filter-
based measurements, a 420/50 nm excitation and 485/20 and 528/20 nm emission filters were

used.

2.2.4 Determining Fluorescence Lifetime

Fluorescence lifetime was determined using the Edinburgh Instruments

Spectrofluorometer FS5. Lifetime measurements were done by Mathew Tantama.

2.25 HEK293A Cell Line Maintenance

HEK293A cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing 4.5 g/L glucose, 3.7g/L sodium bicarbonate, 4mM glutamine, 0.1mM Non-essential
Amino Acids (NEAA) and supplemented with 10% cosmic calf serum. Cells were maintained at
37°C and 5% CO2 in a humidified incubator and passed three times weekly once confluency

reached 80% or higher.

2.2.6 Live-cell Fluorescent Microscopy and Analysis

Cells were prepared for microscopy by exchanging cell growth media for imaging solution
consisting of 15 mM HEPES, 1.25 mM NaH2PO4, 10 mM glucose, 130 mM NaCl, 3 mM KCl, 2
mM CaClz, 1 mM MgClz, and 3 mM NaHCOs (pH 7.3) and cells were equilibrated at room

temperature for at least 20 min prior to imaging. Osmotic shock solution was prepared as imaging



28

solution consisting of 15 mM HEPES, 10 mM glucose, 2 mM CaCl; and 1 mM MgCl,. All
microscopy experiments were performed at ambient room temperature in a static bath. Cells were
imaged using an Olympus 1X83 fluorescence microscope with a 20X/0.75 NA objective
illuminated by a Lumencor SpectraX light engine and equipped with an Andor Zyla 4.2 sSCMOS
camera. ATeam sensor activity was measured by examining the fluorescence intensities in CFP,
CFP-YFP FRET, and YFP channels. Specifically, the ATeams were excited in the CFP and CFP-
YFP FRET channels using a 438/29 nm bandpass filter, and emission was collected through 470/24
and 540/30 nm bandpass filters for the CFP and CFP-YFP FRET channels, respectively. The
fluorescence in the YFP channel was excited using a 510/10 nm bandpass filter and emission was
collected through a 540/30 nm bandpass filter. The fluorescence in the RFP channel was excited
using a 575/25 nm bandpass filter and emission was collected through a 631/28 nm bandpass filter.
Excitation light from all fluorescence channel measurements was blocked by the ET-
ECFP/EYFP/mCherry multiband beamsplitter (Chroma 69008bs). The microscope components
and image acquisition were controlled by the Andor iQ3 software and the ImagelJ/F1J1 software
package was used to analyze all images for each experiment, as specified. For fluorescence images,
the mean and standard deviation of background intensities were measured for each channel in each
field of view. For each fluorescence channel, the mean background intensity was subtracted from
every image of the associated imaging set. Background masks were then created with minimum
thresholds of two times the mean background intensity. The background masks were applied to
the fluorescence intensity images and fluorescence ratio images were created by pixel-by-pixel
division of the background masked individual fluorescence channels. Regions of interest that
encompassed whole cells or cell membranes, as indicated, were drawn and the mean fluorescence

ratios of pixels within each region of interest were calculated.
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2.2.7 Statistical Analysis

All statistical analysis was done using OriginPro2017 64-bit software. Since our primary
goal was improving ATP affinity compared to the first-generation sensor, we report the results of
the unpaired 2-tailed student’s t-test comparing specific mutants to the control. Differences were

deemed significant if p<0.05. Data in this chapter is reported as the mean + standard deviation.

2.3 Results
2.3.1 The R103A/R115A double mutant of ATeam3.10 is a high ATP binding affinity mutant

Kato-Yamada recently demonstrated that the R103A/R115A double mutant of the Bacillus
sp PS3 epsilon subunit results increases the ATP binding affinity from 4 uM to 50 nM (Kato-
Yamada). Subsequently, Krah et al. carried out molecular dynamics simulations and
bioinformatics analysis predicting that both the double mutant and the individual single mutations
would affect ATP binding affinity by increasing protein-ligand hydrogen bonding and electrostatic
interactions (Krah et al.). We therefore carried out a mutational analysis of these two arginines in
the ATeam3.10 sensor, which utilized the Bacillus sp. PS3 epsilon subunit, to determine if
substitution of these residues could be used to fine-tune the ATP affinity of the sensor. The changes
in Kapp for ATeam3.10 for ATP can be seen in Table 2.

We first determined whether the reported arginine-to-alanine charge neutralization double
mutation would increase the ATP binding affinity of the ATeam3.10 sensor because of important
differences between the reported mutant protein and the sensor. The wildtype and reported double
mutant were tested using the purified epsilon subunit with a Q107C mutation for conjugation to a
Cy3 reporter dye (Kato-Yamada). The Q107 residue is found in the hairpin loop between the two

C-terminal a-helices that comprise the ATP binding site. In contrast, the ATeam sensor harbors
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the wildtype Q107 residue in its epsilon domain, but the epsilon domain is flanked by the two
bulky fluorescent proteins. While it is likely that R1I03A/R115A double mutation would have the
same or similar effect in the sensor, these differences make it important to directly test. Indeed, we
found that the ATeam3.10(R103A/R115A) double mutation causes an approximate 4-fold increase
in ATP binding affinity from 800 + 300 nM (n=9) to 200 = 100 nM (n=4) (mean * stdev, p=0.004,
2-tail t-test) at room temperature (Figure 2.2), and a similar increase was observed at 37 °C (not

shown).



Table 2 ATP affinity of the ATeam3.10 sensor and its mutants

Table 2. ATP affinity of the ATeam3.10 sensor and its mutants

ATP Affinity, Kp®P
mean = std (95% conf. int.)

ATeam3.10 800 + 300 (200) nM
R103A 800 + 300 (200) nM
R103E 600 + 300 (200) nM
R115A 600 £ 200 (200) nM
R115E 300 £ 100 (60) nM *
R103A/R115A 200 + 100 (90) nM *
R103A/R115E 200 + 100 (70) nM *
R103E/R115A 700 £ 300 (200) nM
R103E/R115E 800 + 400 (200) nM

* Significantly different from ATeam3.10, p<0.01, 2-tail t-test.
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Figure 2.2 ATP-dose responses for the ATeam3.10 sensor and its mutants at room temperature
See Table 1 for affinities. ATP-dependent fluorescence emission spectra of the A) wildtype
ATeam3.10 protein and B) R103A/R115A mutant protein. ATP-dose response curves for the C)
single-site mutant proteins and D) double mutant proteins. The same data for the wildtype response
is shown in both C) and D) for comparisons. E) Summary of the apparent ATP binding affinities.
Mean + 95% confidence interval (n=4-9). * p<0.005, 2-tail t-test of mutant vs ATeam3.10.
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2.3.2 Mutation of R103 and R115 can fine tune ATP binding affinity

We next investigated whether substitutions other than the double alanine mutations at the
R103 and R115 residues could fine-tune the ATP binding affinity of the ATeam3.10 sensor. To
do so, we generated a combinatorial library of single and double mutants, consisting of arginine-
to-alanine charge neutralization and arginine-to-glutamate charge reversal mutations at the R103
and R115 residues. Contrary to the computational prediction by Krah and Bond (2018), we found
that neither the R103A single mutation nor the R115A single mutation significantly increases ATP
binding affinity in the context of the ATeam3.10 sensor (Figure 2.2, Table 1). Surprisingly,
however, we found that the single R115E charge reversal mutation significantly increases the ATP
binding affinity to 300 £ 100 nM compared to the parent sensor (n = 4, p=0.004, 2-tail t-test).
Furthermore, the R103A/R115E double mutant exhibited an increase in ATP binding affinity to
200 = 100 nM (n = 4), similar to the R103A/R115A double mutant (Figure 2.2, Table 1).

Given the differences in apparent ATP affinity for the single and double mutants, we asked
whether the measured binding constants indicated strong interactions between the sites by carrying
out a double-mutant cycle analysis (Horovitz). The analysis confirmed our qualitative observations
that non-linear energetic interactions could occur between the sites. However, the interaction
energies are small and do not suggest that strong direct interactions between residues at positions

103 and 115 (Figure 2.3).
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Figure 2.3 Mutant cycle analysis of the ATeam3.10 sensor and its mutants.
A) Mutant cycle interaction energy diagram for the R103 and R115 residues. B) The calculated
interaction energies using the apparent ATP affinities.

2.3.3 Mutational analysis of ATeam1.03 and ATeamYEMK

We next hypothesized that mutagenesis of the R103 and R115 residues in the ATeam1.03
sensor could also fine tune the ATP affinity for this sensor. The ATeam1.03 sensor uses the
Bacillus subtilis epsilon subunit and exhibits near millimolar ATP affinity at room temperature.
The Bacillus subtilis and Bacillus sp. PS3 epsilons subunits share conserved arginine residues at
the 103 and 115 sites, and additionally share the conserved R92, R99, R122, and R126 arginine
residues involved in protein-ATP direct interactions (Figure 2.1). While these key arginines are
conserved, the portions of the epsilon subunits used in ATeam3.10 (B. PS3) and ATeam1.03 (B.
subtilis) have an overall 68.67% identical DNA sequence determined by the NCBI BLASTn 2-
sequences alignment. An X-ray crystal structure of the Bacillus subtilis epsilon subunit is not
available, but we generated a model using the I-TASSER server with the Bacillus sp. PS3 epsilon
subunit as a template to confirm that there are no major structural differences predicted for the

ATP-binding fold (not shown). We again generated a combinatorial library of single and double
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R103 and R115 mutants in the ATeam1.03 sensor. Interestingly, all single and double mutants

resulted in a loss of ATP binding over the measured concentration range (Figure 2.4, Table 2).
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Figure 2.4 ATP-dose response curves for ATeam1.03 mutants
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Table 3 ATP affinity of the ATeam1.03 sensor and its mutants

Table 3. ATP affinity of the ATeam1.03 sensor and its mutants.
ATP Affinity, Kp?P ATP Affinity, Kp®P
mean = std (95% conf. int.) mean = std (95% conf. int.)
ATeam1.03 1.0£0.5(0.3) mM ATeamYEMK* 0.2+ 0.1 (0.09) mM
R103A Non-binding R103A Non-binding
R103E Non-binding R103E ND **
R115A Non-binding R115A 1.8+0.5 (0.5) mM
R115E Non-binding R115E 0.7 £0.2 (0.2) mM
R103A/R115A Non-binding R103A/R115A Non-binding
R103A/R115E Non-binding R103A/R115E 1.9+£0.2(0.2) mM
R103E/R115A Non-binding R103E/R115A 1.9+0.2(0.2) mM
R103E/R115E Non-binding R103E/R115E 2.2+0.3(0.3) mM

ATeamYEMK refers to ATeam1.03(YEMK)
** The ATeamYEMK(R103E) mutation resulted in truncated protein over several expression
attempts and was not tested.

Given these results, it was not clear if the arginine residues at positions 103 and 115 are
absolutely required for ATP binding in Bacillus subtilis epsilon subunit, and therefore we studied
the same mutations in the ATeam1.03(YEMK) sensor variant, abbreviated ATeamYEMK for
clarity here. The ATeamYEMK sensor utilizes the Bacillus subtilis epsilon subunit but with the
C-terminal residues mutated to match the Bacillus sp. PS3 epsilon subunit C-terminus. Imamura
et al. originally demonstrated that the mutated C-terminus results in increased ATP affinity relative
to the ATeam1.03 sensor (Imamura et al.), and we used that to our advantage here. Given the loss

of binding in the ATeam1.03 sensor, we hypothesized that mutations at the R103 and R115

positions in the ATeamYEMK sensor would lead to diminished ATP affinity that might be now
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detectable because of a higher starting affinity using the ATeamYEMK scaffold. Indeed, we
measured decreased binding affinity in five of the eight single and double mutants (Figure 2.5,
Table 2). Thus, like the ATeam3.10 sensor and Bacillus sp. PS3 epsilon subunit, the R103 and
R115 residues can be mutated to fine tune the ATP affinity of the Bacillus subtilis epsilon subunit
in ATeamYEMK. However, contrary to the effect in the ATeam3.10 sensor, alanine and glutamate

substitutions decrease ATP binding affinity to the ATeam1.03 and ATeamYEMK sensors.
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Figure 2.5 ATP-dose response curves for ATeam1.03(YEMK) mutants
See Table 2 for affinities. Spectra for wildtype, 103A, 103A/115A, 103A/115E A) ATeamYEMK
wt spectra B) 103A spectra C) 103A/115E spectra D) Kapp summary bar graph E) single mutants
dose response F) double mutants dose response.
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Given that mutation of the 103 and 115 positions caused such drastic loss of ATP binding
to the ATeam1.03 and ATeamYEMK sensors, we asked whether the non-binding mutations might
cause a larger scale disruption of the epsilon subunit C-terminal domain structure. We focused on
one interesting pair of mutants in particular, the ATeamYEMK(R103A) single mutant and
ATeamYEMK(R103A/R115E) double mutant. The R103A single mutant exhibits loss of ATP
binding that is rescued in the R103A/R115E double mutant. We initially attempted to analyze the
protein structure of the sensors and mutants using circular dichroism, but the signal from the
fluorescent proteins and epsilon subunit N-terminal domain overwhelmed the spectra (not shown).
We therefore examined the donor fluorescence lifetime distribution and acceptor fluorescence
polarization.

Yagi et al. used nuclear magnetic resonance (NMR) to determine solution structures of the
Bacillus sp. PS3 epsilon subunit, showing that the C-terminal domain has a-helical secondary
structure (Yagi et al.). In the absence of ATP, the C-terminal domain behaves like two a-helices
connected by a flexible hinge, and it exhibits a large range of conformational freedom. In contrast,
ATP binding results in a compact helix-turn-helix conformation. We would therefore predict that
the ATeamYEMK(R103A) non-binding mutation would have large conformational freedom even
in the presence of ATP, which is validated by our steady-state measurements that show the
ATeamYEMK(R103A) does not exhibit any increase in FRET with the addition of ATP (Figure
2.5). However, we were curious if the R103A mutation caused any additional disorder or increased
conformational flexibility that might not be revealed by the population average given by steady-
state measurements. We therefore measured the donor fluorescence lifetime distribution using
time-resolved spectroscopy. As expected, the ATeamYEMK exhibited a decrease in CFP donor

lifetime with the addition of ATP because of increased donor excited state deactivation by FRET,
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and the non-binding R103A mutant does not show a decrease in lifetime in the presence of ATP
(Figure 2.6). However, in the absence of ATP there was no significant increase in the CFP donor
fluorescence lifetime distribution for the R103A mutant compared to the ATeamYEMK parent.
Similarly, we did not observe any significant differences in steady-state YFP acceptor polarization
between the two proteins in the absence of ATP. These observations indicate that the R103A is
not causing any additional increase in the conformational flexibility of the apo C-terminal domain
(Figure 2.7).

Interestingly, we did observe that the addition of ATP caused an increase in steady-state
YFP acceptor fluorescence polarization (Figure 2.7). This indicates that the YFP has decreased
conformational flexibility in the more compact, ATP-bound form of the ATeamYEMK sensor,

despite the expected increase in rotational diffusion caused by the change in protein shape.
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Figure 2.6 Time-resolved CFP donor fluorescence lifetime distribution analysis of
ATeamYEMK and its mutants
A) Representative CFP donor fluorescence decays for the original ATeam1.03, the loss-of-
function single point mutant ATeam1.03(R103A), and the partial-rescue double point mutant
ATeam1.03(R103A/R115E). (B) Lifetime distribution analysis using the maximum entropy
method. See Table 5.
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Figure 2.7 Steady-state YFP acceptor fluorescence polarization for ATeamYEMK and its
mutants in the absence and presence of ATP

2.3.4 Fine-tuning ATeam sensor ATP affinity is functionally relevant for live-cell imaging

Finally, we tested if these mutations might have any repercussions for sensor expression in
mammalian cells by validating that we could detect functional differences caused by affinity
tuning. As a test case, we expressed the ATeamYEMK(R115E) mutant in HEK293A cells and
compared its properties to the ATeamYEMK parent sensor. To do so, we carried our live-cell
fluorescence imaging during metabolic inhibition of the cells. To enable paired comparisons
between the two sensors, we imaged them simultaneously by co-expressing nuclear-targeted
mApple with the parent ATeamYEMK sensor as a marker. We chose the ATeamYEMK(R115E)
mutant because it has an affinity similar to the ATeam1.03 sensor, which has been effective for
monitoring changes in ATP levels in mammalian cells. At room temperature, the ATeamYEMK
sensor has a high affinity for ATP (Kp = 0.2 mM) relative to cytosolic concentrations of ATP (2-
10 mM), and we would expect the ATeamYEMK sensor to remain ATP-saturated in a high FRET
state unless ATP levels are severely depleted by strong metabolic inhibition. The
ATeamYEMK(R115E) mutant has decreased ATP affinity (Kp = 0.7 mM), similar to the

ATeam1.03 sensor, which has been used to monitor ATP changes in mammalian cells under
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metabolic inhibition (Imamura et al.). We first imaged cells in the presence of the mitochondrial
substrates glutamine and pyruvate with or without a high concentration of glucose (10 mM). Under
either fuel condition, both sensors exhibited a decrease in FRET with strong metabolic inhibition
using a combination of 2-deoxyglucose (DG) to attenuate glycolysis and trifluoromethoxy
carbonylcyanide phenylhydrazone (FCCP) plus oligomycin to attenuate mitochondrial ATP
production. As expected, the absence of glucose caused greater ATP depletion with either
glycolytic, mitochondrial, or combined inhibition, and the presence of glucose was able to
attenuate ATP depletion by DG addition (Figure 2.8). Overall, we observed that the
ATeamYEMK(R115E) mutant did show higher sensitivity to metabolic inhibition, and the largest
difference was detected under combination glycolytic and mitochondrial inhibition in the presence

of glucose.
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Figure 2.8 Live-cell imaging of YEMKwt vs YEMK115E

A) and B) show ratio images of both species of sensor. C) and D) 10 mM glucose plus 5 mM
glutamine and 1 mM pyruvate. F)-H) 5 mM glutamine and 1 mM pyruvate without glucose. 10
mM 2-deoxyglucose (DG). 2 uM FCCP plus 2.5 uM oligomycin (FO).

Given our observation that high glucose is able to sustain ATP production under these
conditions, we hypothesized that ATeamYEMK(R115E) would be more sensitive to mild ATP
depletion than the parent ATeamYEMK sensor. We validated this hypothesis by monitoring ATP
depletion in the presence of lowered glucose concentration (2mM) with glycolytic inhibition by

DG addition only and observed that the parent ATeamYEMK sensor did not report any changes,
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but the ATeamYEMK(R115E) mutant was more sensitive and did report mild depletion of ATP

(Figure 2.9).
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Figure 2.9 The lower affinity mutant ATeamYEMK(R115E) is more sensitive to mild metabolic
inhibition with deoxyglucose only

Our cell imaging results demonstrate that fine-tuning the affinity of these sensor can
provide functional advantages to detecting different regimes of ATP depletion, and that mutations

do not affect the stability of the sensor in cells.

2.4 Discussion

In this study we demonstrated that mutagenesis of the R103 and R115 residues near the
Bacillus ATP synthase epsilon subunit ATP binding site provides an important new strategy for
semi-rational fine tuning of the ATeam sensors’ ATP affinity. In terms of sensor development,
this provides a significant new strategy for diversifying the toolbox of available sensors to match
the ATP concentrations ranges encountered inside and outside cells. Our work also provides
experimental data that, in combination with future computational studies (Krah et al.), could
provide important new insights into the ATP-dependent regulatory roles of prokaryotic epsilon

subunits.
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We limited our mutagenesis in this study to alanine and glutamate substitutions because
these residues have a propensity to form helices (Sivaramakrishnan and Spudich; Swanson and
Sivaramakrishnan). We first validated that the R103A/R115A double mutation reported by Kato-
Yamada would result in increased ATP affinity of the ATeam3.10 sensor. We did indeed measure
a 4-fold increase in affinity, however this was a small increase in affinity compared to Kato-
Yamada (Kato-Yamada). The difference in affinity shift is likely caused by the differences
between the protein used. Kato-Yamado used the isolated Bacillus sp. PS3 epsilon subunit with a
single Q107C mutation for labeling with a Cy3 fluorescent dye (Kato-Yamada). It is possible that
the conjugated Cy3 contributed additional binding energy for this system, but the Q107C site is
distant from the ATP binding site. It is more likely that in the context of the ATeam3.10 sensor,
the bulky YFP and CFP that flank the epsilon subunit decrease the energetic stability of the ATP-
bound state either through steric hindrances or other weak interactions between the fluorescent
proteins. Similarly, Krah and co-workers used molecular dynamics simulations to predict that
single mutation of the R103 or R115 residues would result in a comparable increase in ATP affinity
relative to the wildtype and double mutant (Krah et al.). Although we did observe that the R115E
single mutant caused an increase in ATP affinity, we did not measure significant increases in ATP
affinity for the R103A or R115A single mutants, contrary to Krah’s prediction. It is possible that
our observation is confound by the steric bulk of the fluorescent proteins, making our observations
specific to the ATeam3.10 sensor. However, given the agreement between the ATeam3.10 and
isolated epsilon(Q107C) protein for the R103A/R115A double mutant, we hypothesize that our
results reflect a diminished or absent effect of the single mutants on the isolated epsilon subunit.
In the future, it will be of interest to test this by making the single mutants in the isolated epsilon

subunit.
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CHAPTER 3. EXTRACELLULAR ATEAM OPTIMIZATION

3.1 Introduction

The extracellular environment of a cell is a complicated matrix of protein channels,
receptors, saccharides and other biomolecules. Loaded into secretory vesicles and capable of
passing through a variety of channels, ATP is readily released into the extracellular space. ATP
released into the extracellular environment acts in an autocrine and paracrine manner, binding
metabotropic and ionotropic purinergic receptors (James and Butt). These receptors can respond
to a wide range of ATP concentrations spanning nanomolar to millimolar magnitudes (Jacobson
and Muller). Detecting ATP extracellularly is difficult to do due to low concentration release
events, degradation by enzymes, and rapid diffusion away from the release site.

One of the long-standing methods for detecting extracellular ATP uses the
bioluminescence given off by firefly luciferase when it reacts with its substrate luciferin and ATP
(Gould and Subramani; Beigi et al.). The firefly luciferase systems consume ATP to produce its
signal and requires the addition of a reagent which can confound results in sensitive signaling
systems. The alternative to luciferase and luminescence systems largely consists of genetically
encoded fluorescent protein biosensors. Several such ATP sensors have been developed for various
cellular compartments including the mitochondria, cytosol and the membrane for extracellular
detection. Among the extracellular ATP detection sensors are iIATPSnFR?, iATPSnFR!, and
ecATeam3.10 (Conley et al.; Lobas et al.). While tools like these can measure the middle and
higher ends of the range of expected extracellular ATP, further development was needed to
investigate ATP signaling closer to the nanomolar levels of ATP release.

We initially hypothesized that making affinity improving mutations discovered in Chapter

2 would increase ATP-binding affinity of ecATeam3.10, which we rename ECATS1 here for
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convenience. As described in our results, this hypothesis was proven false, and we began to
question if the physical constraints of tethering a cytosolic sensor to the membrane would limit its
freedom of movement thereby limiting the FRET response. We then hypothesized that the
membrane-tether was restraining the sensor and restoring freedom of movement would rescue
ATP-binding affinity. To test this hypothesis, we created a small linker library of three lengths
including ten, twenty and thirty nanometer linkers. These linkers were based of the alpha-helical
structure of four glutamates following by four arginine or four lysine residues (ER/K) described
and defined by Sivaramakrishnan (Sivaramakrishnan and Spudich). We observed that the ten-
nanometer linker reduced sensor dynamic range, the twenty-nanometer linker restored affinity and

improved dynamic range, while the thirty-nanometer linker restored affinity only.

3.2 Materials and Methods
3.2.1 Cloning ER/K Linkers into pMinDis-ecATeam3.10-R103A/R115A

The R103A/R115A double-mutation was applied to pMinDis-ecATeam3.10 (ECATSL1)
using the mutagenic primers described in Chapter 2.2.1 Table 1. Cloning of the double-mutant and

the ER/K linker library was performed by Jason Conley and Elaine Colomb.

3.2.2 Neuro2A Cell Culture and Transfection

N2A cells (ATCC CCL-131) were cultured in Dulbecco’s modified Eagle’s medium
containing 4.5 g/L glucose, 2 mM glutamine, and supplemented with 10% cosmic calf serum and
were maintained at 37°C and 5% CO- in a humidified incubator. N2A cells were confirmed to be
mycoplasma free as assessed by the Universal Mycoplasma Testing Kit (ATCC). Cells were
transfected with plasmid DNA for expression of ecATeam sensors by living cells using the

Effectene (Qiagen) transfection reagent as described in the manufacturer’s protocol. Wild-type
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ecATeam3.10 received co-transfection with an H2B-mApple construct to distinguish the mutant
ecATeam3.10-R103A/R115A-20nm ER/K from wild-type within the same field-of-view as
demonstrated in Figure 3.1. For imaging experiments, a mixture of wild-type ecATeam3.10/H2B
mApple and ATeam3.10-R103A/R115A-20nm ER/K mutant expressing cells were then seeded,

as indicated, onto nitric acid-cleaned and washed 18-mm #1.5 coverslips.

N2A cells
5 2
S o
£ DIVI Xnm s H2B-mApple
5 &
= -

ECATS1 + H2B mApple
N2A cells

DM — X nm N2A cells

Dissociate and pool

Mixed DM — X nm
ER/K cells and
ECATS1 + H2B

mApple cells

@=x O

Figure 3.1 Diagram Demonstrating Approach to Distinguish Two Species of ATeam
DM = R103A/R115A double-mutant. X nm = 10, 20 or 30 nm ER/K linkers. ECATS1 + H2B
mApple is present as a reference and control to ATP responses in the presence of a spectrally
identical mutant.

18-mm glass coverslip
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3.2.3 Live-cell Fluorescent Microscopy and Analysis

Cells were prepared for microscopy by exchanging cell growth media for imaging solution
consisting of 15 mM HEPES, 1.25 mM NaH2PO4, 10 mM glucose, 130 mM NaCl, 3 mM KCl, 2
mM CaClz, 1 mM MgClz, and 3 mM NaHCOs (pH 7.3) and cells were equilibrated at room
temperature for at least 20 min prior to imaging. Osmotic shock solution was prepared as imaging
solution consisting of 15 mM HEPES, 10 mM glucose, 2 mM CaCl, and 1 mM MgCl,. All
microscopy experiments were performed at ambient room temperature, using either continuous
perfusion (~ 1.5 mL/min flow rate) of imaging solution, static bath, or a mixture of static and
perfusion steps. Cells were imaged using an Olympus 1X83 fluorescence microscope with a
20X/0.75 NA objective illuminated by a Lumencor SpectraX light engine and equipped with an
Andor Zyla 4.2 sCMOS camera. ECATS2 sensor activity was measured by examining the
fluorescence intensities in CFP, CFP-YFP FRET, and YFP channels. Specifically, the ATeams
were excited in the CFP and CFP-YFP FRET channels using a 438/29 nm bandpass filter, and
emission was collected through 470/24 and 540/30 nm bandpass filters for the CFP and CFP-YFP
FRET channels, respectively. The fluorescence in the YFP channel was excited using a 510/10 nm
bandpass filter and emission was collected through a 540/30 nm bandpass filter. The fluorescence
in the RFP channel was excited using a 575/25 nm bandpass filter and emission was collected
through a 631/28 nm bandpass filter. Excitation light from all fluorescence channel measurements
was blocked by the ET-ECFP/EYFP/mCherry multiband beamsplitter (Chroma 69008bs). The
microscope components and image acquisition were controlled by the Andor iQ3 software and the
ImagelJ/F1J1 software package was used to analyze all images for each experiment, as specified.
For fluorescence images, the mean and standard deviation of background intensities were
measured for each channel in each field of view. For each fluorescence channel, the mean

background intensity was subtracted from every image of the associated imaging set. Background
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masks were then created with minimum thresholds of two times the mean background intensity.
The background masks were applied to the fluorescence intensity images and fluorescence ratio
images were created by pixel-by-pixel division of the background masked individual fluorescence
channels. Regions of interest that encompassed whole cells or cell membranes, as indicated, were

drawn and the mean fluorescence ratios of pixels within each region of interest were calculated.

3.2.4 Statistical Analysis

All statistical analysis was done using OriginPro2017 64-bit software. Since our primary
goal was improving ATP affinity compared to the first-generation sensor, we report the results of
the unpaired 2-tailed student’s t-test comparing specific linkers to the control (ECATS1).
Differences were deemed significant if p<0.05. Data in this chapter is reported as the mean +

standard deviation.

3.3 Results

All work done in this chapter was in collaboration with Jason Conley. The first hypothesis
tested was that making the R1I03A/R115A mutations to the epsilon subunit of ecATeam3.10 would
increase ATP binding affinity as observed in solution. This hypothesis was proven false as seen
by the similar affinities (eCAT3.10 Kapp = 12 + 5 uM; ecAT3.10-(A/A) Kapp ~ 12 uM) and slight
loss of dynamic range (ecAT3.10 = 1.2 versus ecAT3.10-(A/A) = 0.87) observed in the double
mutant in Figure 3.2. At all concentrations of ATP (3 uM ATP ECATSL1 vs A/A mutant p=0.619;
10 uM ATP ECATS1 vs A/A mutant p=0.975; 300 uM ATP ECATS1 vs A/A mutant p=0.075
determined by unpaired 2-tailed student’s t-test) there were no significant differences between

ecAT3.10 and the R103A/R115A double mutant when directly comparing responses to ATP.
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Figure 3.2 The R103A/R115A Double-Mutant does not Increase Extracellular ATP Affinity
A) Data represents the mean + SEM of averaged data from cells from three different dates where
n=31 ECATSI cells and n=69 double-mutant expressing cells. B) Representative single cell traces
during perfusion ATP dose-response. Black bars indicate the concentration of ATP being perfused
in micromolar (uM). No significant differences in response were detected between ecAT3.10 and
the R103A/R115A double-mutant (p>0.05 at all ATP concentrations) when responses to the same
ATP concentrations were compared. Data courtesy of Jason Conley.
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Since our first hypothesis was proven false by the data in Figure 3.2, we hypothesized
that the surface membrane tether reduces ATP binding affinity. This alternative hypothesis.
would be consistent with our observation that surface tethering itself causes a loss of ATP
binding affinity when ATeam3.10 is tethered to the membrane, as shown in the first-generation
ECATSLI sensor (Conley et al.). To test this hypothesis, we generated a small linker library of
increasing lengths. There are only 13 amino acids in between the PDGFR transmembrane
domain and the YFP of ATeam in ECATS1, and therefore steric constraints could be limiting the
movement of the sensor affecting ATP binding affinity. A small, semi-rigid, rotatable ER/K
linker library was made of lengths ten (92 amino acids), twenty (153 amino acids) and thirty
(229 amino acids) nanometers modeled after the linkers characterized by Sivaraj
Sivaramakrishnan to address our hypothesis (Sivaramakrishnan and Spudich; Swanson and
Sivaramakrishnan). We expected that lengthening the tether would increase ATP binding affinity
by increasing the distance between the sensor and membrane while providing better freedom of
movement.

The ten nanometer ER/K linker combined with the R103A/R115A double-mutant (DM-
10nm) ecATeam3.10 showed no increase in ATP binding affinity (no significant differences in
response to 3 uM ATP ECATS1 vs DM-10nm p=0.13, and 10 uM ATP ECATS1 vs DM-10nm
mutant p=0.30; unpaired 2-tailed t-test) and had a reduced dynamic range (ecAT3.10=1.1
verses DM-10nm = 0.8) when compared to ECATSL1 in N2A cells as seen in Figure 3.3. The
maximum signal of the DM-10nm variant to 300 uM ATP was significantly reduced compared
to ECATSL1 (p=0.0002 unpaired 2-tailed t-test). Contrary to our expectations, the ten-nanometer

linker sensor showed no improvement in ATP affinity and had a more limited dynamic range.
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Figure 3.3 ECATS1 has Similar Affinity and Better Dynamic Range that DM-10nm ER/K

A) ECATS1 shows similar affinity to DM-10nm, while DM-10nm shows a reduced dynamic range.
ECATS1 expressing cells were H2B-mApple positive to distinguish signals. ATP concentrations
perfused across cells were 3, 10 and 300 uM. DM-10nm signal is significantly lower than ECATS1
to 300 uM ATP determined by unpaired 2-tailed student’s t-test (p=0.0002) indicating significantly
reduced dynamic range. Data shown is the normalized FRET/CFP ratio of all cells Mean + 95%
Confidence Interval n=6 ECATS1 and n=18 DM-10nm B) Individual cell traces of ECATS1 and
DM-10nm expressing N2A cells labeled and shown in images C-J. C) Merged image showing
ECATSI cells co-expressed with H2B-mApple. Individual channels D) CFP, E) CYFRET, F) YFP
and G) DIC show cells expressing both sensors within the same field of view. Ratio images (H-J)
show both sensors H) before ATP addition, I) response to perfused 200uM ATP, and J) after
perfusion washout of all ATP.



56

The twenty nanometer ER/K linker, when combined with the R1I03A/R115A
ecATeam3.10 (DM-20nm) showed increased ATP affinity (ECATS1 Kapp = 12 + 5 uM versus
DM-20nm Kapp = 3.7 + 0.6 uM) with a slight increase in dynamic range (ECATS1 = 1.4 versus

DM-20nm = 1.7). Sensors ECATS1 and DM-20nm both had no response to 100 nM ATP
(p=0.818; when comparing mean sensor response to its own baseline; unpaired 2-tailed t-test) but
DM-20nm began to differ in response compared to ECATSL1 as early as 500 nM ATP (p=0.022;
when comparing 500nM ATP response in ECATS1 to DM-20nm; unpaired 2-tailed t-test). The

DM-20nm variant showed increased responses to 1 uM ATP (p=0.0008; when comparing mean
response of ECATSL to mean response of DM-20nm at 1 uM ATP; unpaired 2-tailed t-test), 3
UM ATP (p=5.0 x 107°; unpaired 2-tailed t-test), and 10 uM ATP (p=0.0022; unpaired 2-tailed t-
test) before it returned to comparable responses with ECATS1 again at 50 uM ATP (p=0.623)
and 300 uM ATP (p=0.264). In Figure 3.4, we demonstrated that the DM-20nm ER/K responds

to concentrations as low as 500 nM.
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Figure 3.4 DM-20nm ER/K shows Increased ATP Affinity over ECATS1
A) DM-20nm ER/K shows increased affinity for ATP over ECATS1 with a similar dynamic range.
ECATSLI cells were expressing H2B-mApple to distinguish from mutant expressing cells. ATP
concentrations shown above the black bars are all in micromolar (uM). * = p<0.05 as determined
by unpaired 2-tailed student’s t-test. Data shown is the mean + 95% Confidence Interval n=12
ECATS1 n=18 DM-20nm. B) Individual cell traces of each sensor type shown in images C-J. C)
Merged image showing H2B-mApple channel to distinguish ECATS1 cells from DM-20nm cells.
The D) CFP channel, E) FRET channel and F) DIC channels show the N2A cells expressing the
sensors. G-J shows the sensors at key points during the dose-response; G) before response, H) at
35 minutes when DM-20nm started significantly responding over ECATSL, 1) at 65 minutes when
both sensors began to respond comparably to each other, and J) after washout of ATP.
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We expected DM-30nm to provide similar results to DM-20nm if freedom of movement
was the largest hindrance in ATP-binding. The DM-30nm variant showed no significant
improvements in affinity or dynamic range, as it responded to all concentrations of ATP
comparable with ecAT3.10 (3 uM ATP p=0.102; 10 uM ATP p=0.253; 300 uM ATP p=0.749;
unpaired 2-tailed t-test). While the DM-20nm data suggests that both ATP affinity and dynamic
range were improved, neither the dynamic range of DM-30nm or ATP affinity was improved

compared to ECATSI as seen in Figure 3.5 (ECATS1 = 1.05 verses DM-30nm = 1.1).

A DecAT310  WecAT3.10-(A/A)-30 nm ER/K B e ccaT3.10 ecAT3.10-(A/A)-30nm ER/K
12 o 147 300
2% 1 T 12 1 10
€ 30g | o
S ~ 0.

a2 0.6 -
L<co4t =
Lg E 041
= I
£ 302 S o, .

0 0 <

3UMATP  10uMATP 300 uMATP oo b
Treatment Condition Time (min)

Figure 3.5 Double-Mutant with 30nm ER/K linker shows slight Increase in ATP Affinity
A) Data represents the mean + SEM of averaged data from three different dates where n=29
ECATSL cells and n=52 DM-30nm ER/K cells. B) Representative single cell traces during
perfusion ATP dose-response. Black bars indicate the concentration of ATP being perfused in
micromolar (uM). No significant differences were observed by comparing ECATS1 with DM-
30nm by unpaired 2-tailed t-test; all p-values>0.05. Data courtesy of Jason Conley.

Interestingly, when we screened all three linker lengths combined with our
R103A/R115A double-mutant (DM), only one provided an improvement in sensor affinity. The
ten-nanometer linker (DM-10nm) surprisingly created a more limited sensor than ECATS], and
we are unsure why this is the case. The twenty-nanometer linker (DM-20nm) proved successful

in improving the sensor. The thirty-nanometer linker (DM-30nm) we expected to improve the

sensor also, but instead DM-30nm showed less improvement over ECATS1 than the twenty-
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nanometer linker. Jason Conley screened all three ER/K linker lengths in ECATS1 and found a
similar trend where the twenty-nanometer provided the largest improvements (data not shown).
Having replicated our ~4-fold increase in ATP-binding affinity from protein solution at the
membrane, we decided to move forward with the DM-20nm ER/K linker variant. The DM-20nm
or eCATeam3.10-R103A/R115A-20nm ER/K linker will be referred to as the Extra-Cellular ATP
Sensor generation 2 or ECATS2 from this point.

We know ECATS1 can respond to an ADP signal at high concentrations, and so we
screened ECATS? for its sensitivity to ADP by perfusion using the N2A cell model. ECATS2

shows an increased affinity for ADP as well (ECATS1 ADP Kapp ~ 200 uM versus ECATS2 ADP
Kapp ~ 100 uM) seen in Figure 3.6 by ECATS2 increased response to 100 uM ADP over ECATS1

(p=0.0026 unpaired 2-tailed t-test). It is noted that the apparent affinity of ECATS2 for ATP is
approximately twenty-five-fold greater than its affinity for ADP, and that only pathological models

would even approach ADP releases capable of evoking an ECATS2 signal.
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Figure 3.6 DM-20nm ER/K mutant shows slightly increased ADP Affinity over ECATS1

A) The DM-20nm ER/K mutant begins to respond to ADP at concentrations near 100 uM before
ECATS1 (p=0.0026; unpaired 2-tailed t-test) where their responses become comparable again
when exposed to 300 uM ADP (p=0.400). Data shown represents the mean + 95% confidence
interval where n=8 ECATSL cells and n=10 DM-20nm ER/K cells. B) Merged FRET and RFP
channels to distinguish ECATS1 expression from DM-20nm cells by co-localization of H2B
mApple with ECATSI. Individual channels C) CFP, D) FRET and E) DIC shows N2A expressing
either sensor within same field of view. Ratio images F-1 compare responses F) before ADP
exposure, G) 100 uM ADP at time 35 minutes, H) 300 uM ADP at time 45 minutes, and 1) after
washout at time 55 minutes.
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3.4 Discussion

In this study we first tested the hypothesis that making the R103A/R115A double-mutation
within the epsilon subunit of ECATS1 would increase sensor affinity for extracellular ATP. Our
results indicate this hypothesis was false, and other factors such as the cell surface environment
and tethering a cytosolic sensor to the membrane could be reducing affinity. Increasing the affinity
of the epsilon subunit alone did not prove enough to increase the ATP binding affinity of ECATSL.

We decided to test the secondary hypothesis that tethering a cytosolic-derived sensor to the
membrane reduces its ATP affinity by limiting freedom of movement. Our lab had hypothesized
previously that the addition of a surface-tether may have contributed to the 20-fold reduction in
ATP binding affinity when constructing ECATS1 from the cytosolic ATeam3.10 (Conley et al.).
To test this hypothesis, we cloned a small library of semi-rigid ER/K linkers of three lengths that
were based off the linkers described by Sivaramakrishnan and Spudich. We screened for increased
ATP affinity observed in solution for both the wild-type and the R103A/R115A double-mutant. In
the wild-type, the ten-nanometer linker seemed to reduce dynamic range while the twenty and
thirty nanometer linkers provided minor improvements to sensor affinity and dynamic range. This
suggests that the physical constraints of membrane tethering reduce affinity when converting a
FRET sensor from the cytosol.

The ten-nanometer ER/K linker combined with the R103A/R115A double-mutant
provided no increase in extracellular ATP binding affinity and reduced dynamic range compared
to ECATS1. The twenty-nanometer ER/K linker combined with the R103A/R115A double-
mutation (DM-20nm) in the epsilon subunit provided a near 4-fold increase in ATP binding
affinity, replicating our observations in protein solution in Chapter 3. These results in the double-
mutant further support our observations in our ECATS1 linker library that membrane-tethering

does reduce sensor affinity by restricting freedom of movement. The thirty nanometer ER/K linker
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double-mutant (DM-30nm) showed a similar increase in binding affinity like DM-20nm. However,
it did not seem to benefit from the slight increase in dynamic range that we observed in DM-20nm.

Having successfully increased the extracellular ATP-binding affinity by applying the
double-mutation within the epsilon subunit combined with the twenty-nanometer ER/K linker in
ecATeam3.10, we dubbed this new sensor ECATS2. Future work to improve ATP binding affinity
and dynamic range might start at further modulation of the FoF1-ATP-synthase epsilon subunit,
since further lengthening of the tether appears non-beneficial beyond twenty nanometers.
Changing the linker lengths between the epsilon subunit and the FPs may provide improvements

in dynamic range.
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CHAPTER 4. ATP RELEASE IN CELLULAR MODEL OF EDEMA

4.1 Introduction

Volume regulation within cells is a critical regulatory mechanism across a variety of cell
types within the human body (Hoffmann et al.). A hypo-osmotic shock (HOS) occurs when
osmolality outside the cell drops below the osmolality of the cytosol, resulting in water rushing
into the cell by aquaporins or passive transport (Thrane et al.). To return to a healthy cellular
volume, the swollen cell must evacuate ions and amino acids such that osmotically obliged water
follows (Bender et al.). In order for ions and amino acids to be readily evacuated from the cell,
channels and transporters must be activated. For example, epithelial cells release ATP in response
to cellular swelling that acts in an autocrine manner by binding P2 purinergic receptors
(Schwiebert et al.). Binding of ATP to P2 receptors and ATP-binding cassette proteins such as
Multidrug Resistance Protein (MRP) and p-glycoprotein activates volume-regulatory anion
channels (VRACS) typically in the form of a chloride current (Darby et al.). Chloride ions are
evacuated from the cell along with water, ATP, and negatively charged amino acids.

Previous studies have used membrane-attached luciferase-luciferin based methods to detect
extracellular ATP, but are unable to quantify the concentration of ATP locally at the cell membrane
(Darby et al.; Gould and Subramani; Beigi et al.; Y. Zhang et al.). While this is partially due to the
difficult nature of detecting extracellular ATP, it is also due to the fact that, in these studies, the
luminescence response is not calibrated to a known concentration of ATP in real-time systems
(Darby et al.). Zhang et al. did calibrate their chemiluminescent response with a standard curve
and were able to quantify ATP release following mechanical stimulation, however they could not
detect release events below ten micromolar (Y. Zhang et al.). In addition, luciferase methods

require the addition of the reagent luciferin and production of the signal consumes ATP.
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Consumption of extracellular ATP to produce a signal could prevent or dull cellular responses
elicited by P2X and P2Y receptors, confounding the signaling mechanism. P2Y receptors are
believed to have relatively high affinity for extracellular ATP (ECso < 20 uM) which is within the
detection limits of ECATS2 (Zhao et al.; Trautmann; Jacobson and Muller). Other genetically
encoded extracellular ATP fluorescent biosensors have lower ATP affinity than ECATS2 (Kapp =
3.7 + 0.6 uM) such as ecATeam3.10 (ECATS1 Kapp = 12 + 5 uM) and iATPSNFR? (Kapp ~ 140
uM) that make them less ideal to study P2Y purinergic signaling (Lobas et al.; Conley et al.).

We aimed to test the hypothesis that ATP release in response to HOS is in the range of 1-20
1M and can activate P2Y11 receptors in cells. To test this hypothesis, we used our sensor ECATS2
to quantify the magnitude of ATP release in the HEK293A cellular model. As volume regulation
control mechanisms are highly conserved, HEK293A cells express the necessary VRACS needed
to study ATP release following HOS (Hélix et al.). Additionally, we sought to test two-color
imaging paradigms using a sensor that detects CAMP to demonstrate P2Y11 receptor activation,
which would also orthogonally validate that ECATS2 is responding to a real ATP release
following HOS. As HEK293A cells do not express endogenous P2Y11 we transfected P2Y1;
receptor DNA into cells for two-color imaging experiments (Schachter et al.). We observed ATP
release from ECATS2, as well as P2Y 11 receptor activation observed by the CAMP sensor Pink

Flamindo in the HEK293A cellular model (Harada et al.).

4.2 Materials and Methods
421 HEK293A Cell Line Maintenance

HEK293A cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing 4.5 g/L glucose, 3.7g/L sodium bicarbonate, 4 mM glutamine, 0.1 mM Non-essential

Amino Acids (NEAA) and supplemented with 10% cosmic calf serum. Cells were maintained at
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37°C and 5% CO2 in a humidified incubator and passed three times weekly once confluency

reached 80% or higher.

4.2.2 Calcium Phosphate Transfection

Prior to transfection cells were washed with 1X DPBS and fed with fresh media.
Transfection of HEK293As was done using calcium phosphate with DNA density of 450ng/cm?
in either a 6-well plate or directly onto nitric acid washed coverslips in a 12-well plate. 250mM
Calcium chloride, sensor DNA and water were mixed with a 2X HEPES buffer solution containing
140 mM NacCl, 1.5 mM NazHPO4, 50 mM HEPES, pH 7.02 at room temperature. The buffer was
added dropwise slowly to the DNA mix and pipetted up and down exactly one time to mix,
incubated at RT for 1 minute before adding dropwise to the cells. The volume of transfection was
adjusted to be 10% of the well volume to keep 6-well and 12-well transfections as similar as
possible. Transfection DNA was incubated with cells overnight and washed off the next day. Cells
seeded directly onto coverslips were imaged the same day as DNA wash off following a 1-hour
recovery period at 37°C in the incubator.

Transfections of ECATS2 and a non-binding sensor control (NB) were done in separate
wells of a 6-well plate where H2B mApple was co-transfected with the non-binding control. H2B
mApple DNA was used at a ratio of 2:1 to the non-binding control DNA to ensure all cells
expressing the control sensor were H2B mApple positive to distinguish from the ECATS2 sensor
expressing cells. Cells expressing ECATS2 were dissociated with trypsin, mixed 1:1 with
dissociated cells expressing H2B mApple coupled with the non-binding control, and seeded at a
density of 50K cells/cm? on nitric acid washed 18-mm coverslips as seen in Figure 4.1 below. The

mixed cell population was given 24 hours to recover and grow before imaging.
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Figure 4.1 Diagram Demonstrating Methods of Distinguishing Two Species of ATeam
NB= non-binding mutant control. NB + H2B mApple is present as a non-ATP binding control.

18-mm glass coverslip

Finally, to test spectrally compatible second messenger sensors we transfected HEK293A
cells seeded on nitric acid washed 18-mm coverslips with or without the Gs-coupled P2Y11
receptor, ECATS2 and Pink Flamindo at a ratio of 2:1:1 of DNA respectively. P2Y11 was included
such that we could see an increase in CAMP via Pink Flamindo (Harada et al.), validating ATP
release by receptor activation. These experiments were repeated without P2Y1: addition as a

control.
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4.2.3 Live-cell Fluorescent Microscopy

Cells were prepared for microscopy by exchanging cell growth media for imaging solution
consisting of 15 mM HEPES, 1.25 mM NaH2PO4, 10 mM glucose, 130 mM NaCl, 3 mM KCl, 2
mM CaClz, 1 mM MgClz, and 3 mM NaHCOs (pH 7.3) and cells were equilibrated at room
temperature for at least 20 min prior to imaging. 100% osmotic shock solution was prepared as
imaging solution consisting of 15 mM HEPES, 10 mM glucose, 2 mM CaCl; and 1 mM MgCl..
Osmotic shock and reduction of osmolality is achieved by the dilution of NaCl and KCI upon
mixing imaging solution with 100% osmotic shock solution to create a 50% osmotic shock
solution, which was used for all HOS experiments. All microscopy experiments were performed
at ambient room temperature, using either continuous perfusion (~ 1.5 mL/min flow rate) of
imaging solution, static bath, or a mixture of static and perfusion steps. Cells were imaged using
an Olympus 1X83 fluorescence microscope with a 20X/0.75 NA objective illuminated by a
Lumencor SpectraX light engine and equipped with an Andor Zyla 4.2 SCMOS camera. ECATS
sensor activity was measured by examining the fluorescence intensities in CFP, CFP-YFP FRET,
and YFP channels. Specifically, the ATeams were excited in the CFP and CFP-YFP FRET
channels using a 438/29 nm bandpass filter, and emission was collected through 470/24 and 540/30
nm bandpass filters for the CFP and CFP-YFP FRET channels, respectively. The fluorescence in
the YFP channel was excited using a 510/10 nm bandpass filter and emission was collected through
a 540/30 nm bandpass filter. The fluorescence in the RFP channel was excited using a 575/25 nm
bandpass filter and emission was collected through a 631/28 nm bandpass filter. Excitation light
from all fluorescence channel measurements was blocked by the ET-ECFP/EYFP/mCherry
multiband beamsplitter (Chroma 69008bs). The microscope components and image acquisition
were controlled by the Andor iQ3 software and the ImageJ/FIJI software package was used to

analyze all images for each experiment, as specified. For fluorescence images, the mean and
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standard deviation of background intensities were measured for each channel in each field of view.
For each fluorescence channel, the mean background intensity was subtracted from every image
of the associated imaging set. Background masks were then created with minimum thresholds of
two times the mean background intensity. The background masks were applied to the fluorescence
intensity images and fluorescence ratio images were created by pixel-by-pixel division of the
background masked individual fluorescence channels. Regions of interest that encompassed whole
cells or cell membranes, as indicated, were drawn and the mean fluorescence ratios of pixels within
each region of interest were calculated. For intensiometric sensor Pink Flamindo raw intensities

from ROIs were used directly for analysis.

4.2.4 Statistical Analysis

All statistical analysis was done using OriginPro2017 64-bit software. Since our primary
goal was detecting ATP release in response to HOS, we report the results of the unpaired 2-tailed
student’s t-test comparing ECATS2 to the nonbinding (NB) control. Differences were deemed
significant if p<0.05 when comparing means. Data in this chapter is reported as the median + 95%

confidence interval.

4.3 Results

In order to test the hypothesis that ATP release in response to HOS in HEK293A cells is
in the range of 1-20 uM and is capable of activating P2Y receptors, we used the ECATS2 sensor.
Cells were transfected separately with ECATS2 or the Non-binding (NB) mutant before being
dissociated and mixed together as seen in Figure 4.1 above. The NB mutant was used as an ATP

non-binding control within the same field of view of ECATS2. Since the NB-mutant is derived
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from ECATS2 and occupies the same spectral space, H2B-mApple serves to distinguish NB cells
from ECATS2 cells within the same experiment.

A 50% HOS achieved by a 1:1 mix of imaging solution and 100% shock solution (130
mM NaCl ~300 mosmoles = 65 mM NaCl ~150 mosmoles) shows a release of ATP
(p=3.85x107?2; unpaired 2-tailed t-test comparing ECATS2 to NB) from HEK293A cells by the
mean response of all time-points after HOS and before addition of a calibrating solution
containing 20 uM ATP in Figure 4.2. Perfusion wash out of ATP with 50% shock solution nearly
returns to baseline in ECATS2 while the NB control has large peaks that are due to debris
floating over ROIs during washing. These results show that a release of ATP from HOS in
HEK293A cells is within the ideal detection range of ECATS2 and thus is also likely capable of
activating P2Y receptors.

We also observed a slight increase in FRET/CFP ratio in both ECATS2 and the NB
control instantly following HOS. The NB control stayed static after this initial artifact while
ECATS2 proceeded to detect ATP release. While the ATeam family of sensors are known to be
pH sensitive, this jump is not due to pH changes as the shock solution was pH matched to aCSF.
One potential explanation is that changes in osmolality affect the dynamic range of FRET

Sensors.
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Figure 4.2 ATP release detected from HEK293A cells using ECATS2

A) Normalized FRET/CFP ratio shows an ATP release from HEK293A cells detected by ECATS2
in response to a static 50% HOS at time=180 seconds (p<0.0001; unpaired 2-tailed t-test
comparing ECATS2 to NB control). 20 uM ATP was added at time=380 seconds and then washed
out by perfusion pump at time= 750 seconds. B) Individual cell traces of the ECATS2 and NB
cells shown in C-I. C) Merged CFP/FRET/RFP color image to separate ECATS2 cells from NB
cells where cells expressing NB also expressed H2B-mApple. An ECATS2+ cell is seen in the
upper left while an NB+ cell is seen in the lower right. D) CFP channel, E) CYFRET channel, and
F) DIC channel. CYFRET/CFP ratio images showing G) before response, H) maximal ECATS2
response after ATP addition, and 1) after washout by perfusion. Scale bars are 10 um.
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Next, in order to test the hypothesis that P2Y1; receptors (ECso ~ 10 uM ATP) are activated
by ATP released from HOS in HEK293A cells, we used ECATS2 and Pink Flamindo. ATP ECso
values of the P2Y11 receptor are near 10 uM and within the detection limit of ECATS2 (Zhao et
al.; Jacobson and Muller). P2Y1: is a Gs-coupled receptor, which increases cytosolic CAMP upon
activation, which can be detected by the cytosolic cAMP sensor Pink Flamindo (Harada et al.).
Using both ECATS2 and Pink Flamindo in tandem serves both a biological and a methodological
purpose. The biological purpose demonstrated that ATP release from HOS is in the range of several
micromolar, capable of activating P2Y11 (ECso ~10 uM ATP) as indicated by increase in ECATS2
and Pink Flamindo signals upon HOS (Jacobson and Muller). The methodological purpose served
to used Pink Flamindo signal as orthogonal validation of an ATP release. This method is similar
to the concept behind Cell Neurotransmitter Fluorescent Engineered Reporter (CNIiFER) cells that
use G-protein coupled receptors for detection of neurotransmitters (Lacin et al.).

A50% HOS resulted inan ATP release (ECATS2 50% HOS vs ECATS2 baseline unpaired
2-tailed t-test p=7.75x10*?) and subsequent cCAMP response (Pink Flamindo 50% HOS vs Pink
Flamindo baseline unpaired 2-tailed t-test p=1.03x10¢) as seen in Figure 4.3, as expected.
Addition of 200 uM ATP drives both an ECATS2 and Pink Flamindo response in HEK293A cells
expressing P2Y11, but only an ECATS2 response in control cells without transfected P2Y1s.
Forskolin addition was required to increase the Pink Flamindo signal in cells without P2Y 13,
indicating little to no expression of endogenous P2Y11 in HEK293A cells (data not shown). These
results further validate that two-color imaging is possible with ECATS2, making investigation of
upstream and downstream purinergic receptor signaling dynamics possible, and demonstrates that
ATP released in HEK293A cells in response to HOS is in the order of several micromolar capable

of activating P2Y11.
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Figure 4.3 A 50% HOS causes an ATP release and cCAMP response in HEK293A cells
expressing P2Y11

Green traces; FRET/CFP ratio of ECATS2. Red traces; intensity of Pink Flamindo. Green Triangle;
50% HOS static addition at time = 3 minutes; Purple Star; 50% Shock Solution perfusion wash at
time = 7 minutes; Blue Star; iso-osmotic imaging solution washes at time = 9 minutes and 17
minutes; Black bar; perfusion pump off and 200uM ATP added at time = 13 minutes. Data shows
individual cell traces of 3 representative cells expressing both ECATS2 and Pink Flamindo. 50%
HOS resulted in a significant increase in both ECATS2 and Pink Flamindo signals (* indicates
p<0.0001 unpaired 2-tailed t-test) indicating ATP release in response to HOS and P2Y1; activation
as seen by Pink Flamindo cAMP increases.

4.4 Discussion

Our hypothesis in this study was that ATP release from a hypo-osmotic shock (HOS) in
HEK293A cells is several micromolar in magnitude and capable of activating P2Y 11 receptors.
HEK293A cells endogenously express P2Y1 (ADP ECso ~ 10 uM) and P2Y> (ATP ECso ~ 100
nM) receptors, thus we transfected P2Y1: into cells along with ECATS2 and Pink Flamindo DNA

(Schachter et al.; Jacobson and Muller). P2Y 11 has one of the highest ECso values for ATP (ECso
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~ 10 uM) among the P2Y and P2X receptors, indicating that it should be among the most difficult
of purinergic receptors to activate.

A HOS condition of a 50% reduction in osmolality (~300mOsm to ~150mOsm) was enough
to measure an ATP release by ECATS2, signifying micromolar magnitude of ATP release from
HEK293A cells. The detection of cAMP by Pink Flamindo was acute following the shock, and
orthogonally validates ATP release and aligns with the timescale of P2Y11 G-protein receptor
signaling (Lacin et al.). Further supporting ATP release was on the order of several micromolar
(~1-10 uM) is the attenuated cAMP response to the HOS when compared to the addition of 200
uM ATP (Figure 4.3). It is interesting that the HEK293A cells’ ATP response changed in the
presence or absence of P2Y11 receptor, perhaps indicating that P2Y11 autocrine and paracrine
signaling play roles in regulatory volume control (Darby et al.).

This data provides the foundation that ECATS2 can be used in cellular models to quantify
ATP purinergic signaling mechanisms in real-time with spectrally compatible sensors of
downstream signaling events. The availability of genetically encoded fluorescent nuclear
translocation probes that indicates activation of various kinase signaling cascades, such as the
cAMP/PKA pathway known to be activated by purines like ATP, could be paired with ECATS2
(Duster et al.). Using spectrally compatible nuclear translocation probes with ECATS2 and
second-messenger probes like Pink Flamindo could provide useful purinergic signaling

information for drug targets in disease and injury models.
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CHAPTERSS. PRIMARY CELL MODELS OF TBI

5.1 Introduction

Traumatic brain injury (TBI) occurs in response to a large variety of stimuli and ranges in
severity. The short and long term consequences following a TBI rely on the extent of the
mechanical injury, the severity of the injury, and the brain region of the injury (Burda et al.). In
addition to the initial mechanical injury itself, TBI can be accompanied by local ischemia from
ruptured blood vessels, suffer from edema or swelling, and in some patients seizures occur (Rossi
et al.; Bender et al.; Thrane et al.; Burda et al.).

Following the initial injury, blood-flow to the damaged brain region may be impaired or
cut off completely, resulting in lack of oxygen or ischemia. Neurons use a large amount of oxygen
and are far more sensitive to ischemia than astrocytes, and energy management during ischemia
largely falls onto the astrocytes (Rossi et al.). There are two mechanisms that ischemia can induce
a release of ATP from astrocytes, an acute mechanism and a chronic mechanism. In response to
acute ischemic insult, lysosomes containing ATP can fuse with the plasma membrane to release
ATP into the extracellular space (Z. Zhang et al.). However, astrocytes begin to swell in response
to chronic ischemia and release amino acids and purines as a result (Rossi et al.). There has been
shown to be an ATP release detected by luciferase-luciferin based methods, but in either ischemic
mechanisms the magnitude of local ATP release is not known (Z. Zhang et al.; Rossi et al.).

Cell swelling can be particularly damaging in body compartments that lack the elasticity
to expand, such as the brain. Volume regulation and water management is the primary task of
astrocytes in the brain during edema, and with the flow of water comes ions (Bender et al.). One
of the primary influx routes for water to enter astrocytes during hypo-osmotic shock (HOS) is

through aquaporin 4 (AQP4). While AQP4 can be held responsible for the bulk of water influx
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during HOS, passive transport of water through the lipid bilayer cannot be excluded. When
osmolality is reduced by thirty-percent or greater, water influx overwhelms AQP4 and passive
transport results in cell swelling (Thrane et al.). As mentioned in chapter 4, volume regulation is
highly conserved, and volume regulatory anion channels (VRACS) are expressed in astrocytes as
well (Hoffmann et al.). ATP and glutamate exit through VRACSs that open to allow anions and
water out of the cell (Darby et al.; Rossi et al.). While it is known that ATP can be released from
astrocytes in response to HOS, the magnitude of ATP release is not well characterized. We used
ECATS2 to investigate the micromolar magnitude of ATP signaling dynamics in response to HOS
and astrocyte swelling.

Severe TBIs cause non-repairable damage, and in small population of patients’ epilepsy
becomes a risk even after they have made their recovery. Seizures and epilepsy can arise from a
variety of insults and genetic mutations, while epilepsy following TBI is thought to be mediated
by pro-inflammatory cytokines (Yuen and Sander; Burda et al.). Seizures themselves can lead to
further excitotoxicity, expanding the brain damage from a prior TBI in the patient’s life (Burda et
al.). The magnitude of ATP released in response to seizure-like excitotoxic activity is not well
understood, and we used ECATS2 to quantify the micromolar range of ATP signaling to seizure-
like excitotoxicity.

Herein we test the hypothesis that in vitro models of TBI lead to ATP release from
astrocytes in the micromolar order of magnitude. We test this hypothesis by use of ECATS2 in
models of mechanical stimulation, edema, ischemia, and seizure-like excitotoxicity. We also
further aim to show that ECATS2 can be coupled with spectrally compatible sensors to detect
intracellular responses simultaneously. We attempted to detect ATP release from TBI models of

poke and stretch mechanical stimulation, ischemia, glutamate excitotoxicity, and edema. Our
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observations in poke and stretch models largely agree with previous studies where ATP is released
near the site of injury and quickly diffuses away. Hypo-osmotic shock (HOS) yielded ATP release
in astrocytes alone, but not in neuron-astrocyte co-culture. Seizure-like excitotoxicity and ischemia

did not detect ATP release by ECATS2.

5.2 Materials and Methods
5.2.1 Cloning Sensors into Lentiviral and Adenoviral Production Plasmids

Cloning JRGECO1a into Lentiviral vectors was done by Jason Conley and Elaine Colomb.

To produce ECATS2, NB control adenovirus, we first cloned the sensors into the pPENTR1a
vector with subsequent recombination into the pAd/CMV-V5-DEST vector as per the
manufacturer’s instructions (Invitrogen Cat# K4930-00 and V493-20). In place of lipofectamine
transfection of constructs suggested by the manufacturer, we used calcium phosphate transfection
as described in Chapter 4.2.2. Cloning of ECATS2 and NB-control into the pENTR1a vector for
adenovirus production was done by restriction enzyme cloning. pMinDis-ecATeam3.10-
(R103A/R115A)-20 nm ER/K or pMinDis-NB-control were double-digested with Kpnl and Notl
(New England Biolabs) flanking the IgK-secretion sequence and PDGFR transmembrane domain
to excise ECATS2 and NB-control DNA. jJRGECOla was excised from pGP-CMV-NES-
JRGECO1a by Bglll and BamHI double-digest (New England Biolabs). Sensor DNA was then
ligated with T4 ligase into pENTR1a. LR recombination reaction was done using LR Clonase 11
in pH 8 Tris-EDTA buffer at room temperature overnight using a 2:1 ratio of pAd/CMV-V5-DEST
(300 ng/reaction) to pENTR1a-construct (150 ng/reaction), respectively. LR recombination was
stopped by incubation with proteinase K for 10 minutes at 37°C. LR reactions were used to
transform DHb5a E. coli cells directly, and eight colonies were picked for mini-prep and

sequencing. Sequence verified pAd/CMV-V5-Dest-construct plasmids were then digested with



77

Pacl to prepare them for transfection of HEK293A cells as per Life Technologies ViraPower™

Adenovirus Expression System manual.

5.2.2 HEK293A Cell Culture and Adenovirus Production

HEK293A cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing 4.5 g/L glucose, 3.7¢/L sodium bicarbonate, 4 mM glutamine, 0.1 mM Non-essential
Amino Acids (NEAA) and supplemented with 10% cosmic calf serum. Cells were maintained at
37°C and 5% CO:2 in a humidified incubator and passed three times weekly once confluency
reached 80% or higher. All methods to produce adenovirus were adapted from the Life
Technologies ViraPower™ Adenovirus Expression System manual.

To produce adenovirus, HEK293A cells were passed and seeded into a 6-well plate at a
density of 50,000 cells/cm2 and given 24 hours to grow. Pacl cut pAd/CMV-V5-DEST-construct
DNA for ECATS2 was transfected into HEK293A cells near confluency. 48 hours post-
transfection the infectious cells were expanded into a T75 flask. The infectious cells were fed
HEK293A media every 2-3 days until 14 days had passed and visible cytopathic effect could be
observed in the cells. Remaining cells were blasted off the T75 flask surface using a 10 mL pipette
and transferred to a 15 mL falcon tube. The infected HEK293A cells and media were then frozen
at -80°C for 30 minutes, then thawed in a 37°C water bath for 15 minutes a total of three times.
This crude viral lysate was then spun down in a table-top centrifuge at 3000 rpm for 15 minutes to
pellet cell debris. The supernatant containing the adenoviral particles were then transferred to
cryovials in 1 mL aliquots labeled “crude viral lysate” and stored at -80°C.

To amplify our adenovirus stock, we seeded HEK293A cells in a T75 flask at a density of
40,000 cells/cm2 and gave them 24 hours to recover before adding 1 mL of crude viral lysate.

HEK?293A cells were incubated for 72 hours following transduction with crude adenovirus lysate.
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High titer viral lysate was isolated using the same freeze/thaw and spin down protocol described

for the crude viral lysate above.

5.2.3 HEK293FT Cell Culture and Lentivirus Production

Maintenance of HEK293FT cells and production of JRGECO1a lentivirus was all done by

Jason Conley.

5.2.4 Microdissection of Hippocampal Neurons and Cortical Astrocytes

Post-natal day 1 (pl1) pups were dissected for primary hippocampal neurons and cortical
astrocytes. Neuron-astrocyte co-cultures were isolated solely from the hippocampus. Pups were
anesthetized using isoflurane gas before decapitation. Stainless steel tools were used to isolate the
full brain into Hank’s Buffered Saline Solution (HBSS) fortified with 1.26 mM CaCl2, 0.49 mM
MgCI2 and 0.4 mM MgSO4 (HBSS+). Full brains were bisected using a scalpel and the midbrain
removed with forceps. Starting at the olfactory bulb, the meninges was removed, and the
hippocampus and/or cortex were isolated. Isolated brain regions were diced with a scalpel before
being washed three times in HBSS not fortified with divalent cations (HBSS-) before being treated
with DNAsel and porcine trypsin for fifteen minutes at 37°C with occasional gentle agitation. The
trypsin and DNAsel were removed with three washes of HBSS- before resuspending neurons and
astrocytes in neurobasal media and astrocyte media, respectively. Fire-polished and fire-narrowed
horse serum coated glass Pasteur pipettes were used to dissociate brain regions before filtering
through a 0.2um filter to remove any large chunks of debris and meninges. Primary neurons were
counted and plated at a density of one-hundred thousand per centimeter squared on poly-D-lysine

coated 18mm glass coverslips. A complete change of neurobasal media was done one to four hours
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after plating. Due to difficulties in counting, primary astrocytes were plated one brain per 12-well

plate.

5.2.5 Primary Cell Culture of Astrocytes and Neuron-Astrocyte Co-culture

Astrocytes were cultured using a mix of Dulbecco’s modified Eagle’s medium (DMEM)
and F12 media (Gibco 12400-024) supplemented with 1.2 g/L sodium bicarbonate and 10%
cosmic calf serum or fetal bovine serum. Astrocyte media was fortified with
penicillin/streptomycin to protect primary culture from contamination. Astrocytes were washed
with DPBS buffer to remove dead cells and fed fresh media twice weekly.

Neurobasal-A media (Gibco 10888022) was used for neuron-astrocyte co-culture and was
supplemented with 5 mM glucose, 0.5 mM Glutamax-1, 0.25 mM sodium pyruvate, and antibiotics
B27 and Pen/Strep to prevent contamination. Media was then syringe filtered through a 0.2 um
filter for sterilization. Neuron-astrocyte co-cultures were fed fresh media every three or four days
as a 50% media change.

Neuron-astrocyte co-cultures were transduced with a mix of adenovirus containing
ECATS2 DNA and lentivirus containing JRGECOl1a DNA. After 2 days in vitro (DIV2) we
performed a half media change with complete neurobasal medium and saved the conditioned
media. Conditioned media was syringe filtered and kept for feeding cells after washing virus off

later. On DIV3 we added a mixture of 100 uL ECATS2 adenovirus and 50 uL of jRGECOla
lentivirus in the presence of 100 uM kynurenic acid. The kynurenic acid served as a glutamate

receptor inhibitor, which was required due to the glutamate present in HEK293A media the
adenovirus was harvested in to prevent excitotoxicity. On DIV5 virus was washed off the co-

culture with three rinses of complete neurobasal medium. The washed cells were then fed with
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50% conditioned media using the medium saved from the feeding on DIV2. Imaging was done

primarily on days DIV7-DIV10.

5.2.6 Live Cell Fluorescent Microscopy and Analysis

Cells were prepared for microscopy by exchanging cell growth media for imaging solution
consisting of 15 mM HEPES, 1.25 mM NaH2POs, 5 mM glucose, 130 mM NaCl, 3 mM KClI, 2
mM CaClz, 1 mM MgCl,, 0.2 mM sodium pyruvate, 0.5 mM Glutamax and 3 mM NaHCO3 (pH
7.3) and cells were equilibrated at room temperature for at least 20 min prior to imaging. Osmotic
shock solution was prepared as imaging solution consisting of 15 mM HEPES, 5 mM glucose, 2
mM CaClz, 1 mM MgClz, 0.2 mM sodium pyruvate and 0.5 mM glutamax. All microscopy
experiments were performed at ambient room temperature, using either continuous perfusion (~
1.5 mL/min flow rate) of imaging solution, static bath, or a mixture of static and perfusion steps.
Cells were imaged using an Olympus 1X83 fluorescence microscope with a 20X/0.75 NA objective
illuminated by a Lumencor SpectraX light engine and equipped with an Andor Zyla 4.2 sSCMOS
camera. The ecATgen2 sensor activity was measured by examining the fluorescence intensities in
CFP, CFP-YFP FRET, and YFP channels. Specifically, the ATeams were excited in the CFP and
CFP-YFP FRET channels using a 438/29 nm bandpass filter, and emission was collected through
470/24 and 540/30 nm bandpass filters for the CFP and CFP-YFP FRET channels, respectively.
The fluorescence in the YFP channel was excited using a 510/10 nm bandpass filter and emission
was collected through a 540/30 nm bandpass filter. The fluorescence in the RFP channel was
excited using a 575/25 nm bandpass filter and emission was collected through a 631/28 nm
bandpass filter. Excitation light from all fluorescence channel measurements was blocked by the
ET-ECFP/EYFP/mCherry multiband beamsplitter (Chroma 69008bs). The microscope

components and image acquisition were controlled by the Andor iQ3 software and the ImageJ/F1JI
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software package was used to analyze all images for each experiment, as specified. For
fluorescence images, the mean and standard deviation of background intensities were measured
for each channel in each field of view. For each fluorescence channel, the mean background
intensity was subtracted from every image of the associated imaging set. Background masks were
then created with minimum thresholds of two times the mean background intensity. The
background masks were applied to the fluorescence intensity images and fluorescence ratio images
were created by pixel-by-pixel division of the background masked individual fluorescence
channels. Regions of interest that encompassed whole cells or cell membranes, as indicated, were
drawn and the mean fluorescence ratios of pixels within each region of interest were calculated.

For intensiometric sensor JRGECO1a raw intensities from ROIs were used directly for analysis.

5.2.7 Statistical Analysis

In sections 5.3.1 Mechanical Stimulation of Cortical Astrocytes and 5.3.4 KCN Ischemia
there are only n=1 experiment performed, and therefore no statistical analysis can be performed
on these preliminary studies. While ATP release is robustly reported in the literature in response
to mechanical injury, the method was cumbersome in our hands and we decided not to choose it
as our model system.

To accommodate for the imaging artifact following osmotic shock, we adjusted the
baseline to the first several datapoints following shock to get an adjusted normalized FRET/CFP
ratio. All statistical analysis was done using OriginPro2017 64-bit software. Since our primary
goal was detecting ATP release in response to HOS, we report the results of the unpaired 2-tailed
student’s t-test comparing ECATS2 to the nonbinding (NB) control. Differences were deemed

significant if p<0.05. Data in this chapter is reported as the median + 95% confidence interval.
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5.3 Results

5.3.1 Mechanical stimulation of Cortical Astrocytes

Since there is an abundance of literature on ATP release following injury (Y. Zhang et al.;
Pérez-Ortiz et al.; James and Butt; Praetorius and Leipziger), we hypothesized ECATS2 could
detect ATP released by mechanical injury of astrocytes in poke and scratch models. Our poke
injury test directly on an ECATS2 astrocyte shown in Figure 5.1 showed ATP release around the
site of injury. The FRET/CFP ratio around the site of injury are clearly increased in the images
post-injury and slowly recover as we continued monitoring. This agrees with reports of membrane
attached firefly-luciferase that estimated a millimolar release of ATP (Y. Zhang et al.). The direct
injury test using ECATS2 and mouse cortical astrocytes provided validation that ECATS2 can
detect membrane injury ATP release. As we only performed n=1 experiment, we did not perform

a statistical analysis on our mechanical stimulation data.
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Figure 5.1 Poke Injury Shows ATP-release from Damaged Astrocyte

A) Individual ROI traces of various astrocytes across the entire field of view where n = 11 ROIs
in the field of view B) ROIs around site of injury and of injured cell C) DIC channel showing the
fire-polished rounded glass mechanical stimulation pipette over the site of injury. D)
Representative pre-injury image shown as FRET channel E) CFP channel post-injury F) FRET
channel post-injury showing clear poke injury G) Ratio image first image post-injury H) Ratio
image after ~2 minutes recovery with ratio calibration bar. All white arrows indicate the site of
injury. Scalebars are 30 um.
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Our test in which we poked a neighboring cell shown in Figure 5.2 showed no change in
ECATS2 signal. Poking a neighboring cell did not show a measurable ATP release in the
surrounding cells ~100 um away expressing ECATS2. These results agree with previous studies
using cell surface tethered firefly luciferase in astrocyte poke injury models where detection of

injury ATP was lost 100 um away from the site of injury (Y. Zhang et al.).
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CYFRET/CFP Ratio >

Figure 5.2 Poke of Neighboring Cells Shows No Detectable ATP Release
A) Individual ROI Traces of astrocytes surrounding the site of injury show little to no change n=11
ROIs across the field of view. B) DIC channel showing fire-polished rounded glass pipette
hovering over site of injury. C) CFP and D) FRET channels with white arrows indicating injury
site. Scalebars are 30 um.
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While the poke model appears to have promising prospects for future experiments, we also
qualitatively tested the scratch model. The scratch or stretch model implies ATP release in vitro
by previous studies preventing downstream signaling by addition of exogenous apyrase (Neary et
al.; Pérez-Ortiz et al.; Gao et al.). The results of our direct poke test led us to expect that ATP
released during a stretch or scratch is within the detection range of ECATS2. We decided to try
causing a larger injury with the stretch/scratch model. Overall, most of the surrounding cells that
did not get directly injured did not detect ATP release (Figure 5.3). The injured cell showed a
detectable ATP release, but the signal was quickly cleared. This data agrees with previous studies
that suggest ATP release diffuses into the extracellular space quickly, and is likely in the hundreds

of micromolar range or higher (Y. Zhang et al.).
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Figure 5.3 Scratch Injury Shows ATP Release Detectable by ECATS2

A) Individual ROI traces of astrocytes in field of view show mostly non-responders except for the
injured cell n=X ROIs in and around astrocytes B) CFP channel pre-scratch. C) DIC channel pre-
scratch. D) FRET channel pre-scratch. E) Individual ROI traces of scratched cell shown in I-J
shows ATP release and a quick clearance. F) CFP channel post-scratch. G) DIC channel post-
scratch H) FRET channel post-scratch. 1) Ratio image frame 1 pre-scratch with scratch vector
arrows J) Ratio frame 2 scratch indicates ATP release from injured cell K) Ratio frame 3 indicates
a fast return to baseline within the site of injury L) Ratio frame 8 shows a mostly recovered
astrocyte. White arrows represent the scratch injury vector. Scalebars are 10 um.

As an in vitro model of TBI, these results confirm our hypothesis that ECATS2 detects
ATP release from mechanical injury poke, stretch, and scratch models that agrees with previous
studies (Y. Zhang et al.; Pérez-Ortiz et al.; Neary et al.; Gao et al.). Our results align with previous

studies that report ATP release following injury using other methods of detection (Y. Zhang et al.).
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5.3.2 Hypo-osmotic shock of Cortical Astrocytes shows ATP release

The next in vitro model of TBI we tested was simulated edema by hypo-osmotic shock
(HOS) of astrocytes. We tested the hypothesis that a 50% HOS results in an ATP release in the
order of micromolar detectable by ECATS2. In cortical astrocytes cultured alone, a fifty percent
reduction in osmolality caused a measurable ATP release shown in Figure 5.4, almost comparable
to the 20 uM ATP added to calibrate the ECATS2 signal. A small imaging artifact was seen in the
NB-mutant and ECATS2 upon osmotic shock as well. We hypothesize this artifact could be due
to changes in the dynamic range of the sensor that accompany changes in osmolality of the
surrounding environment. Changing the osmolality environment around the sensor could change
the physical constraints on ECATS2, like our observations in chapter three when optimizing the
length of the ER/K linker. We do observe some slight baseline drift over the long time-course of
the experiment, but the large acute changes in ECATS2 signals are indictive of ATP dynamics
near the surface of the astrocyte.

Our second HOS experiment repeated the conditions of the first and is shown in Figure
5.5. In this experiment, ECATS2 showed a stronger signal from astrocytes than in our first
experiment almost comparable to the 20 uM ATP response used to calibrate the signal. This
supports that ATP responses to osmotic shock are perfectly within the detection range of ECATS2
(~1-20 uM ATP). A fifty percent reduction in osmolality caused the same imaging artifact in both
ECATS2 and the NB-control as we observed in the previous experiment in primary mouse cortical

astrocytes.
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Figure 5.4 ECATS2 Detects ATP Release in Cortical Astrocytes in Response to 50% HOS in
Presence of 100uM ARL

A) FRET/CFP ratio signal of ECATS2 signal mean + 95% confidence interval where n=13
astrocytes. B) NB mutant mean + 95% confidence interval where n=13 astrocytes. A pH matched
200uM ARL osmotic shock solution was added at a 1:1 volume ratio at time=5 minutes to cause
a 50% reduction in osmolality in the presence of 100uM ARL. Addition of 20uM ATP was made
at time=11 minutes as indicated by the black bar and 20 over A and B. (C-J) Consist of all ECATS2
channels of a representative responding astrocyte. C) DIC channel D) CFP channel E) FRET
channel F) YFP channel (G-H) FRET/CFP ratio. G) ECATS2 Ratio at time=0 minutes H) ECATS2
Ratio at time=6 minutes 40 seconds at peak of response indicated by the green triangle in A and
B. 1) ECATS2 Ratio at time=13 minutes 20 seconds as response to 20uM ATP began to peak. J)
ECATS2 Ratio at time=20 minutes during perfusion washout of ATP with 50% osmotic shock
imaging solution after having reached a stable baseline. (K-R) Consist of all control NB-mutant
channels of a representative astrocyte. K) DIC channel L) CFP channel M) FRET channel N) YFP
channel (O-R) Time-matched NB-control representations of the FRET/CFP ratio to the same
conditions as ECATS2 shown in (G-H).
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Figure 5.5 Second Experiment using ECATS2 Detects ATP Release in Cortical Astrocytes in

Response to 50% HOS in Presence of 100uM ARL
A) FRET/CFP ratio signal of ECATS2 signal mean + 95% confidence interval where n=15
astrocytes. B) NB mutant mean + 95% confidence interval where n=13 astrocytes. A pH matched
200uM ARL osmotic shock solution was added at a 1:1 volume ratio at time=5 minutes to cause
a 50% reduction in osmolality in the presence of 100uM ARL. Addition of 20uM ATP was made
at time=11 minutes as indicated by the black bar and 20 over A and B. (C-J) Consist of all ECATS2
channels of a representative responding astrocyte. C) DIC channel D) CFP channel E) FRET
channel F) YFP channel (G-H) FRET/CFP ratio. G) ECATS2 Ratio at time=0 minutes H) ECATS2
Ratio at time=6 minutes 40 seconds at peak of response indicated by the green triangle in A and
B. 1) ECATS2 Ratio at time=13 minutes 20 seconds as response to 20uM ATP began to peak. J)
ECATS2 Ratio at time=20 minutes during perfusion washout of ATP with 50% osmotic shock
imaging solution after having reached a stable baseline. (K-R) Consist of all control NB-mutant
channels of a representative astrocyte. K) DIC channel L) CFP channel M) FRET channel N) YFP
channel (O-R) Time-matched NB-control representations of the FRET/CFP ratio to the same
conditions as ECATS2 shown in (G-H).
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Our third experiment tested if ectonucleotidases inhibited by ARL in our first two
experiments would dampen or prevent the ATP releas. In Figure 5.6, we repeated our
observation of ATP release in primary cortical mouse astrocytes following a fifty-percent
reduction in osmolality in the absence of the ectonucleotidase inhibitor ARL. ECATS2 was
calibrated by the addition of 200 uM ATP in these experiments and functional sensor was
present in all three replicates. The imaging artifact upon HOS was observed in all ECATS2 and

NB-control experiments thus far.

To test if the change in osmolality was affecting the ECATS2 dynamic range and
FRET/CFP ratio, we added an additional wash step in experiment three. The additional wash step
perfuses out the 50% osmotic shock imaging solution and replaces it with 1X aCSF isotonic
imaging solution. In Figure 5.6, we observed that this washout did provide a reduction in
FRET/CFP ratio upon returning the osmolality of the solution to normal. This supports our
hypothesis that the imaging artifact observed using ECATS2 during osmotic shock experiments
is a result of the osmolality changing the dynamic range of the sensor. Further testing of this
hypothesis in solution may further validate the hypothesis that osmolality affects the dynamic

range, and possibly the ATP binding affinity of ECATS2.
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Figure 5.6 Third Experiment using ECATS2 Detects ATP Release in Cortical Astrocytes in

Response to 50% HOS without ARL
A) FRET/CFP ratio signal of ECATS2 signal mean + 95% confidence interval where n=13
astrocytes. B) NB mutant mean + 95% confidence interval where n=11 astrocytes. A pH matched
osmotic shock solution was added at a 1:1 volume ratio at time=2 minutes 30 seconds to cause a
50% reduction in osmolality. Addition of 200uM ATP was made at time=7 minutes 30 seconds as
indicated by the black bar and 200 over A and B. (C-J) Consist of all ECATS2 channels of a
representative responding astrocyte. C) DIC channel D) CFP channel E) FRET channel F) YFP
channel (G-H) FRET/CFP ratio. G) ECATS2 Ratio at time=0 minutes H) ECATS2 Ratio at time=3
minutes 45 seconds at peak of response indicated by the green triangle in A and B. I) ECATS2
Ratio at time=10 minutes as response to 200uM ATP began to peak. J) ECATS2 Ratio at time=20
minutes during perfusion washout of ATP with 50% osmotic shock imaging solution after having
reached a stable baseline. At ~21 minutes perfusion with 1x aCSF normal imaging solution reduces
ratio in both A and B. (K-R) Consist of all control NB-mutant channels of a representative
astrocyte. K) DIC channel L) CFP channel M) FRET channel N) YFP channel (O-R) Time-
matched NB-control representations of the FRET/CFP ratio to the same conditions as ECATS2
shown in (G-H).



A

Norm. FRET/CFP Ratio

S 9 el il
b, kN W

s 200
v

o
=
o

1 O-um
H
ECATS2

Time 0 min

) 2 o
Time O min ~ 104m

Norm. FRET/CFP Ratio

=)
10 um

o]
10um

Time 3m 45s

Time 3m'?__§l§s

o9 oo =
[ I - T = S S R V0]

200

Time (min)

~
-
b 10 uym

J

o
10 um

[\

Time 10 min

L]
10 pm

ne 10 min

Time 20 min

Time 20 min

95




96

50% HOS Response 20 uM ATP Response
ka3 *
0.40 4

010 4
) ¢ _I_ 5 030 ;
E 0.05 4 -I— G _I. -‘I- _I_ E 0.20 4 _I_ {_ _I_
) A i 0.10 -}-
SR '%' ) * % ‘} 4+

+ T 1 0.00 1 L n 4+
-0.05 -0.10
Red: ECATS2 Black: NB Red: ECATS2 Black: NB

Figure 5.7 50% HOS Reveals ATP Release by use of the ECATS2 Sensor

Left: ECATS2 (red) shows a significant response to a 50% HOS when compared to the nonbinding
(NB; black) control in cortical astrocytes. In all experiments p<0.001 when comparing ECATS2
to a NB experiment using an unpaired 2-tailed student’s t-test. Right: ECATS2 (red) shows
significant increased ratio to 20 uM ATP (p<0.001) when compared to the NB control (black) by
unpaired 2-tailed student’s t-test. The y-axis represents the artifact adjusted normalized
CYFRET/CEFP ratio, while each column represents an individual experiment in cortical astrocytes
expressing ECATS2 or the NB control. Bars represent the median + 95% confidence interval.

In Figure 5.7 we compared the ECATS2 datapoints following the 50% hypo-osmotic shock
in mouse cortical astrocytes to the nonbinding control and found that ECATS2 does detect an ATP
release when compared to the control (p<0.001 when comparing individual experiment ECATS2
mean of HOS datapoints vs individual experiment NB mean of HOS datapoints; p<0.001 when
comparing pooled ECATS2 HOS response mean (n=5) vs pooled NB HOS response mean (n=4)
via an unpaired 2-tailed t-test). We also demonstrate that the ECATS2 responds to the calibrating
addition of 20 uM ATP when compared to the nonbinding control (p<0.001 unpaired 2-tailed t-
test).

Cultured cortical mouse astrocytes expressing ECATS2 validate our proof-of-concept that
astrocyte purinergic signaling events can be detected using live-cell fluorescent microscopy and
ECATS2. Multiple experiments from different dissections repeated the same phenotype of ATP-

release with a delayed release of roughly one to two minutes following a fifty percent reduction in

solution osmolality. Interestingly, calibration with 20 versus 200 uM ATP reveals that the
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magnitude of ATP release is much closer to 20 uM ATP. This is ideal since the ATP release
estimated is on the order of several micromolar, making ECATS2 an ideal sensor for studying
purinergic signaling events in edema models.

Cortical astrocytes cultured alone in our hands only transduced reliably with sensor DNA
packaged in adenovirus and not lentivirus. Lentivirus does reliably transduce neurons, and we
sought to further validate ECATS2 using neuron-astrocyte co-culture and dual-sensor imaging. A
spectrally compatible red sensor packaged in lentivirus was mixed with ECATS2 adenovirus. Next,
we aimed to show that neuron-astrocyte co-culture releases ATP in the micromolar range

detectable by ECATS2 in response to hypo-osmotic shock.
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5.3.3 Hypo-osmotic shock of Neuron-Astrocyte Co-culture

We moved into the more physiological model of neuron-astrocyte co-culture (Hasel et al.),
and aimed to test the hypothesis that HOS causes an ATP release in the low micromolar range
from astrocytes. To further validate release of ATP and excitatory amino acids in response to
osmotic shock, the intensiometric JRGECO1a sensor was chosen as a red calcium sensor (Dana et
al.). Our sensor choice allowed visualization of excitation of neurons in response to osmotic shock
by detecting intracellular calcium signals in neurons transduced with lentivirus.

Previously in our hands, lentivirus has not transduced cortical astrocytes cultured alone. In
neuron-astrocyte co-culture we noticed that the JRGECO1la lentivirus transduced not only the
neurons, but to a limited extent several astrocytes as well. This could be due to the changes in
receptor expression profile of astrocytes when co-cultured with neurons being more physiological
(Hasel et al.). Therefore, several of the co-culture experiments yielded more data than we originally
expected, allowing us to view cytosolic calcium signals in astrocytes with JRGECO1a that are also
expressing ECATS2. The primary function of JRGECOla was to verify neuron activation
following osmotic shock and to visualize excitotoxicity as collapse of the nuclear envelope by
monitoring cytosolic calcium (Dana et al.).

In Figure 5.8, we demonstrate that astrocytes and neurons both respond with intracellular
calcium signals following a fifty percent osmotic shock with JRGECO1a. We also showed in all
nine experiments with or without ARL that there was no detectable ATP release with ECATS2,
proving our hypothesis that ATP released in response to osmotic shock is in the micromolar range
false. This suggests that a more physiological model of neuron-astrocyte co-culture dampens or
prevents the ATP release we observed in astrocytes cultured alone. This could be due to a change

in surface protein expression profile, where VRACs that release ATP and glutamate are possibly
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less abundant. Alternatively, the ATP release event could be reduced to nanomolar levels,

requiring further ATP affinity increase in the next generation ECATS3.



100

Figure 5.8 HOS in Neuron-Astrocyte Co-culture
A) Data represents the mean + 95% confidence interval for the ECATS2 astrocytes where n=24
astrocytes, JRGECO1a neurons where n=29 neurons, and jJRGECOla astrocytes where n=24
astrocytes. All ECATS2 astrocytes analyzed were also JRGECO1a positive. B) Shows the mean +
95% confidence interval for the ECATS2 astrocytes. (C-J) represents all the ECATS2 channels C)
DIC channel D) CFP channel E) FRET channel F) YFP channel and G-J showing the FRET/CFP
ratio over time. G) Ratio at time=0 minutes as baseline H) Ratio at time=3 minutes 30 seconds
after 50% HOS 1) Ratio at time=10 minutes as response to 200 uM ATP began to peak J) Ratio at
time=20 minutes. K) Shows JRGECO1a at time=0 minutes during baseline recording. L) Shows
JRGECO1a at time=3 minutes 30 seconds after 50% HOS J) Shows the mean + 95% confidence
interval for all neuron ROIs of JRGECO1a signal. The 50% HOS was made at time=3 minutes and
addition of 200 uM ATP at time=9 minutes. ATP wash washed out by perfusion with 50% shock
imaging solution before being switched to 1X aCSF normal imaging solution at time=24 minutes.
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Figure 5.9 HOS causes calcium oscillations in neurons and astrocytes

A) Individual astrocyte trace of the astrocyte indicated by the white arrow in C-J time scale zoomed
in to the view intracellular calcium signals following 50% HOS at time=3 minutes. B) Data shown
is JRGECO1a astrocytes mean + 95% confidence interval show oscillating Ca-responses to both
50% HOS and 200 uM ATP. The gray arrow in C-J points to blebbing axons following HOS and
their clear recovery 3 minutes later in (J). Scalebars are 10 um.

In Figure 5.9 we focused in on the JRGECO1a signal in astrocytes as indicated by the white
arrows. Following osmotic shock, we observed cytosolic calcium signals is several astrocytes

expressing JRGECO1a. Due to the lack of ECATS2 signal, the calcium signals were not caused

by ATP that could be detected with our sensor. It is possible that glutamate receptors are
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responsible for the calcium signals observed. Strong calcium responses within astrocytes also were
observed after addition of ATP, indicating activation of P2X and P2Y receptors (Darby et al.;
Jacobson and Muller). We also hypothesized that a fifty percent hypo-osmotic shock would cause
excitotoxicity due to the direct effect of the shock itself on neurons combined with the ATP and
excitatory amino acid release when VRACSs open. Remarkably, we see the neuronal projections
begin to bleb within twelve seconds of the shock, and almost completely recover three minutes
later indicated by the gray arrows.

Overall, neuron-astrocyte co-culture provides a dampening effect against the ATP release
seen in cortical astrocytes when cultured alone. The loss of the ATP responses we observed in
cultured astrocytes alone may indicate better water regulation of astrocytes in co-culture with
neurons due to an increase in aquaporin expression in co-culture (Hasel et al.). Our tests with and
without ARL made little difference indicating this protective effect is not likely from
ectonucleotidases. ATP release could very well still be occurring within co-culture at levels below
the detection limit of ECATS2, but further increases in affinity need to be made to study purinergic

signaling mechanisms in the nanomolar magnitudes of concentration.
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5.3.4 KCN Ischemia

Since it is known that chemical ischemia causes an ATP release in astrocytes (Rossi et al.),
we sought to test the hypothesis that ATP released by KCN-induced ischemia is detectable by
ECATS2 using live-cell microscopy. Cortical astrocytes in Figure 5.10 show a mixed population
of responders and non-responders across three different fields of view in a 12-well plate. However,
we only performed n=1 experiment and did not subject this data to statistical analysis. The
astrocytes were imaged as fast as possible, which was ~30 seconds to complete the XY-scan
between ROIs and re-focus. Previous studies have suggested that due to the ATP-starving
conditions of ischemia, diffusion and CD39 activity, ATP release due to ischemia is small and
cleared quickly (Rossi et al.). While other studies have reported lysosomal exocytosis of ATP in
response to ischemia using media based luciferase methods in astrocytes and brain slices (Z. Zhang
etal.). This further validates the need for membrane tethered sensors that can detect local signaling
dynamics. Therefore, further increases in ATP-binding affinity and the creation of an ECATS3
with nanomolar to hundreds of nanomolar ATP affinity is needed to further study ATP signaling

during ischemia.
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Figure 5.10 KCN Induced Ischemia shows ATP release detected by ECATS2 in Cortical
Astrocytes

A) Average of all ROIs + 95% confidence interval shows potential ATP release. Addition of
10mM KCN at time = 5 minutes. B) Individual cell ROI traces show populations of responders
and non-responders n=X cells total. C) DIC channel D) CFP channel E) YFP channel F) FRET
channel. G-J FRET/CFP ratio over time of the highlighted red trace responding astrocyte in (B).
G) Ratio time=0 minutes shows baseline ratio H) Ratio time=10 minutes shows increase in ratio
in response to 10mM KCN after 5 minutes of exposure 1) Ratio time=20 elevated ratio continues
J) Ratio time=30 minutes. Scalebars are 10 um.
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5.3.5 Seizure-like Excitotoxicity Models cause no detectable ATP release

Finally, we attempted to test the hypothesis that excitotoxic signaling will lead to ATP
release. Large variations in responses across experiments largely showed little or no detectable
ATP response by ECATS2 following addition of 100 uM glutamate and picrotoxin in most
experiments. One experiment (not shown) demonstrated a dramatic ATP release from cells, but
the neurons and astrocytes withered and died within 10 minutes, and ECATS2 could not be
calibrated with an addition of a known ATP concentration. Addition of an excitotoxic mixture of
glutamate and picrotoxin did not provide instances of ATP release in most cases. This indicates
that if ATP is released in response to an excitotoxic signal, it is below one micromolar and the
detection limit of ECATS2. If CD39 were responsible for clearing ATP, we could repeat the
experiments in the presence of ARL. A representative experiment is shown in Figure 5.11 where

ECATS2 shows no significant changes.
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Figure 5.11 Seizure-like Excitotoxicity Model does not show ATP signaling

A) ECATS2 astrocyte and JRGECO1a neuron data represent mean + 95% confidence interval
overlapping traces showing Mg-free aCSF wash-in at time=2 minutes represented by the green
triangle and addition of 100 uM glutamate and picrotoxin at time=5 minutes represented by the
purple star. B) CFP channel of ECATS2. C) YFP channel of ECATS2. D) Zoomed in timescale of
ECATS2 ratio showing no significant ATP signals detected by FRET/CFP ratio of ECATS2
following Mg-free aCSF wash-in and addition of 100 uM glutamate and picrotoxin. E) FRET
channel of ECATS2. F) DIC channel of field of view. G) Zoomed in timescale of JRGECOla
signal in neurons to better see cytosolic calcium increases in neurons following Mg-free aCSF
wash-in and persisted excitation following 100 uM glutamate and picrotoxin addition shown by
the purple star. H) FRET/CFP ratio at time=3 minutes as an example of baseline. I) FRET/CFP
ratio at time=26 minutes as 200 uM ATP response began to peak. (J-M) Shows JRGECO1a signal
in neurons over time at J) time=0 minutes, K) time=3 minutes after Mg-free aCSF wash-in, L)
time=6 minutes after 100 uM glutamate and picrotoxin addition, and M) time=40 minutes after
the nuclear envelope has disappeared in neurons.
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5.4 Discussion

In this chapter we aimed to test the hypothesis that in vitro models of TBI cause an ATP
release from cultured astrocytes and neuron-astrocyte co-culture in the micromolar range
quantifiable by ECATS2. Our models included mechanical injury, edema, ischemia, and a seizure-
like model. While largely successful as a proof-of-concept of ECATS2 function, neuron-astrocyte
co-culture dampened or prevented the observed ATP released in cortical astrocytes alone in the
edema model.

Hypo-osmotic shock (HOS) was used as a model of brain edema. During edema, astrocytes
swell from water influx through aquaporins, then release chloride, ATP, and excitatory amino
acids such that water will osmotically be obliged to exit the cell with the anions (Thrane et al.;
Darby et al.). When we cultured cortical astrocytes alone, we saw a measurable ATP release nearly
as large as twenty micromolar in response to HOS. A release this large would be capable of
activating P2Y> (ECso ~ 100 nM) and P2Y11 (ECso ~ 10 pM) receptors, causing increases in
cytosolic Ca?* and CAMP in astrocytes (Jacobson and Muller; Guzman and Gerevich).

However, when we transitioned into neuron-astrocyte co-culture, ATP release was either
dampened below ECATS2 detection into nanomolar concentrations or was prevented entirely. The
co-culture of neurons and astrocytes changes their expression profiles, increasing expression of
aquaporins and astrocyte water regulation mechanisms, which may be responsible for the change
in response we observed (Hasel et al.). It is interesting to note that the more physiological model
reduces or entirely prevents the ATP signal, further demonstrating a need for greater improvements
in ATP binding affinity in the next generation sensor. The need for nanomolar and hundreds of

nanomolar dynamic detection by a high affinity extracellular ATP sensor is still required for
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further study of purinergic signaling dynamics in the active ranges of the P2X; (ECso ~ 100-700
nM), P2Xs (ECso ~500 nM) and P2Y> (ECso ~ 100 nM) receptors (Jacobson and Muller).

We hypothesized that a 50% HOS would be severe enough to kill neurons from outright
osmotic shock, excitotoxicity from glutamate release during HOS or a combination of both. Our
studies using two-sensor and multi-color imaging revealed calcium increases within neurons and
astrocytes shown by JRGECO1a following HOS. Calcium increases within neurons and astrocytes
indicate glutamate was released and is binding glutamate receptors on neurons and astrocytes in
response to HOS (Guzman and Gerevich; Hasel et al.). Remarkably, the neuron-astrocyte co-
cultures show blebbing for only fifteen seconds before recovering and blebbing is reduced. These
observations align with the expectation that water management proteins are upregulated in
astrocytes when co-cultured with neurons (Hasel et al.).

Mechanical injury was modeled by physically poking and scratching cultured astrocytes
with a fire-polished borosilicate glass pipette. We hypothesized that physical disruption of the
plasma membrane would cause a detectable ATP release by ECATS2. A direct poke showed ATP
release in the upper range of ECATS2 detection, where previous methods with luciferase estimated
millimolar level release (Y. Zhang et al.). Millimolar levels would need to be reached to trigger
P2X7 (ECso ~2-4 mM ATP) receptors that signal to apoptosis and necrosis pathways (Guzman and
Gerevich; Jacobson and Muller; Y. Zhang et al.). Our tests using the poke model on a nearby
astrocyte did not show ATP detection in ECATS2 expressing astrocytes ~100 um away. This
demonstrates that diffusion is one of the key contributors to clearing ATP signals as observed with
membrane attached luciferase methods, and demonstrates the need for high affinity ATP sensors
tethered to the cell surface (Y. Zhang et al.). The scratch model yielded an acute ATP release with

a fast recovery on only the cell traumatized, while none of the surrounding cells showed a
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detectable ATP release. Other groups have used antagonist studies to indicate scratch and stretch
models release ATP and activate P2Xz and P2Y receptors in astrocytes (Neary et al.), and the
ratio increase in ECATS2 implies a micromolar increase in ATP capable of driving P2X, P2Y2
and P2Y 11 responses (Jacobson and Muller).

Ischemia was modeled by applying KCN to inhibit cytochrome ¢ oxidase and aerobic
respiration. It has been previously reported using a medium-based luciferase method that ATP
release from lysosome occurs in response to acute ischemic insult from KCN (Z. Zhang et al.).
While several astrocytes responded, indicating micromolar release of ATP, many astrocytes did
not show an ATP release as detected by ECATS2. Given the low energy state of ischemia, it is
possible that the majority of ATP signaling dynamics occurs in the nanomolar to hundreds of
nanomolar ranges. We also modeled seizure-like excitotoxicity in neuron-astrocyte co-culture,
since it has been reported that increases in neuronal activity lead to sharp elevations in extracellular
ATP (Engel et al.). In our hands, we did not observe an ATP release, as detected by ECATS2, in
response to seizure-like excitotoxicity in any cells, indicating that if ATP is released it is on the
nanomolar order of magnitude. To better detect ATP signaling dynamics, further increases in ATP
binding affinity are required to tailor ECATS2 into a nanomolar affinity sensor in ECATS3.

In conclusion, we aimed to increase the affinity of ECATSL1 to create a sensor with a
binding affinity for extracellular ATP near nanomolar concentrations to study purinergic signaling
in neurons and astrocytes. ECATS2 is a product of two phases of sensor optimization from
ECATSL, including increasing the ATP-binding affinity of the epsilon subunit and optimizing the
extracellular membrane linker length. Future work to increase ATP affinity in ECATS sensors
would be better focused on further increasing the epsilon subunit ATP affinity. Our work in

Chapter 3 revealed that extracellular membrane linker optimization may not provide any further
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beneficial outcomes and that the 20 nm ER/K linker is best suited for restoring sensor flexibility.
Future work studying purinergic signaling events in response to ischemia and excitotoxic neuronal
activity require further increases in ECATS ATP affinity. ECATS2 could be paired with sensors
of second messengers such as cCAMP and calcium as we have demonstrated, in addition to nuclear
translocation probes that indicate kinase pathway activation. Upstream and downstream purinergic
signaling events could be elucidated and used for therapeutics research in TBI models of edema

and mechanical injury.
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CHAPTER 6. CONCLUSIONS AND FUTURE PERSPECTIVES

6.1 Protein Engineering Perspectives

In the above studies we have provided the highest affinity extracellular ATP sensor that
the field has available right now, ECATS2, as seen in Figure 6.1. Further increases in ATP binding
affinity may be better focused on improving the Bacillus sp PS3 FoF:-ATP synthase epsilon
subunit ATP affinity, as our work with increasing linker length provided no relationship between
linker length and improved affinity. Improvement of the binding site could be done by mutations
further from the ATP-interacting residues to rearrange the electrostatics of the binding domain.
Less likely, would be the use of an unknown alternative ATP binding domain from a different
species of bacteria that has higher ATP affinities than Bacillus sp PS3 while still providing a
conformational change that yields a FRET signal. To our awareness, no such ATP binding domain

has been identified.

Known ATP ECs, values of P2 Receptors

1nM 1uM imM 1M
| | 1 1 | | | [ATP)
e
ECATS2
I I
Need for surface tethered sensors ECATS1 Cytosolic levels
I E—
E— iATPSRERL1 Vesicle levels
Resting extracellular levels s
iATPSnFR10

Figure 6.1 ATP Signaling Concentrations and Current Extracellular ATP Sensors

In red: Biological levels of ATP in cells ranging from nanomolar (nM) at resting extracellular
levels increasing to hundreds of millimolar (mM) in secretory vesicles. Known ECsg values of P2
receptors span hundreds of nM — tens of mM of ATP. In purple: iIATPSnFR? with a limit of
detection near 100 uM ATP. In green: iIATPSnFRY! with a limit of detection near 30 uM ATP. In
blue: ECATS1 with a limit of detection near 4 uM ATP. In teal: ECATS2 with a limit of detection
near 1 uM ATP produced by the work described in Chapters 2 and 3. In black: ATP magnitudes
that still require sensors to study purinergic signaling dynamics capable of activating the highest
affinity P2 receptors. Other sensors produced by: (Lobas et al.; Conley et al.).
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It should be noted that despite our increase in extracellular ATP affinity by addition of the
20 nm ER/K linker, its respective R103A/R115A protein solution observed ATP binding affinity
is still 18.5-fold higher. The remaining 18.5-fold difference in binding affinity between the sensor
in solution and ECATS2 might be explained by the differences in the ionic strength and osmolality
of the buffers used in protein solution versus live cells. As we observed in Chapter 4, changes in
osmolality affects sensor function, but not enough to cause a near 20-fold shift in binding affinity.
Alternatively, the semi-rigid a-helix ER/K linker may not be completely restoring freedom-of-
movement to ECATS2, and long, flexible glycine/serine (G/S) linkers or the combination of ER/K
and G/S linkers may further improve extracellular ATP binding affinity (Sivaramakrishnan and
Spudich). Investigating these manipulations in ECATS2 may lead to a higher affinity ECATS3.
Production of an even higher affinity sensor is still necessary to study dynamics of purinergic
signaling at ATP concentrations capable of evoking responses in the highest affinity P2 receptors,
P2X1 and P2Y; (Table 4).

Table 4 Purinergic Receptors in the Brain

Receptor ATP ECso
P2X7 2-4 mM
P2Y11* 10 pM
P2X,4 1-10 pM
P2X; 2-8 UM
P2X3 1 uM
P2X,* 100-700 nM
P2Y* 100 nM

* = no rodent homologue to study; # = no sensor available to study receptor signaling
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6.2 Using ECATS2 to Study Purinergic Signaling

Surface-tethered fluorescent sensors capable of directly detecting the agonist (ATP) that
binds P2 receptors (Table 4) have not been available until recently (Figure 6.1). Firefly luciferase-
luciferin ATP detection methods paved the way for surface tethered sensors by describing which
cell types are suspect of releasing ATP in response to insults and signals, however the magnitude
of ATP release is not known (Gould and Subramani; Y. Zhang et al.; Beigi et al.; Praetorius and
Leipziger; Darby et al.). The advantage of surface tethered sensors includes direct detection of the
local ATP concentration at the membrane, targeting sensor expression to desired cell types, and
they do not consume ATP to produce their signal. Previous work on purinergic signaling and P2
receptor roles in disease have been studied through knock-out animal models, measurement of
ATP with luciferase methods, or prevention of ATP signaling by use of non-specific P2R
antagonists or application of excess apyrase (Darby etal.; Y. Zhang et al.; Praetorius and Leipziger;
Beigi et al.; Thrane et al.; Bender et al.).

ECATS2 provides direct visualization of ATP signaling at concentrations that activates
receptors P2X>-P2Xs and P2Y1:, where previously ECATS1 could reliably study ATP
concentrations capable of activating P2Xs and P2Y 11 signaling. All four of these P2 receptors are
present in the central nervous system in humans and the knock-out animals for P2X3 and P2X4
suggest these receptors play a role in hippocampal long-term depression. ATP and adenosine are
known to play a role in hippocampal long-term potentiation (LTP) and long-term depression
(LTD), but previous studies have had to rely on the indirect ATP measurements described above
or rely solely on inhibitors (Duster et al.). Now that the tools exist to directly observe local ATP
signaling events at concentrations capable of activating these P2 receptors, researchers can pair
sensors like ECATS2 with pharmacological studies to elucidate purinergic signaling mechanisms

of learning and memory without relying on indirect detection of ATP.
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The issue with indirect detection of ATP lies on the assumption that several of these
receptors studied are activated by ATP alone. While we know this is not the case since receptors
have multiple potential ligands, and the purinergic receptors are no different. For example, P2Y>
can be activated by UTP (ECso = 10 nM) at concentrations 10-fold lower than ATP (Jacobson and
Muller). Studies that rely on indirect methods to assume that ATP is responsible for driving these
receptor signals may be studying the wrong ligands as the intracellular response often reported are
converging response pathways that can be activated by a large variety of signaling molecules. In
our hands, we never observed ATP release at concentrations 1 uM or higher in neuron-astrocyte
co-culture using ECATS2. This indicates that either ATP signaling is occurring at lower
magnitudes or other agonists are responsible for driving these responses and not ATP. If ATP is
not responsible for these signaling events, what other ligands could be binding these receptors to
drive these responses? The most likely candidates are other purines such as ADP, AMP, adenosine,
UTP and UDP which currently have no high-affinity extracellular sensors to study their signaling

dynamics.
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CSF-Barrier Following Co-Exposure to Mangangese (Mn) and Lead (Pb), in vitro” —

Purdue Health and Disease Research Poster — March 28" 2016
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Dan Cholger, Xue Fu, and Wei Zheng “Increased Interactive Toxicities on the Blood-
CSF-Barrier Following Co-Exposure to Mangangese (Mn) and Lead (Pb), in vitro” —
Society of Toxicology 55" Annual Meeting in New Orleans — March 15" 2016

Dan Cholger, Xue Fu, and Wei Zheng “Increased Interactive Toxicities on the Blood-
CSF-Barrier Following Co-Exposure to Mangangese (Mn) and Lead (Pb), in vitro” —
PULSe Spring Research Symposium Poster — February 25" 2016

Dan Cholger, Xue Fu, and Wei Zheng “Increased Interactive Toxicities on the Blood-
CSF-Barrier Following Co-Exposure to Mangangese (Mn) and Lead (Pb), in vitro” —
Ohio Valley of Toxicology 2015 Annual Meeting — November 13" 2015

Dan Cholger, Jason Connely, and Mathew Tantama “Fluorescent Protein Biosensors to
Study Purinergic Signaling from Astrocytes” — PULSe Spring Awards Reception Poster —
April 201 2015

Dan Cholger, Albert Dionese, Nick Poirier, Avery Andrus, Randi Curtis, and Eric S.
Ramsson “Paraffin Wax Sealing of Carbon Fiber Microelectrodes is a Comparable
Electrode Sealing Agent to Epoxy” - West Michigan Regional Undergraduate Science
Research Conference Poster — November 16" 2013

Dan Cholger and Albert Dionese, Randi Curtis, Renah Farhan, and Eric S. Ramsson
“Tryptophan Modification Enhances Neurotransmitter Recordings” Grand Valley State
University Undergraduate Research Fair Poster - October 1% 2013

Dan Cholger and Albert Dionese, Randi Curtis, Renah Farhan, and Eric S. Ramsson
“Tryptophan Modification Enhances Neurotransmitter Recordings” Society for

Neuroscience-Michigan Chapter Poster - May 13" 2013



124

13. Dan Cholger and Albert Dionese, Randi Curtis, Renah Farhan, and Eric S. Ramsson
“Tryptophan Modification Enhances Neurotransmitter Recordings” Grand Valley State

University Undergraduate Research Fair Poster - October 2" 2012

SEMINARS AND PRESENTATIONS GIVEN

Purdue University School of Health Sciences Seminar, hosted by Dr. Wei Zheng — February 71",
2017
Ohio Valley of Toxicology 2016 Student meeting platform presentation — June 20" 2016

Grand Valley State University Biomedical Sciences Seminar, invited by Dr. Eric Ramsson — April

29", 2016

CONFERENCES ATTENDED
The Protein Society Annual Meeting — Boston, MA 2018
Ohio Valley Society of Toxicology Annual Meeting (OVSoT) — Indianapolis, IN 2016
Ohio Valley Society of Toxicology Student Meeting (OVSoT) — Cincinnati, OH 2016
Society of Toxicology 55" Annual Meeting — New Orleans, LA 2016

Ohio Valley Society of Toxicology Annual Meeting (OVSoT) — Highland Heights, KY 2015
West Michigan Regional Undergraduate Science Research Conference—Grand Rapids, M1 2013

Society for Neuroscience-Michigan Chapter—Ann Arbor, Ml 2013
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PUBLICATIONS

. Cholger, Dan, Jason Conley, Steve Valentino, Saranya Radhakrishnan, Elaine Colomb, and
Mathew Tantama. “Engineering A High Affinity Extracellular ATP Sensor for the Study of
Purinergic Signaling.” Manuscript prepared for submission (2019).

Fu, Sherleen, Wendy Jiang, Xiang Gao, Andrew Zeng, Daniel Cholger, Jason Cannon,
Jinhui Chen, and Wei Zheng. "Aberrant adult Neurogenesis in the subventricular zone-rostral
migratory stream-olfactory bulb system following subchronic manganese exposure."
Toxicological Sciences (2016)

Fu, Sherleen, Daniel Cholger, and Wei Zheng. "Approaches in Evaluating In Vivo Mn
Effect on Adult Neurogenesis Response.” Toxicological Sciences 152, no. 2 (2016): 260-261.
Ramsson, Eric S., Daniel Cholger, Albert Dionise, Nicholas Poirier, Avery Andrus, and
Randi Curtiss. "Characterization of fast-scan cyclic voltammetric electrodes using paraffin as

an effective sealant with in vitro and in vivo applications.” PloS one 10, no. 10 (2015)



