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Abstract

Compartmentalized nitric oxide (NO) production drives critical signaling pathways in cells, yet
there are no methods to quantitatively image NO with sub-cellular spatial resolution in living
systems. Here, we introduce a new DNA-based fluorescent reporter technology that maps NO with
sub-cellular resolution in live cells. It combines small molecule NO detection chemistry with the
sub-cellular targetability of DNA based scaffold to provide quantifiable NO maps using
ratiometric imaging. We could thereby map the activity of Nitric Oxide Synthase 3 (NOS3) which
resides at the plasma membrane and the trans-Golgi network. We find that despite its lower
abundance, the pool of NOS3 at the plasma membrane is seven-fold more active than Golgi
associated NOS3. The ability to quantitatively map NO dynamics with sub-cellular resolution

provides the potential to discover selective regulators of distinct NOS3 populations.
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Chapter 1

Introduction

1.1 Nitric Oxide: A versatile signaling molecule:
Nitric oxide (NO) is a lipophilic, highly reactive and small endogenous second messenger
that regulates a number of important signaling pathways. NO regulates blood pressure by
controlling vascular tone, synaptic plasticity by acting as retrograde neurotransmitter and
helps in host defense through its bactericidal and cytostatic activities!>. NO is a short lived,
highly diffusible and is a radical species and, due to these properties, it cannot be stored and
released like most other second messenger molecules®’. Therefore, NO production is
regulated tightly in space and time, the dysregulation of which leads to diverse
pathophysiological conditions®®?.
NO is produced by a family of enzymes called Nitric Oxide Synthases (NOS). Humans have
three NOS isoforms: neuronal NOS (nNOS or NOS1), inducible NOS (iNOS or NOS2) and
endothelial NOS (eNOS or NOS3)*°. All NOS isoforms function as homodimers, use L-
arginine and Oz as substrates and require a number of co-factors, such as flavin
mononucleotide (FMN), nicotinamide-adenine-dinucleotide phosphate (reduced NADPH),
flavin adenine dinucleotide (FAD), tetrahydrobiopterin (BH.) and heme!® 2, NOS isoforms
transfer electrons from the C-terminal reductase domain through NADPH to FAD to FMN
to the heme center of the N-terminal oxygenase domain of NOS3 (Fig. 1.1). Beside heme,
the oxygenase domain also contains BHs and a binding site for the substrate L-arginine!!*!?,

This electron transfer directed towards the heme center is used to reduce O, and oxidize L-

arginine to yield L-citrulline via an N®-hydroxy-L-arginine intermediate and a molecule of

NO (Fig. 1.1)!%14,



All three NOS isoforms have a calmodulin binding site. In the case of NOS1 and NOS3, an
increase in cytoplasmic calcium levels mediates calmodulin binding. This calmodulin
binding event facilitates electron flow from the reductase domain to the oxygenase domain
and increases NOS efficiency to produce NO. On the other hand, NOS2 can bind calmodulin

even when intracellular calcium levels are as low as 40 nM.'%1>

Reductase Domains

\ch

&

Fig. 1.1 Structure, catalytic mechanism and regulators of NOS enzymes (adapted from
Forstermann et al., 20123, Schematic showing domains of the Nitric oxide synthase and co-
factors that it requires in order to produce NO. Akt kinase (Aktl), AMP-activated protein
kinase (AMPK), Ca2+/calmodulin-dependent protein kinase I (CaMKII) and protein kinase
A (PKA) are known to phosphorylate S1177, which increases NO production efficiency of
NOS isoforms.



1.2 Nitric Oxide Synthases: Localization, Regulation and Function

Neuronal Nitric Oxide Synthase (NOS1): NOSI is a constitutively expressed in neurons
of the central nervous system (CNS). NOS1 contains an amino-terminal PDZ domain, which
regulates its sub-cellular localization and activity by mediating interactions with other PDZ
domain-containing proteins'®. Apart from the central nervous system, NOS1 has been
detected in spinal cord, adrenal glands, macula densa cells of kidney and in pancreatic islet

cells!®!7,

Several studies in the last two decades have reported roles of NOS1 in a variety of synaptic
signaling processes. NOS1 has been implicated in vital processes, such as neurogenesis,
learning and memory'®. In the CNS, NOSI regulates long-term potentiation and long-term
inhibition!®!. Importantly, retrograde neurotransmission across synaptic junctions is
predicted to be involved in memory and engram formation and inhibition of this transmission
causes amnesia and hampers learning in animal models**. Abnormal NOS1 signaling is
presumed to contribute to a variety of neurodegenerative diseases, such as Alzheimer’s,
Parkinson’s and multiple sclerosis®!. Hyperactivation of NOS1 by massive repeated influx

of calcium into neurons is implicated in NMDA receptor mediated neuronal death via

excitotoxicity and stroke-like conditions??.

Inducible Nitric Oxide Synthase/NOS2: NOS?2 is usually expressed at very low levels in
cells, but as the name suggests, NOS2 expression can be induced by immunostimulatory
49,17

molecules, such as lipopolysaccharide derived from bacteria and a variety of cytokines

First identified in macrophages, NOS2 expression can be induced in virtually any cell type



upon treatment with the appropriate immunostimulatory molecules*. NOS2 is regulated
transcriptionally. Once expressed, it is constitutively active and does not require elevated

cytoplasmic calcium levels®.

NOS2, when induced in immune cells, produces copious amounts of NO, which acts as a
major cytotoxic agent in these cells*>. NO can react with Fe’" bound to proteins and by
modifying these iron atoms, NO can modulate activities of key enzymes that utilize Fe*" as
a part of their catalytic cycle. These include heme-containing enzymes and iron-sulphur
cluster-containing enzymes such as electron transport chain complexes in mitochondria and
ribonucleotide reductase?*. Moreover, the large amounts of NO produced by immune cells
can cause DNA damage by base modifications and strand breakage?*. Such mechanisms are
posited as the basis of the cytotoxic and cytostatic effects of NO on microorganisms and
tumor cells>>2’. When induced by appropriate agents, non-immune cells can also express
NOS?2 and produce large quantities of NO, which can reach neighboring cells and affect their
functions?®. For example, when endothelial cells are induced by cytokines, they can produce
NO and kill proximal tumor cells, while induced hepatocytes can produce enough NO to kill
malarial parasites resident within®.

The effect of NO on any cell depends on three main factors - quantity, location and timing.
When large quantities of NO are produced by immune cells at the wrong time, in the wrong
amount and on the wrong location, it can also harm healthy tissues*®*!. In animal models,
tissue damage is linked to NO or ONOO" (peroxynitrite) produced by the interaction between

NO and superoxide (O>~) ?2. Most inflammatory and autoimmune lesions have activated,



NOS2-positive macrophages and neutrophils. These activated innate immune cells produce
large quantities of NO which can damage surrounding tissue®.

Neurodegeneration caused by inflammation has been observed in a number of
neurodegenerative disorders. We now have some clues about the mechanisms used by
activated microglia and astrocytes to kill neurons. Expression of NADPH oxidase and NOS2
in these activated cells generate peroxynitrite, which causes apoptosis in neurons. NO perse
can block mitochondrial function by inactivating the electron transport chain and inhibiting
cytochrome C, which causes neuronal death®**, Lastly, large quantities of NO produced by
NOS?2 also play a role in bacterial endotoxin initiated septic shock. The presence of NO
causes symptoms like arteriolar vasodilatation, hypotension, and microvascular damage and

worsens pathophysiology associated with septic shock®>3,

Endothelial Nitric Oxide Synthase/NOS3: NOS3 is mostly expressed in endothelial cells.
However, recently it has also been shown to be expressed in cardiomyocytes, platelets,
human placenta and epithelial cancer cells'”. In endothelial cells, NOS3 is located in two
distinct populations: one in the cholesterol rich domains of the plasma membrane and the
other in the Golgi apparatus®’>®. Targeting of NOS3 to the Golgi and plasma membrane
requires co-translational N-myristoylation and post-translational cysteine palmitoylation.
Mutation at the Gly2 position, a site for N-myristoylation, inhibits both myristoylation and
palmitoylation and NOS3 remains in cytoplasm instead of targeting to membranes®’* !,
Mutation of palmitoylation sites Cys15 and Cys26 attenuates plasma membrane targeting

but does not affect N-myristoylation and Golgi targeting®. In cells, these mutants show

reduced NO production when stimulated with pharmacological agents which increase



intracellular calcium, although purified enzyme variants show no differences from wildtype
NOS3 in terms of NO production *¥*2. This suggests that acylation of NOS3 and plasma
membrane localization or Golgi localization is absolutely required for its activity.

Similar to NOS1, NOS3 also requires calmodulin and elevated cytoplasmic calcium for
efficient NO production. Several other proteins are known to interact with NOS3 and
modulate its activity. For example, heat shock protein 90 (hsp90) binds NOS3 and serves as
an allosteric activator***, Plasma membrane-associated NOS3 population can interact with
caveolin-1, which inhibits the activity of NOS3*% Caveolin-1 knockout mice show
enhanced epithelium-dependent relaxation. Interaction between NOS3 and caveolin-1 could
be inhibited by recruitment of calmodulin and hsp90“°.

NOS3 can also be activated by cues that are independent of cytosolic calcium elevation, such
as fluid shear stress*’. Shear stress activates NOS3 by increasing its phosphorylation. NOS3
can be phosphorylated on several of its tyrosine (Tyr), serine (Ser) and threonine (Thr)

residues*®*°

. Phosphorylation of Ser 1177 represents an independent and -efficient
mechanism for NOS3 activation. Phosphorylated Ser1177 increases the flux of electrons
from the reductase domain and increases calcium sensitivity of the enzyme*’#$° 17-p-
estradiol (E2) and vascular endothelial growth factor (VEGF) increase NOS3
phosphorylation mainly via Ser/Thr kinase Akt. Insulin activates both Akt and AMP-
activated protein kinase. Shear stress increases NOS3 phosphorylation by activating protein
kinase A (PKA)®. Thus far, Akt is the only regulator of NOS3 which is proven to work in-
vivo, because a knock-in mouse carrying phosphomimic mutation Ser1176Asp make NOS3

constitutively active, whereas Serl176Alan reduces enzyme activity®'. On the other hand,

Thr495 tends to be phosphorylated by protein kinase C (PKC) under non-stimulated



conditions2. Phosphorylation of Thr495 is predicted to interfere with calmodulin binding by
changing the structure of the calmodulin binding domain. Elevated cytoplasmic calcium and
NO production by NOS3 dephosphorylates Thr495 and the dephosphorylation allows better
binding to calmodulin®. NOS3 also gets phosphorylated at Serl14, Tyr657 and TyrS81.
However, mechanisms underlying how these phosphorylation sites modulate NOS3 activity

is unclear and is an active area of research’>.

NOS3 is one of the main regulators of numerous vital cardiovascular functions and
homeostasis. NO produced by NOS3 acts as a vasodilator for all types of blood vessels by
activating soluble guanylyl cyclase (sGC) and increasing cGMP concentrations in smooth
muscle cells,>** and NOS3 knockout animals have elevated blood pressure®®. NO that leaks
into the blood vessel lumen inhibits platelet adhesion to the vascular wall and platelet
aggregation®®>’. Such inhibition provides protection against thrombosis. It also decreases the
platelet-derived growth factors (PDGF), thereby inhibiting smooth muscle proliferation.
Thus, NOS3 shapes vascular remodeling to adapt to chronic changes in flow®. By preventing
platelet aggregation and PDGF release, NO also prevents fibrous plaque formation, which is
a critical step in atherogenesis. It thus acts as an anti-atherosclerotic agent®®. Additionally,
decreased NO production from endothelial cells has been shown to be associated with a

number of cardiovascular diseases.

NO produced by NOS3 also regulates postnatal angiogenesis by acting as a messenger
downstream of angiogenic factor signaling. Mice deficient for NOS3 also show impaired

neovascularization®®. Recent findings in mice lacking NOS3 showed NO is important for



fetal lung development. The lung phenotypes observed in these mice are similar to those
observed in alveolar capillary dysplasia which causes hypertension in newborns confirming
the role of NO in angeiogenesis®. NOS3 is critical for angiogenesis post-ischemia as it
mobilizes endothelial progenitor cells®!. Mobilization of endothelial progenitor cells by
VEGEF is reduced in mice lacking NOS3. In a model of hind-limb ischemia in NOS3
knockout mice, intravenous infusion of wild-type progenitor cells can rescue the defective
neovascularization, but it does not work with bone marrow transplantation. This suggests
that mobilization of progenitor cells from the bone marrow is impaired in NOS3 knockout
mice. Indeed, matrix metalloproteinase family member 9, which is required for stem cell
mobilization, was reduced in the bone marrow of these mice. Reduced systemic NO
bioactivity seen in ischemic heart disease may therefore contribute to impaired

neovascularization®?.

NOS3 and cancer

Involvement in cell cycle regulation, apoptosis and angiogenesis is in line with its
dichotomous roles in the maintenance of cancer and tumorigenesis®+=!*. NO plays broad
roles when it comes to cancer growth. It regulates cellular transformation, size of neoplastic
lesions, and initiation of metastatic cascade. NO also mediates genotoxic effects, such as
DNA lesion by formation of mutagenic species, by directly modifying DNA or by inhibiting

DNA repair mechanisms. NO can also cause double strand breaks and G to A mutations®*%*

66

In cancer cells, NO inhibits caspase activity by S-nitrosylating critical cysteine residues and

provides efficient means to block apoptosis. Other means by which NO blocks apoptosis

8



involve direct or cGMP-mediated inhibition of cytochrome C release, overexpression of Bcl-
2 which controls the mitochondrial permeability, increased expression of Hsp70 and Hsp32,
and activation of cyclooxygenase-2°7. NO also controls tumorigenesis by regulating
angiogenesis. NOS3-generated NO provides increased blood flow to tumors via dilation of
surrounding vessels. It decreases interactions between endothelial cells and leukocytes and
increases vascular permeability®. VEGF released by tumor cells requires functional NO and
sGC pathways in the target cell to promote the growth of new blood vessels. NO directly
activates COX-2 which in turn stimulates the production of prostaglandins and other pro-
angiogenic growth factors. NO also mediates metastasis by overexpression and activation of
matrix metalloproteinase family proteins MMP-2 and MMP-9 and downregulation of MMP
antagonists such as TIMP-2 and TIMP-3%. Tumor-derived NO inhibits proliferation of
leukocytes thereby, downregulating the anti-tumor immune responses>*.

The role of NO in tumorigenesis and tumor maintenance has been extensively investigated
for epithelial cancers’®’!. NO has been shown to play a role in the growth of pancreatic
carcinoma and breast cancers. Overexpression of NOS2 and NOS3 has been reported in
breast cancer tissues and in breast carcinoma cell lines. Moreover, this expression correlates
with tumor grade and cancer stage. Increase in NOS activity has been observed in aggressive
breast cancers as compared to benign or normal breast tissue’*”*. Elevated levels of NO and
its metabolites have also been detected in the blood samples of breast cancer patients. Jadeski
et al. showed that the presence of NOS3 in breast metaplastic cells promotes the
transformation of metaplastic epithelium into carcinoma’. NOS3-derived NO increases
blood flow towards tumors and also facilitates angiogenesis. This explains the positive

correlation between NOS3 levels, NO biosynthesis and grade of malignancy’®. Levels of



1.3

nitrotyrosine, a proxy for NO production, correlate with VEGF-C expression and lymph node

metastasis in breast cancer’”.

Steroid hormones greatly influence breast cancer growth. Both estrogen and progesterone
regulate expression of NOS isoforms and tumor cell homeostasis in breast carcinomas’®”’.
NOS3 expression has been found to correlate with estrogen receptor expression in human
breast cancer cell lines’®. Progesterone on the other hand increases NOS2 expression. NO
produced by NOS3 mediates the proliferative effects of estrogen, whereas high levels of NO
produced by NOS?2 are associated with increased apoptosis upon progesterone treatment’*-°,
Amount, location and duration of NO production could give rise to different physiological

outcomes. Thus, measuring activities of NOS isoforms could lead to better understanding of

these opposing effects and pave a way towards development of better cancer therapies.

State of the art technologies to detect NOS activity and their limitations

I have thus far laid the basis for the need for reliable measurements of NO or NOS activity
with sub-cellular resolution in order to understand biological outcomes. However, there are
number of challenges to achieve this goal. Low concentrations of endogenous NO and its
short half-life are the major hurdles®'. In cells, NOS1 and NOS3 produce nanomolar
concentrations of NO, while NOS2 can produce micromolar concentrations. Another
complication is that after it is generated by a NOS isoform, NO diffuses rapidly from the
point source and reacts with biomolecules in its path. For example, NO directly reacts with
cysteine and tyrosine residues on proteins and modulates the protein functions (Discussed in

Chapter 4 section 4.1). NO can also be scavenged by electron-rich centers such as heme and

10



iron-sulphur clusters, or by oxidation with oxygen and endogenous ROS to form nitrate and
nitrite. As a consequence of these reactions, NO has a half-life of milliseconds to 7 seconds
under physiological conditions®?. While there are several techniques that can measure NO
from bulk tissue extracts, very few can be employed to measure NO production in single
cells.

Histochemistry and fluorescence in-situ hybridization of NOS isoforms provide high
sensitivity and selectivity but are only able to provide information on presence and sub-
cellular distribution without yielding enzyme activity or absolute NO levels. Other detection
methods which can report directly on NO or NO metabolite are chemiluminescence, electron
paramagnetic resonance based spectroscopy, electrode-based sensors, small molecule
fluorophores and recently, genetically encodable NO sensitive fluorescent proteins®!#3.
Chemiluminescence requires reaction with cytotoxic agents like ozone while EPR has overall
lower spatial resolution making these techniques face limitations when it comes to live single
cell measurements®**>, Both small molecule and protein-based fluorescence sensors are the
current state-of-the-art and most widely used assays for single cell NO measurements. I will
discuss two such fluorescence-based NO sensing technologies which are available
commercially and used widely. 1) 4,5-Diaminofluorescein, a small molecule fluorophore
whose fluorescence increases upon reaction with NO and ii) geNOps, a genetically encodable
fluorescent protein-based NO sensor whose fluorescence decreases upon reaction with NO.
4,5-Diaminoflurescein (DAF) was synthesized and validated as an NO sensor by Nagano’s
group in 1998%%7 DAF has electron-donating groups such as amines attached to benzoic
ring of a fluorescein core. In this form, photo-induced electron transfer (PeT) from the

aromatic diamino group quenches its fluorescence. Upon reacting stoichiometrically with
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NO and Oz, DAF forms DAF-triazole and this disrupts PeT, which restores fluorescence
(Fig. 1.2)%. The high-fold-change and its ease of use have been exploited in many
fluorescence microscopy, cell sorting and fluorimetric studies®!*3%°. DAF provides excellent
signal-to-noise ratio, high selectivity, high sensitivity and desirable photophysical properties
by tolerating change in the fluorophore core. The only major disadvantage DAF faces is rapid
intracellular and intercellular diffusion after reaction with NO, which blurs out spatial

information and gives average readout of NOS activity.

A.
AcO
c (0] OAc DEA
gﬂ |O Esterase NONOate
F F —9 _——
1 or
Q o OH Cells
o]
H3CHN NH,
i HsC”
DAF-FM Diacetate DAF-FM
(nonfluorescent) (Weakly fluorescent) DAF-FM T

(Fluorescent)

Fig. 1.2 NO sensing by DAF-2DA (adapted from Mainz et al., 2012)*°. Cell permeable
molecule DAF-FM Diacetate enters cells and gets processed by cytoplasmic esterase to
DAF-FM, which upon reaction with NO forms DAF-triazole.

Genetically encodable NO probes (geNOps) were developed by the Malli group in 2016°!.
These probes contain different fluorescent proteins directly conjugated to an iron-containing
bacterial NO-binding domain. The NO binding domain brings NO in close proximity of the
fluorophore which is presumed to affect electron density in the vicinity, thereby quenching
the fluorescence (Fig. 1.3). geNOps is quasi-reversible, its fluorescence recovers when NO

dissociates from the NO-binding domain, which allows for dynamic imaging of NO®-1,

Being genetically encodable, geNOps can be targeted to various sub-cellular locations and
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provide single-cell as well as sub-cellular NO levels. However, geNOps is limited by its low,
negative fold-change in signal which precludes real-time long-term imaging as
photobleaching would also affect the signal. Most fluorescent proteins are pH sensitive, and
this restricts use of geNOps to those regions where pH is near neutral. geNOps cannot be
used in organelles with acidic pH e.g. endosomes, Golgi or phagosomes. Its iron center in
the NO binding domain cannot acquire iron from the cytoplasm and requires addition of
millimolar quantities of iron which would affect cell physiology. The iron-containing NO
binding domain is also sensitive to ROS, such as H>O,, and its fluorescence is quenched’!.
This cross reactivity to ROS gives false positive signals and thus it cannot be used in

environments with high ROS levels, such as phagosomes.

JL Iron (II) Jlx
1 loading
ﬁ Fez+

GFP NO binding
domain

1

Fe?t <—_N: Fe2t

Fig. 1.3 NO sensing by geNOps (adapted from Eroglu et al., 2018)%. geNOps is a fusion
protein of GFP and NO binding domain. Iron center of NO binding domain can form
coordination bond with Fe?" which changes electron density around the GFP and quenches
its fluorescence.

+NO o "N\(\)
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1.4 DNA-based ratiometric sensors for small molecules and ions in Biological systems.
To quantitatively measure activities of sub-cellular NOS3 populations, we require a sensor
that is selective, targetable, pH-insensitive and preferably ratiometric. In short, we required
a sensor which combines the selectivity and photophysical properties of small molecule
sensors with sub-cellular targeting available to proteins. We therefore chose a DNA-based
sensor, which combines these properties and has been used in-cellulo and in-vivo for
quantitative measurements of positively charged ions (H" and Ca?"), negatively charged ions

(CI), reactive species (HOCI and NO) and small molecule second messengers (cAMP)*> 101,

DNA-based sensors are ratiometric, here a strand containing a sensing fluorophore is
hybridized with an equimolar concentration of a strand containing the reference fluorophore.
The reference fluorophore is not sensitive to the environment and hence can be used for
normalizing purposes, just as a loading control on a western blot and also as a fiducial marker
to track the sensor in case the sensing fluorophore is dim to start with. Ratiometric imaging
(Sensor fluorophore/reference fluorophore) corrects for sensor intensity differences inside
cells which might arise due to cell-to-cell heterogeneity, trafficking differences and non-
uniform probe uptake, that all results in inhomogenous probe distribution.

DNA nanodevices are modular and programmable, which allows for accommodation of
multiple functionalities on a single device. These functionalities include sensing
fluorophores for simultaneous sensing of multiple analytes, normalizing fluorophores,
targeting moieties and immunogenic signals'®>. DNA nanodevices are very much plug-and-

play technology as their modularity offers the capabilities to re-use pre-characterized
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1.5

functionalities on newer sensors or combining already known sensors onto a single
device?6:101,103
Taking advantage of these properties, we designed DNA-based NO-sensitive probes, called
NOckout to measure NOS3 activity'®. NOckout combines the selective chemistry and
photostability of small molecule NO probes as well as offers stable spatial localization
afforded by protein sensors. These probes are modular, ratiometric, pH insensitive and sub-

cellularly targetable, making them well suited to quantify activities of NOS3 sub-

populations.

Scope of this thesis

Despite the clear importance of both NOS sub-populations, it has been challenging to
delineate the contribution of either pool in terms of their NO contribution or physiological
relevance. In this thesis we will discuss how we attempted to answer some of these questions.
Chapter 2 will discuss the design and characterization of NOckout probes followed by
benchmarking of our probe with state-of-the-art NO probes.

Chapter 3 will discuss and compare NO production of plasma membrane-associated NOS3
versus that of Golgi-associated NOS3, followed by an attempt to dissect the mechanism
responsible for the apparent differences in activities of these NOS3 populations.

Chapter 4 discusses a potential role of one NOS3 in the maintenance of Golgi morphology,

and potential molecular players involved in this process.

15



Chapter 2

Design, Characterization and in-cellulo performance of NOckout devices

2.1 Introduction: Design and Assembly of NOckout

Most approaches to detect NOS activity are based on NO-sensitive small molecule fluorophores
(Chapter 1)%:195106  However, after reacting with NO diffuse these fluorophores rapidly
throughout the cytoplasm and to the extracellular space, thereby blurring the spatial information
of NO production. Recently developed genetically encodable probes offer the necessary spatial
information but they are also sensitive to pH and ROS®!. This restricts the use of such probes
mainly to the cytoplasm with less applicability to other organelles such as late endosomes,
lysosomes, Golgi-Apparatus, mitochondria etc. Genetically expressed NO sensors also require
supplementation of millimolar levels of Fe** to function which impedes their use in-vivo’!. To
measure activities of NOS3 populations in cells, we need a probe with the high specificity and
photostability afforded by small molecules, while retaining the spatial information associated with
protein probes. We developed DNA-based probes denoted NOckout, that provides quantitative
information about sub-cellular NOS3 activity using ratiometric imaging. We made two NOckout
variants, NOckout™ and NOckout”®" to quantitatively image NO with sub-cellular resolution,
NOckout includes the following modules with stoichiometric precision integrated into a single

probe,

(1) an NO-sensitive small molecule fluorophore which is specific, photostable and works over a
wide range of pH values. This fluorophore should also be able to sense a range of NO

concentrations encountered inside cells and with response kinetics fast enough to capture NO
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molecules before they react with their biological targets®!. For this purpose, we chose an NO-
sensing fluorophore based on the diaminorhodamine fluorophore DAR (Fig. 2.1)'%. Fluorescence
of DAR is quenched by intramolecular photoinduced electron transfer arising from the aromatic
diamino group (OFF state, Fig. 2.1). DAR reacts stoichiometrically with NO and its auto-oxidized
form (N20;3) to form the triazole derivative DAR-T®’, which disrupts photoinduced electron
transfer, thereby turning on fluorescence (ON state, Fig. 2.1), with Aex =550 nm and Aem =575 nm
(ex- excitation and em- emission). DAR-T offers high photostability, brightness (¢ =0.42,

£=76,000 M—1 cm—1), pH insensitivity from pH 4-10 and has an NO detection limit of ~7 nM'%,

(i1) an internal reference fluorophore for ratiometric quantification. This reference fluorophore
corrects for DAR intensity differences inside cells which might arise due to cell-to-cell
heterogeneity, trafficking differences and non-uniform probe uptake. We used different reference
P

dyes for each NOckout variant, NOckout™", a variant targeted to the plasma membrane uses Alexa

fluor 488 (Alexa488) as the normalizing fluorophore, whereas NOckout”®",

a variant targeted to
Golgi, uses Alexa fluor 647 (Alexa647) as the normalizing fluorophore. Alexa488 and Alexa647
were chosen because of their high photostability, brightness and insensitivity to pH, ROS and other
analytes that NOckout might encounter inside cells”®!’. These spectrally distinct reference

fluorophores enable simultaneous tracking and visualization of both NOckout variants in duly

labeled cells.

(ii1) a targeting module to stably localize NOckout either at the Golgi or at the plasma membrane.
NOS3 is known to localize to cholesterol rich domains on the plasma membrane. Thus, NOckout™
was covalently conjugated to triethylene glycole-Cholesterol (TEG-Cholesterol). Upon

encountering the plasma membrane, the cholesterol moiety inserts into the outer leaflet of plasma
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membrane and stably localizes NOckout™ onto the plasma membrane!®!'”. NOckout™
localization is ideal because the cholesterol moiety is expected to position it in close proximity of

NOS3 on the opposite face of the plasma membrane. NOckout’?"

on the other hand uses a very
high affinity DNA-aptamer (5-TRG2, Kq — 18 nM) that binds hypo-glycosylated MUCI1 on the
plasma membrane of epithelial cancer cells!!’. Upon incubation with NOckout’®", the MUC1
aptamer 5-TRG2 engages hypo-glycosylated MUC1 on the plasma membrane and labels the
lumen of the trans-Golgi network (TGN). MUCI traffics back to the Golgi through retrograde

endocytosis and ferries NOckout’“" along with it. In this chapter, I describe the design, synthesis,

in-vitro and in-cellulo characterization of these NOckout devices.

a b "
@
0, 4 (@
v @ &

NOckout™  NOckout™N

Fig. 2.1 Design of NOckout probes. a, DAR structure and mechanism of NO sensing, with arrows
showing the site of DNA conjugation. b, Design of two NOckout reporters, NOckout™ (plasma
membrane-targeting) and NOckout™" (Golgi-targeting). Green and blue filled circles in
NOckout™ denotes sensing dye (DAR) and normalizing dye (Alexa488), respectively. In the case
of NOckout™N, Alexa647 (red filled circle) functions as the normalizing dye. Cholesterol moiety
(gray) conjugated to the NOckout™ sensor targets it to the plasma membrane and 5STRG2 aptamer
(gray hairpin) conjugated in NOckout™N ferries it to the Golgi.
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2. 2 Materials and Methods

Reagents

Oligonucleotides (Supplementary Table 1) were purchased from Integrated DNA Technology
(IDT, USA). HPLC purified oligonucleotides were ethanol precipitated before using them for
NOckout assembly. DAR was functionalized to S1 (Scheme 1). Oligos were quantified using UV-
visible spectrophotometry (Shimadzu UV-2700) and were dissolved in de-ionized water to prepare

a 200 uM stock, aliquoted and stored at —20 °C until used.

Small molecules such as 1400W, PTIO, 17-B-estradiol (E2), L-NAME and DEA-NONOate were
purchased from Cayman chemicals. All other chemicals used for the DAR-synthesis were
purchased from Sigma Aldrich. Methylene blue and PTIO stock solutions were prepared in DMSO
(50 mM). Whereas, E» stock solution was prepared in ethanol (10 mM), DEA-NONOate stocks
were prepared in NaOH (10 mM, pH 9), and were all used within a week. For incubations lasting
longer than 24 h, the aforementioned small molecules were replenished to the same concentration

in new medium every 24 h.

Name Sequence

S1 5’- /5AzideN/ATC AAC ACT GCA CAC CAG ACA GCA -3’

S2™ 5’- /5A1ex488N/TGC TGT CTG GTG TGC AGT GTT GAT /3CholTEG/ -3’

S2TeN 5’- GGC TAT AGC ACA TGG GTA AAA CGA CTT TGC T/iAlexa647N/G TCT GGT GIG
CAG TGT TGA T -3’

Table 1: Sequences of chemically modified oligonucleotides used in the study.

DsiRNA used for the knockdown of NOS3 were purchased from Integrated DNA Technology

(hs.Ri.NOS3.13.1 and hs.Ri.NOS3.13.2), NOS3 forward primer: AGC GGC TCC CAG GCC
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CAC GA, reverse primer: CAG ACC TGC AGT CCC GGG CA and B-actin forward primer: CCT

CGC CTT TGC CGA TCC, reverse primer: GAG TCC ATC ACG ATC CCA GT.

NOckout sensor assembly (Scheme 1)

DMSO, RT, 3 h

-

10kDa
H,N- mEzEam-NHBoc R
10 equiv DBCO-NHS

DBCO- ZEaMl-NHBoc

1.5% TFA in DCM, RT, overnight
> DBCO- -NH,

2. Neutralize with TEA

3. Purify and lyophilize (Also available commercially)

NH, DBCO
— I‘ N; DBCO-NHS
-
pH 7.4 phosphate buffer, RT pH 7.4, phosphate buffer, 3
ss-Nj 1.5eq | h, RT, 10 equiv
(24 mer)
ssDNA-PEG-NH, ss-DBCO

DBCO - IEEEEM - DBCO
(Also ava|.lable DBCO
commercially) T

DAR-N;

ss-A488
—_—
Overnight 50 mM pH 7.4 phosphate
RT1.5eq buffer
ss-DBCO ss-DAR NOckout
NH, HN SN
NaN, Nal O NH, NN, O NH,
B >"cl Ny >0 —— e N COOH —_— COOH
DMSO acetone EtOH
24 h 24h

980 o"
Me,N o NMe,

Scheme 1: Stepwise synthesis of DAR-S1 strand and assembly of NOckout. Where ss-DAR is S1
conjugated to Diaminorhodamine and ss-A488 is S2.

X
+
MeoN O NMe,

PEG in between S1 and DAR prevents PeT which has been observed when rhodamine
fluorophores are conjugated to oligonucleotides'!!. Attachment of DAR directly to DNA in the
absence of PEG brought down maximum in vitro fold change of NOckout to 2-fold as compared

to 6-fold when PEG is present (Dr. Aneesh T. Veetil’s Unpublished data).

Synthetic procedures
1-azido-3-iodopropane (Scheme 1) was synthesized using 1-bromo-3-chloropropane as precursor
following procedure described by Yao et al.''>. DAR-4M was synthesized following synthetic

procedures from to Kojima et al.'%.
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For synthesis of DAR-N3, DAR-4M (28mg, 0.067 mmol) was heated in dry ethanol until it starts
refluxing then add 1-azido-3-iodopropane (25 mg, 0.12 mmol) every two hours. Reaction was
monitored by LC-MS. Reaction was stopped once maximum monoalkylated product was detected
on LC-MS. Then, crude product was purified by chromatography with MeOH/DCM (1:9 v/v) as
a mobile phase to isolate DAR-N3 (2.7 mg, 8%). Unreacted DAR-4M was recovered from the
plate.

DAR-N3 NMR peaks: '"H NMR(CDCI3, 500 MHz, ppm) & = 1.98 (m, 2H), 2.97 (s, 12H), 3.27 (4,
2H, J = 6.5 Hz), 3.52 (t, 2H, J = 6.5 Hz), 6.41 (dd, 2H, J = 2.5 Hz, 8.5 Hz), 6.43 (d, 1H, J = 3.0
Hz), 6.47 (d, 2H, J =2.5 Hz), 6.76 (d, 2H, J = 4.0 Hz), 6.85 (d, 1H, J = 8.0 Hz);

13C NMR (CDCI3125 MHz, ppm) & = 33.0, 40.5, 42.2, 49.7, 98.6, 108.5, 108.8, 111.9, 113.3,

118.1, 129.2, 135.7, 135.9, 152.2, 153.2, 171 .4

1. Conjugation of the dibenzocyclooctyne (DBCO) group: Mono-protected amine
functionalized 10kDa polyethyleneglycol (3 mg, Boc-NH-PEG-NH», Creative PEG
works) was dissolved in 150 pl of dry DMSO. To make assay system basic (higher pH),
2 ul of triethylamine was added. DBCO-NHS ester (Sigma-Aldrich) was added to the
reaction at a final concentration of 20 mM, stir reaction mixture at room temperature for
3 hours. The reaction mixture was diluted 100 times with de-ionized water to bring down
DMSO content to less than 1%. Unreacted DBCO-NHS ester was removed from reaction
mixture by centrifugation using 3 kDa Amicon cut-off filters, presence of remaining
DBCO-NHS ester by UV-Vis spectrophotometer of each Amicon flow through. This

purification step was repeated until there was no detectable absorbance at 309 nm in the
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Amicon flow through. Purified DBCO-PEG product was lyophilized and can be stored at
—80 °C up to 3 months.

. Deprotection of zert-butyl carbamate (Boc): Dissolve 5 mg of DBCO-PEG in 200 pl
trifluoroacetic acid/dichloromethane (5:95 v/v). Stir reaction mixture overnight at room
temperature. Evaporate solvent using a gentle nitrogen flow. Add 100 pul de-ionized water
and neutralized mixture with triethylamine. The product concentration was determined by
UV spectrophotometer (lex =309 nm). This deprotected PEG derivative was lyophilized
and can be stored at —80 °C up to 3 months.

. DNA-PEG conjugation: 50 uM of 24-mer ssDNA with a 5-azide modification (strand
S1, see Table 1 for sequence) was dissolved in 50 mM potassium phosphate buffer, pH 7.4.
Add 75 pM deprotected PEG derivative and stir the reaction mixture for 12 hours. Reaction
progress was checked by gel mobility shift assay on a 15% PAGE. PEG conjugated DNA
migrates much slower than 24-mer DNA without the PEG. Conjugated product was
purified by 10kDa molecular weight cut-off Amicon centrifugation using 100 mM
phosphate buffer, pH 7.4 as exchange buffer.

. PEG-DNA-DAR conjugation: DAR-N3 was dissolved in DMSO to to make a stock
solution of 3mM. Exact concentration was determined by UV spectrophotometer
(Aex=571nm, e=7.8 x 10*Mcm™). 1.5 equivalence of DAR-N3 was added to PEG-S1.
Stir reaction mixture at room temperature for 12 hours, purify PEG-DNA-DAR (ssDAR
or DAR-S1) using 3 kDa cut-off Amicon centrifugation using 100 mM phosphate buffer
pH7.4, as exchange buffer. Flow through from Amicon was checked by UV
spectrophotometer and this step was repeated until absorbance from DAR-N3 was

undetactable.
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5. Annealing: DAR-S1 and S2PM or S2TSN (Table 1) were mixed in equimolar ratios to a
final concentration of 10 uM in 20 mM potassium phosphate buffer (pH 7.4) supplemented
with 100 mM KCI. Strands were annealed by heating mixture to 90 °C and decrease
temperature with a rate of 5 °C per 15 min until it reaches room temperature, equilibrate

sample at 4 °C overnight.

Assembly of NOckout was confirmed by a gel mobility shift assay using 15% native PAGE
(running buffer- 1x TBE, 100 V constant voltage for 120 min at RT). PAGE was imaged
using Bio-Rad ChemiDoc MP imaging system (Fig. 2.2). Alexa488 (referred to as ‘B’)
channel images for gel were acquired using Epi-blue filters (Aex. 460—490 nm and Aem 518—
446 nm). DAR channel images for gel (referred to as ‘G’) were acquired using Epi-green
filters (Aex. 520—545 nm and Aem. 577—613 nm). Alexa647 channel images for gel (referred
to as ‘R’) were acquired using Epi-red filters (Aex. 625-650 nm and Aex. 675—725 nm). The
gel was then stained with Ethidium Bromide solution for 5 min and imaged in EtBr
channel. Due to very broad excitation and emission filters in ChemiDoc MP gel imager,
there is a bleed through of Alexa488 channel into the Epi-green filter set (asterisk, DAR
channel), as observed in the gel (Fig. 2.2). Note that these filer sets are used only while
imaging the gel for NOckout assembly; microscope imaging was done using specific
narrow filter sets as mentioned in the Image acquisition section and these two are in no

way related.
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Figure 2.2: Assembly of NOckout probes. (a) 15% native PAGE showing assembly of NOckout
probes. Lane 1: Strand 2™, Lane 2: Strand 27N, Lane 3: DAR-PEG-S1, Lane 4: NOckout™ and
Lane 5: NOckout™V.

In-vitro fluorescence measurement

All fluorescence spectra present in this thesis were acquired using Fluoromax-4 (Horiba Scientific,
USA) spectrophotometer. Stock of NOckout sensors was diluted to achieve 100nM final
concentration with 100 mM sodium phosphate buffer, pH 6.0, unless specified otherwise. DAR,
A488 and A647 emission spectra were recorded by exciting the samples at 550 nm, 488 nm and
650 nm, respectively (Fig. 2.3). Emission spectra were collected for the range 560—-620 nm (DAR),
495-540 nm (Alexa488) and 655-700 nm (Alexa647). DEA-NONOate (Cayman, USA) was
added to sample at a final concentration of 50 uM. The samples were placed back onto the
spectrometer as soon as possible and emission spectra of DAR was recorded with time interval of
30s. Alexa488 or Alexa647 spectra were recorded before the addition of DEA-NONOate and
3.5 min after it. Emission intensity of DAR either at 571 nm (before addition of NO" donor) or at
578 nm (after the addition of NO donor). DAR (G) intensity was normalized to that of Alexa488
emission intensity at 520 nm (B) or to that of Alexa647 emission intensity at 660 nm (R). Fold
change in G/B or G/R ratio was calculated from the ratio of steady-state G/B or G/R values after

to before NO donor addition. To assess pH sensitivity, stocks of NOckout sensors were diluted in
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100 mM sodium phosphate buffer pH 6.0 or 100 mM sodium phosphate buffer pH 7.4 before the
start of experiment (Fig. 2.3¢). Fluorescence spectra were acquired before the addition of DEA-

NONOate and 15 min after it as described above.

Cell culture

Breast cancer epithelial cancer cell lines T-47D and MCF-7 were kind gifts from Prof. Geoffrey
Greene (The Ben May Department for Cancer Research, The University of Chicago). Breast
epithelial cell lines derived from healthy individuals, MCF-10A and 184A1, were kind gifts from
Prof. Marsha Rosner (The Ben May Department for Cancer Research, The University of Chicago).
The cells were cultured following the ATCC guidelines. Briefly, T-47D cells were grown in
RPMI-1640 (Life technologies, USA), This medium was supplemented with 100 U/ml of
penicillin, 100 pg/ml of streptomycin (Life Technologies, USA), 10% final concentration of heat
inactivated FBS (Life Technologies, USA) and 0.2 U/ml human insulin. MCF-7 cells were grown
in DMEM/F-12 1:1 supplemented with 100 U/ml of penicillin, 100 pg/ml of streptomycin, 10%
final concentration of heat inactivated FBS (Life Technologies, USA) and 0.01 mg/ml of human
insulin. MCF-10A and 184A1 cells were grown in MEBM + MEGM (ATCC, USA) medium
containing 0.005 mg/ml transferrin and 1 ng/ml cholera toxin. Cells were maintained at 37 °C at
5% COz concentration in a humidified water-jacketed incubator. All the experiments described in
this thesis were performed at early passage number (after receiving, n <17) and no later than 80%

confluency.
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Immunofluorescence staining

T-47D and MCF-7 were cultured on a glass bottom (10 mm diameter) 3.5 cm imaging dish until
they reach 60% confluency. Cells were treated with small molecule NO scavengers (20 uM
methylene blue, 20 pM hemoglobin and 100 uM PTIO), NOS2 inhibitor (10 uM 1400W) or small
molecule ROS scavenger (2 mM TEMPOL). After the treatment, cells were washed three times
with 1x PBS (pH 7.4) and were fixed by paraformaldehyde, final concentration 4% for 15 minutes
at room temperature. Subsequently, cells were permeabilized using triton X-100 (final
concentration 0.25%) followed by blocking using BSA (3% final concentration in 1x PBS). Cells
were then incubated with monoclonal or polyclonal primary antibodie(s): mouse monoclonal anti-
eNOS antibody (SantaCruz Cat# sc-376751), Rabbit Polyclonal anti-S-nitrosocysteine antibody
(Abcam Cat# ab94930 or Abcam Cat# ab50185), Rabbit polyclonal anti-Giantin antibody
(Abcam Cat# ab24586) or Mouse monoclonal Anti-GM130 antibody (BD Biosci. Cat# 610822).
These antibodies were diluted in blocking buffer (3% BSA in 1x PBS) and incubated with cells
for 1 hour at room temperature. Cells were subsequently washed with 1x PBS (3 times, 5 min each
wash). Cells were incubated with respective secondary antibodies conjugated with either
Alexa488 or Alexa647 (diluted in blocking buffer) for 1 h at room temperature. Cells were washed
with 1x PBS for 5 min each (3%) to remove excess secondary antibody. 5 uM Hoechst 33342 was
added to stain nuclear DNA for 10 min just before imaging. Images of stained cells were acquired
using Leica SP8 laser scanning confocal microscope using excitation wavelengths of 405 nm for
Hoechst, 488 nm for Alexa488 and 647 nm for Alexa647. Images were processed using Fiji/Image

J and maximum z stack projection of 2—3 z-planes were used in representative images.
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Image acquisition

T-47D were cultured on glass-bottom imaging dishes as mentioned above in the cell culture
section. Cells were washed two times with Hank’s balanced salt solution (HBSS, pH 7.4) before
incubating them with 500 nM NOckout™ for 10 min or with 500 nM NOckout™N for 30 min at
37 °Cin a COz incubator. After the incubation cells were washed three times with HBSS to remove
any excess probe. While acquiring steady-state images (Fig. 2.8), cells were treated with indicated
small molecule inhibitor or donor for 1 h in complete RPMI-1640 medium. To avoid cytotoxicity,
care was taken not to exceed the final concentration of DMSO >1% at any point of the experiment.
As a negative control, 1% DMSO was used in untreated (Basal) cells. Since DEA-NONOate is
cell impermeable, it works well with experiments involving NOckout™. 1t is straightforward to
add it to the cells to fully turn on the NOckout™ at the plasma membrane. On the contrary, for the
TGN, we incubated NOckout™N beforehand with DEA-NONOate in-vitro, fully turned it on and
then pulsed cells with the turned-on NOckout™N (500 nM). Then the cells were washed and

imaged (Fig. 2.8).

For simultaneous pulsing of NOckout devices, cells were treated with 500 nM NOckout™N for

30 min and in the last 10 min cells were co-incubated with 500 nM NOckout™

. To get a bleaching
profile or to achieve the lowest signal, cells were treated with 500 pM PTIO 15 min before the
NOckout pulse. Images were acquired on a laser scanning confocal Leica SP8 microscope using
a 63x 1.4 numerical aperture UV objective. Desired excitation and emission wavelengths were
achieved using a white light laser along with notch and acousto-optical tunable filters.

Fluorophores were imaged using following settings: Alexa488 (lex =488 nm, Aem = 500—540 nm),

DAR (Aex =554 nm, Aem = 565—610 nm) and Alexa647 (Aex = 647 nm, Aem = 665—710 nm).
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Image analysis

Image analysis was carried out using Image J/Fiji'!®

. Mean auto-fluorescence intensity was
subtracted from images before ratiometric analysis. For representation, images were further
processed by smooth and noise reduction despeckle functions. To represent heatmap G/B or G/R
images, a mask for each normalizing fluorophore channel was constructed using Otsu thresholding
then these images were multiplied with both channels of the image, the mask-multiplied images
were used for division. The ROI were selected using normalizing channel to select either TGN
(Alexa647 channel) or plasma membrane (Alexa488 channel), later these regions of interest

(ROIs) were recalled in the DAR channel to measure intensity in all three channels. These raw

values were used to plot G/B or G/R values in using Origin Lab (Fig. 2.8).

In-vitro specificity assay for NOckout

Fluorescence measurements in-vitro were acquired as mentioned in the in-vitro fluorescence
measurement section. DEA-NONOate (Cayman) stock solution was added to a final concentration
of 50 uM. Liquid H20; was used as H>O: donor and its exact concentration was quantified
using UV spectrophotometer (¢ =43.6 M"!cm ™! at 240 nm). Xanthine/xanthine oxidase system
was used for superoxide generation, which was quantified using Cytochrome C reduction as
described!!*. Fenton chemistry reaction was used to generate hydroxyl radical (OH)''®. Aqueous
solutions of NO>™ and NO3™ were prepared from their respective sodium salts. ROS and RNS
generating small molecules were added to 100 nM of NOckout in 100 mM sodium phosphate

buffer (pH 6.0), to a final concentration of 100 uM each of H>O>,OH, O>~,NO>™ and NO3™. 10 uM
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NaOCI was added to generate 10 uM HOCI. Reaction mixtures were incubated at 37 °C for 15 min
and fluorescence spectra were acquired in Alexa488 and DAR channels. Fold changes are reported

in G/B and values were normalized to that of NOckout reacted with NO donor DEA-NONOate.

2.3 Results and Discussion

2.3.1. Determine pH sensitivity and specificity of NOckout probes

To study the NO-sensing properties of NOckout probes, we measured response kinetics of both
NOckout probes upon addition of NO donor DEA-NONOate (50uM, pH6.0) by acquiring
fluorescence emission spectra as function of time. DAR fluorescence increases rapidly, with ~80%
of maximum signal response in <l minute, while fluorescence intensities of normalizing
fluorophores Alexa647 (R) and Alexa488 (B) remained constant over time. The NO response
characteristics of both NOckout™ and NOckout™N were pH insensitive in the range of 6-7.4. Both
NOckout probes show maximum in-vitro fold change of ~6.5 (after to before addition of NO donor

DEA-NONOate) viz. G/B for NOckout™ and G/R for NOckout™N (Fig. 2.3).

Specificity of NOckout probes towards various ROS/RNS species and NO metabolites was
checked by incubating NOckout™ with 100 uM of generators of species of interest for 15 minutes
at room temperature. 50 uM DEA-NONOate was used as a positive control (NO generator), DEA-
NONOate showed ~6.5 fold change and since final concentration of NO donor was half that of
other ROS/RNS, we can conclude that NOckout probes are at least 13-fold more selective to NO

as compared to ROS/RNS analytes checked (Fig. 2.3f).
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Fig. 2.3 Response characteristics of NOckout probes a. Fluorescence emission spectra of
Alexa488 and DAR (NOckout™) obtained at indicated time points (30-second intervals for 3.5
minutes) after the addition of NO donor (DEA-NONOate, 50 uM, pH 6.0). DAR (Aex= 554 nm)
and Alexa488 (Aex= 488 nm) are shown in color green and blue, respectively. (b) Representative
kinetic trace of DAR in NOckout™ (hex= 554 nm) upon addition of 50 uM DEA-NONOate, pH
6.0 (green) or DMSO (black). (¢) Fluorescence emission spectra of Alexa488 and DAR
(NOckout™N) obtained at indicated time points (30-second intervals for 3.5 minutes) after the
addition of NO donor (DEA-NONOate, 50 uM, pH 6.0). DAR (Aex= 554 nm) and Alexa647 (Aex=
647 nm) are shown in color green and red, respectively. (d) Representative kinetic trace of DAR
in NOckout™N (Aex= 554 nm) upon addition of 50 uM DEA-NONOate, pH 6.0 (green) or DMSO
(black). (e) Fold change (DAR intensity/reference fluorophore intensity) of NOckout variants
upon treatment with DEA-NONOate in Phosphate buffer of pH 6.0 and pH 7.4, corresponding to
the pH of the trans-Golgi lumen and extracellular space respectively. Error bars - S.E.M. from
three independent experiments. (f) Sensitivity of NOckout™ toward various reactive oxygen
species or toward NO metabolites reported as normalized DAR/Alexa488 values. Error bars-
standard error of mean from three independent experiments.

2.3.2 Targeting of NOckout probes
Despite evidence for NOS3 localization at the plasma membrane and the TGN, the relative
activities of these distinct populations are still unknown?’*%42%° Hence, we sought to map

activities of NOS3 at these two locations by targeting spectrally distinct NOckout variants to either
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location. 500 nM of NOckout™ when incubated with T47-D, MCF-7 and diverse cancer cell types

for 10 minutes showed robust labeling of plasma membrane, with CellMask™

used as a plasma
membrane marker in order to confirm targeting through colocalization (Fig. 2.4a). There was
minimum or no internalization of NOckoutPM for the first 2 hours (Fig. 2.4c and Fig. 2.7). On the
other hand, NOckout™N, was effectively endocytosed by a variety of epithelial cancer cell lines
including T-47D cells, MCF-7, A549 etc. (Fig. 2.4d, d and Fig. 2.5). Colocalization with the TGN-
marker BODIPY-Cs-ceramide confirmed that NOckout™N was localized to the TGN in these cell
lines (Fig. 2.5). We also showed that NOckout™N doesn’t localize to early endosomes, late
endosomes or lysosomes by showing anti-colocalization with the endocytic tracer TMR-Dextran.

TMR-Dextran, when pulsed continuously, labels all three aforementioned compartments (Fig.

2.6).
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Fig. 2.4 Targeting of NOckout variants in T47-D and MCF-7 cells. (a) Confocal images show
colocalization of NOckout™ (Aex = 488 nm, green) with the plasma membrane stain CellMask™
Red (red, Aex = 647 nm) in T-47D cells. (b) Confocal images show co-localization of NOckout’“"
(Aex = 647 nm, red) with trans-Golgi network stain Cs-Ceramide (Aex = 488 nm, green) in T-47D
cells. (¢) Confocal images show colocalization of NOckout™ (Aex = 488 nm, green) with the
plasma membrane stain CellMask™ Red (red, Aex = 647 nm) in MCF-7 cells. (d) Confocal images
show co-localization of NOckout’™ (Aex = 647 nm, red) with trans-Golgi network stain Cs-
Ceramide (Aex = 488 nm, green) in MCF-7 cells. Nuclei were stained using Hoechst 33342 (Aex =
405 nm, blue).. Scale bar: 10 pm.
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Fig. 2.5. NOckout™®N localizes to TGN in lung and pancreatic carcinoma cells. Confocal
images show co-localization of NOckout”®" (red) with the trans-Golgi network stain Cs-Ceramide
in (a) lung carcinoma cells A549 and (b) pancreatic tumor cells PANC-1. Hoechst 33342 is used

as nuclear stain. Scale bar: 10 um.
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Figure 2.6. Anti-colocalization of NOckout'N with endocytic tracer TMR-Dextran. (a)
Representative images showing cells where all endosomes are labeled with a continuous pulse of
TMR-Dextran (green) and subsequently labeled with NOckout”®" (red) (b) Pearson’s correlation
coefficient proves that NOckout’“" does not localize to endosomes. n = 20 cells Error bars

represent S.E.M. from two independent experiments. Scale bar: 10 um.
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Figure 2.7. Stability of NOckout™ on the plasma membrane (a) T-47D cells were incubated

with 500nM NOckout™ and were imaged every 30 minutes at room temperature in HBSS, Scale
bar = 10 um. (b) Quantification of NOckout™ intensities for each time point at the plasma
membrane as region of interest (PM) or intracellular space as region of interest (IC). Error bars
represent S.E.M. from two independent experiments, n = 8 cells.

2.3.3 In-cellulo performance of NOckout probes

Next, we wanted to estimate endogenous NOS3 activity at the plasma membrane and Golgi
without activating it by external means. First, we measured the ratiometric response of NOckout™
(i.e. the G/B ratio), under conditions where NO was depleted inside cells using 300 mM NO
scavenger 2-Phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide (PTIO)''®. We similarly
measured the ratiometric response upon saturating the cell with NO using 500 mM DEA-
NONOate, which completely turns on the NOckout probe and should yield the maximum G/B
ratio. These two extreme scenarios provide the minimum and maximum G/B signals afforded by
NOckout™ in T-47D cells (Fig 2.8a-b). The G/B values under any subsequent treatments are
normalized to that of the DEA-NONOate treated sample (maximum G/B signal). To measure basal

tPM

NOS3 activity at the plasma membrane, we labeled cells with NOckout™ and acquired steady

state G/B values 1 h post-labeling (Fig 2.8a). Similarly, using ratiometric G/R values of
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NOckout™Nwe obtained basal NOS3 activity at the TGN (Fig 2.8a-b). These results revealed that
basal NOS3 activity was comparable at the plasma membrane and the Golgi (Fig 2.8b). When cells
were treated with 1 mM L-NS-Nitroarginine methyl ester (L-NAME), which inhibits all NOS
isoforms, G/B and G/R values of NOckout probes gave similar values to those of PTIO-treated
cells (Fig 2.8b)!!'7, whereas a NOS2 specific inhibitor, 1400W, had no effect (Fig 2.8b)!'!8. This
confirms that the ratiometric response of both the NOckout probes is due to the activity of NOS3
isoform and that the contribution of NOS2 is negligible in these cells under conditions used here

(Fig 2.9 and Fig 2.10).

Next, we activated NOS3 using two different small molecule activators, both of which are
associated with cancer etiology, and measured the steady state NOS3 activity at both sub-cellular
locations. Addition of ATP activates Akt kinase via P2Yx receptors which phosphorylates NOS3
thereby increasing its efficiency to produce NO**!!°_ In contrast, 17B-Estradiol (E2) increases
cytoplasmic Ca** which activates NOS3 by increasing dwelling time of calmodulin (Fig 2.9)'%.
As expected, activating NOS3 by ATP addition gave significantly higher G/B and G/R ratios of
NOckout™ and NOckout™N respectively compared to basal levels (Fig 2.8b). To our surprise, E»
selectively activated NOS3 only at the plasma membrane and Golgi NOS3 activity levels remained

unchanged (Fig 2.8b).
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Fig. 2.8. NOckout devices map activities of NOS3 at the plasma membrane and at the Golgi
a, NOckout™ and NOckout™N maps endogenous NOS3 activity and modulations brought about
by DEA-NONOate (300 pM, NO donor), PTIO (300 uM, NO scavenger) or in untreated cells
(Basal) at the plasma membrane or at the Golgi of T-47D cells. DAR, A488 and A647 channels
are shown in green (G), blue (B) and red (R) respectively, G/B and G/R ratios are shown in pseudo-
color. Representative images are shown from a total of three independent experiments. b, Bar
graphs showing the quantification of normalized G/B (NOckout™) or G/R (NOckout™®N) ratios
across six treatments (PTIO, DEA-NONOate, L-NAME, basal, ATP and E;). PM, plasma
membrane. Error bars represent standard error of mean from three independent
experiments, n > 35.
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Figure 2.9: Intracellular calcium imaging followed by indicated treatments in T-47D. (a)
Representative traces of cytosolic Ca®" elevation from three different cells imaged with DAF-2
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diacetate, a cytoplasmic calcium indicator (Aex = 488 nm). Cells were treated with 100 nM
Thapsigargin (Tg, Red) or with vehicle (Black). (b) Representative traces of cytosolic Ca?*
elevation from three different cells upon treating cells either with 300 nM 17-B-Estradiol (Ez,
Blue) or with vehicle (Black).
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Figure 2.10: NOckout probes measure activity of NOS3 isoform and not that of NOS2. (a)
Surface plots showing NOckout™ labeled T-47D cells upon treatment with cholesterol +
Ionomycin (Chol+Iono), Ionomycin (Iono) or DMSO (vehicle control). (b) Ratiometric response
of NOckout™ from T-47D cells acquired 10 min post treatment with DMSO, ionomycin (1 uM)
or ionomycin in combination with cholesterol (500 uM) with or without 1400W or L-NAME.
Error bars = standard error of mean, Scale bar = 10 um and n = 20 cells.

2.3.4 Comparison with state-of-the-art NO probes.

We addressed benchmarking by a head-to-head comparison with two prime, commercially
available, competitor probes: (i) a small molecule fluorophore, 4,5-Diaminofluorescein diacetate
(DAF-2), used in 90% of all commercial cellular NO detection kits, and (ii) a recently developed
genetically encodable protein-based sensor for NO called geNOp. NOckout outperforms both
these excellent technologies on every parameter that we tested (Fig. 2.11 & 2.12 for results, Table
2 for summary), offering best of both worlds i.e., selective chemistry, photostability of small

molecules and stable localization available to proteins.
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Figure 2.11: NO measurements using small molecule DAF-2DA. (a) Representative images of
HEK cells loaded with DAF-2DA (10 uM) before addition of NO donor DEA-NONOate (Before
NO) or 10 minutes after the addition of DEA-NONOate (500 uM, after NO), Scale bar = 10 um.
(b) Representative images showing HEK cells loaded with DAF-2DA and treated with DEA-
NONOate were clamped at pH 5.0 or at pH 7.0. (¢) and (d) are graphical representation where y-
axis denotes whole cell DAF-2 intensities for experiments (a) and (b) respectively, where n=20
cells. (e) Bar graph showing fold changes in DAF-2 intensities of cells either pre-treated with H>O»
or pre-treated with H>O (-H202) upon addition of DEA-NONOate (500 uM). Error bars are
standard error of mean from three independent experiments.
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Figure 2.12: NO measurements using genetically encodable NO probe (G-geNOp).
Representative pseudo-color images of HEK cells expressing cytoplasmic G-geNOp, where cells
were treated with either Fe?* and Vit. C (a) or in the absence of them (b), before and after the
addition of NO donor DEA-NONOate, Scale bar = 10 pm. (¢) Bar graph showing delta
fluorescence signal in percentage for (a) and (b), where n=20 cells. (d) HEK cells expressing
cytoplasmic G-geNOp were pH clamped either at pH 5.0 or at pH 7.0 using UB4 buffer. (¢) Whole
cells G-geNOp intensities from (d), n=20 cells and Scale bar = 10 um. (f) Bar graph showing delta
fluorescence signal in percentage of cells expressing G-geNOp which were either pre-treated with
H>0: or pre-treated with H>O (-H202) upon addition of DEA-NONOate (500 uM). Error bars are
standard error of mean from three independent experiments.
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Parameters DAF-2DA"3 G-geNOp'4 NOckout
(commercial NO detection | (protein sensor for NO) (this study)
kits) (Fig S17) (Fig S18)
Ratiometric No No Yes
(Fig. S17a) (Fig. S18a) (Fig. 1b-d and S1a-c)

Mode of sensing

Fluorescence turn on
(Fig. S17a and c)

Fluorescence turn off
(Fig. S18a and c)

Fluorescence turn on
(Fig. S1b-c and S2a-b)

Sensitivity towards pH Yes Yes No
(Fig. S17b and d) (Fig. S18d-e) (Fig. S1d and S8e)
Cross-reactivity to H,O, None Yes None
(Fig. S17e) (Fig. S18f) (Fig. 1d)
Fe2* supplementation Not required Required Not required
(Fig. S17a and c) (Fig. S18a-c) (Fig. S1b-c and S2a-b)
Maximum in-cellulo fold 7500% -15% 200%
change (Fig. S17c) (Fig. S18c) (Fig. 1f)
Organelle targetability No Yes4 Yes
(Fig. S17a) (Fig. S2c-d, S3 and S4)
Reversible No'3 Quasi-reversible' No

(Fig. S1b-c and S2a-b)

Table 2: Benchmarking NOckout against commercially available NO probes (adapted from Jani

et al., Nature Chemical Biology (2020)".

2.4 Response to “News and Views”

A News and Views article titled “Yes (again) to local NO” on this work was published online on
22" May in Nature Chemical Biology'?'. First of all, I congratulate the authors for capturing the
essence of our findings, enlisting its potential uses and discussions of a broader outlook. However,
there were couple of instances where statements were either inaccurate or misleading to the

readers. I would like to address these incorrect statements in this thesis,

a. “Diaminorhodamine (DAR) fluorophore derivative that irreversibly reacts with the
NO radical to form a bright green fluorescent triazole” — The fluorescence emission
maxima of DAR triazole is 572 nm, whereas green fluorophores have emission

wavelengths in the range of 500-520 nm. By not emitting in green wavelengths, NOckout
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probes avoid autofluorescence associated with green spectrum and are compatible with

probes/markers which uses GFP/FITC based cores.

“Although other intracellular membranes also contain cholesterol, so the specificity
of the targeting is not absolute” ...... “because the authors have not reported the
subcellular distribution of the ‘untargeted’ NOckout construct, the precise role of the
cholesterol moiety in targeting remains undefined” — Cholesterol-conjugated
oligonucleotides have been targeted to the plasma membrane and experimentally

1108

characterized in terms of biological impact by You et al."”*. We and others have utilized

this strategy in more than 10 different types of cell lines for targeting oligonucleotides to

the plasma membrane!%%108.122.123

“MUCI1 undergoes dynamic targeting to multiple intracellular organelles, of which
the Golgi network is but one of many” — The authors cite an article which deals with
tracking of C-terminal domain of MUC1 which is generated after the full length MUCI1 is
cleaved. The full-length protein is known to shuttle between the Golgi apparatus and
plasma membrane!?*!2>. We used an aptamer which binds to the hypo-glycosylated N-
terminal of MUC-1. In this case, the aptamer conjugated to NOckout™ N should be ferried
it to the Golgi apparatus by full-length MUC-1 (Fig. 2.13). This aptamer was described
first by Ferreira et al., and has been shown to target Golgi apparatus in certain epithelial

10 We also showed anti-colocalization of NOckout™N with vesicular

cancer cell lines
compartments using the pan-endosomal marker TMR-Dextran (Fig. 2.6) again showing

specificity of NOckout™N targeting.
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Fig. 2.13. Schematic depicting trafficking routes taken by MUCI. Intact hypo
glycosylated MUCI shuttles between the trans-Golgi network and the plasma membrane
whereas, C-terminal of cleaved MUCT traffics to the endo-lysosomal compartments.

“However, a recent study attested to a clear discordancy in phosphorylation-
dependent NOS3 activation” — The authors mention a finding that reveals that
phosphorylation of NOS3 alone is not an effective proxy of NOS3 activity and whenever
NOS3 phosphorylation is used as proxy for NOS3 activity, it should be supported with NO
and Ca*" imaging inside cells'?®. The way it is articulated implies that it is applicable for
our study. We use NOckout to monitor NOS3 activity by NO production, which is true
measure of NOS3 activity. We treated cells with an agonist that increase intracellular

Calcium showed NOS3 phosphorylation and increase in NO production. Given this, there
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is no discordancy between NOS3 phosphorylation and NOS3 activation in the system we

have published on.

It is important to be as clear and accurate as possible when discussing a novel finding so as not to
misguide readers. We believe we have clarified some of these statements to better articulate the

true potential of NOckout probes with this reply.

2.5 Conclusion

We designed NOckout probes using DNA as scaffolding material. We showed that NOckout
probes outperform current state-of-the-art small molecule and genetically encodable probes.
NOckout probes are highly selectivity towards NO and show 14-fold selectivity when compared
with other ROS and NO metabolites which the probe might encounter within the cell. NOckout
probes can be targeted to the Golgi apparatus and plasma membrane of a number of epithelial
cancer cell lines. To show generality we used breast, pancreatic and lung carcinoma cells in this
chapter. Favorable maximum percentage signal change of 200% in-cellulo allows one to detect
small changes in NO levels. The fast response times and pH-insensitivity of these probes position

them well to map NOS3 activities at the plasma membrane (pH 7.4) and the TGN (pH ~6.0)?*1%"
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Chapter 3

Quantitative subcellular imaging of NOS3 activity

3.1 Introduction: Sub-cellular NOS3 populations and their roles

Nitric Oxide modifies ~1000 proteins and regulates their activity to eventually regulating multiple
signaling pathways!?%130. Therefore, NOS activity is tightly controlled transcriptionally and and
post-translationally. For example, NOS3 is regulated by a variety of post-translational
modifications, such as phosphorylation, sub-cellular sequestration and protein-protein
interactions>**®, Phosphorylation of NOS3 at Serine-1177 increases its activity presumably by
increasing calcium sensitivity and/or by increasing reductase activity>*?. In endothelial cells,
NOS3 localizes to cholesterol-rich domains of the plasma membrane and to the trans-Golgi
network!'*!3! Localization of NOS3 to these distinct sub-cellular organelles is achieved by post-
translational modifications such as myristoylation and palmitoylation at the N-terminal domain of
NOS3383740  Myristoylation mediates targeting of NOS3 to the Golgi-Apparatus and
palmitoylation of two different cysteine residues enables NOS3 translocation to the plasma
membrane. Mutations at the myristoylation site lead to mis-localization of NOS3. It remains in
cytoplasm and shows reduced enzyme activity*’*°. Sub-cellular populations of NOS3 are posited
to play specific physiological functions. For example, the Golgi-associated NOS3 population is
known to promote tumor maintenance and tumor growth whereas NO released from cells due to
the activity of plasma membrane-associated NOS3 is believed to play a role in cardio-vascular
diseases'!”13%133 The abundance of NOS3 at each location and the activity of each population are
predicted to vary between cell types and across different species. Moreover, the amount of NO

that each population produces in each case is not known. Developing technologies to measure
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relative activities of sub-cellular NOS3 populations would help us better understand the role of

these populations in physiology and pathophysiology.

Zhang et al., generated an endothelial cell line and attempted to study the relative activities of
NOS3 populations!!*!33, In these cells they knocked down endogenous NOS3 and transfected
either the NOS3 variant that localizes selectively to the plasma membrane via a CAAX motif or
transfected with the NOS3 variant that localizes to the Golgi-apparatus using an S17 targeting
sequence!!’. Since these cells express only one specific sub-cellular population of NOS3, the total
amount of NO produced upon various pharmacological perturbations can be ascribed to a single
population. Using this approach, the authors demonstrated that plasma membrane localized NOS3
was more efficient (~7 fold more NO production) in NO production compared to the Golgi-
localized population!'!®. Since NOckout probes can be selectively targeted to the plasma membrane
and the Golgi, we sought to develop a method to simultaneously measure NO produced by
endogenous NOS3 populations in real-time with sub-cellular resolution. We used NO-production
rate provided by the respective probes to compute the sub-cellular NOS3 activity at single cell

resolution.
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3.2 Materials and Methods

Immunofluorescence staining

T-47D and MCF-7 were cultured on a glass bottom (10 mm diameter) 3.5 cm imaging dish until
they reach 60% confluency. Cells were treated with small molecule NO scavengers (20 uM
methylene blue, 20 uM hemoglobin and 100 uM PTIO), iNOS inhibitor (10 uM 1400W) or small
molecule ROS scavenger (2 mM TEMPOL). After the treatment, cells were washed three times
with 1x PBS (pH 7.4) and were fixed by paraformaldehyde, final concentration 4% for 15 minutes
at room temperature. Subsequently, cells were permeabilized using triton X-100 (final
concentration 0.25%) followed by blocking using BSA (3% final concentration in 1x PBS). Cells
were the incubated with monoclonal or polyclonal primary antibodies: mouse monoclonal anti-
eNOS antibody (SantaCruz Cat# sc-376751), Rabbit Polyclonal anti-S-nitrosocysteine antibody
(Abcam Cat# ab9%94930 or Abcam Cat# ab50185), Rabbit polyclonal anti-Giantin antibody
(Abcam Cat# ab24586) or Mouse monoclonal Anti-GM130 antibody (BD Biosci. Cat# 610822).
These antibodies were diluted in blocking buffer (3% BSA in 1x PBS) and incubated with cells
for 1 hour at room temperature. Cells were subsequently washed with 1x PBS (3 times, 5 min each
wash). Cells were incubated with respective secondary antibodies conjugated with either
Alexa488 or Alexa647 (diluted in blocking buffer) for 1 h at room temperature. Cells were washed
with 1x PBS for 5 min each (3%) to remove excess secondary antibody. 5 uM Hoechst 33342 was
added to stain nuclear DNA for 10 min just before imaging. Images of stained cells were acquired
using Leica SP8 laser scanning confocal microscope using excitation wavelengths of 405 nm for
Hoechst, 488 nm for Alexa488 and 647 nm for Alexa647. Images were processed using Fiji/Image

J and maximum z stack projection of 2-3 z-planes were used in representative images.
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Sub-cellular nitric oxide quantification

Quantification of NOS3 activity was performed as described in Jani et al., (2020)!. We consider
only the first 30 seconds of the rate curve in our analysis. During in-cellulo experiments, we took
images every minute and hence we take the slope of the first minute after the DEA-NONOate
addition as the initial rate of G/B increase, because Fig. 3.3d shows that the slope of the first minute
whether images are taken at 1 frame/10 s or at 1 frame/l min remains the same. For every
[NONOate]o, we plot the initial rate of d[NO]/dt from predicted [NO] curve against initial rate of
G/B from in-cellulo experiments, which gave a linear curve with linear fit (R*=0.97) and confirms
the approximation assumed in equation 3. We use this calibration curve for the measurements of

rate of NO produced by NOS3 populations.

Using this calibration curve, we plugged in the initial rates of G/B increase from thapsigargin
treated T-47D cells and measured the rate of plasma membrane NO production to be 57661 nM/s
(Fig. 3.2¢). Next, in order to measure NO production at the Golgi and to directly use calibration
curves that we generated for the plasma membrane, we did two important control experiments.
First, we proved that the DAR reaction kinetics to form DAR-T is independent of the pH of
solution. Since NOckout™ and NOckout™N sees pH units of 7.4 and 6 respectively (pH of PM
and Golgi respectively), we checked reaction kinetics of DAR by utilizing pH insensitive NO
donor S-Nitroso-N-acetyl-DL-penicillamine (SNAP, 1 mM)'*(Fig. 3.3¢). We found that DAR has
the same reaction kinetics at both pH 6.0 and pH 7.4 Second, we confirmed that the photo-physical
properties of the normalizing dye (Alexa647 for NOckout™ and Alexa488 for NOckout™V) do
not alter ratiometric responses of NOckout probes. To achieve this, we designed NOckout™ with

either Alexa488 as the normalizing fluorophore or Alexa647 as the normalizing fluorophore and
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measured their ratiometric response on the plasma membrane as a function of time upon treatment
with 500 mM of DEA NONOate in T-47D cells. We found that the response kinetics of G/B or
G/R increase of NOckout™ 48 or NOckout”™4647 is the same and doe not change upon changing
the normalizing fluorophore (Fig. 3.3f). After ruling out these two parameters, we plugged in the
initial rate from Golgi NOS3 activity (NOckout™N containing T-47D cells treated with 1 mM

thapsigargin) and found the rate of NO production to be 74+41 nM/s.

3.3 Results and Discussion

3.3.1 Time-lapse imaging of NOS3 activity at the Golgi and plasma membrane

We showed in chapter 2 that the NOckout probes could report NOS3 activity at steady state with
sub-cellular resolution. Next, we sought to map NOS3 activity in real-time. Cytosolic Ca®"
elevation is known to activate both plasma membrane and Golgi NOS3 populations in the cell*!.
Although, Zhang et al. suggested that NOS3 at the plasma membrane is more active, this is based
on available extracellular NO;" and NOs, which are by-products of the resultant NO
produced*"!"®. In order for NO metabolites to be available for measurement in the extracellular
space, NO produced at the Golgi has to cross through a ~5 mM barrier of cytoplasmic thiols

without being scavenged. Therefore, the relative activity of NOS3 pools remains unknown and

can only be resolved by measuring activities directly at the site of production.

To measure NO production rates from sub-cellular NOS3 pools, we labeled the plasma membrane
and the Golgi of T-47D with NOckout™ and NOckout™®" simultaneously. Co-localization with

Golgi and plasma membrane markers confirmed that both the NOckout probes can be targeted
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simultaneously in same cells (Fig. 3.1a). To map activities of NOS3 populations at both sites
simultaneously, we treated these dually labeled cells with 1 uM thapsigargin. Thapsigargin
increases cytoplasmic [Ca*"] by blocking Sarco/endoplasmic reticulum Ca**-ATPase (SERCA).
Preventing Ca" reuptake by the ER activates calmodulin, which then binds to NOS3 and activates
it'3%. Fluorescence images of stimulated, dually labeled cells were acquired in the Alexa488 (B),
DAR (G) and Alexa647 (R) channels as a function of time (Fig. 3.1b). The G/B ratio at the plasma
membrane followed a sigmoidal increase as a function of time, while at the TGN, G/R ratio started
to increase slowly only after 3 minutes (Fig. 3.2a). G/B and G/R values of the cells treated with
PTIO stayed fairly constant over the experimental timescales, indicating that fluorophore

bleaching and non-specific probe reactivity in cells were negligible (Fig. 3.2a).

Fig. 3.1 Simultaneous, quantitative NO mapping from two distinct subcellular locations (a)
Simultaneous incubation of 500 nM NOckout™ and 500 nM NOckout'“N on T-47D cells results
in labeling of both plasma membrane and Golgi of the same cell. (b) NOckout™ and NOckout™"
maps live NO production upon stimulation with 1 uM thapsigargin. Single plane images were
acquired every 3 min for 24 min on a confocal microscope. NO ratiometric responses are
calculated as DAR/A488 (in the case of NOckout”™) and DAR/A647 (in the case of NOckout"")
and are represented as surface plots.
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Figure 3.2. Mapping of NOS3 enzymatic activity simultaneously at two sub-cellular
locations. (a) Kinetic traces of NOS3 activity from the plasma membrane (green) and the Golgi
(red) in live T-47D cells. Simultaneous signal increase from NOckout™ and NOckout™" are
recorded as a function of time from single cells treated eiher with thapsigargin (filled squares and
circles) or with PTIO (empty squares and circles). Mean intensities are plotted as ratios of
DAR/Alexa488 (G/B, NOckout™) and DAR/Alexa647 (G/R, NOckout™") for total of 10 cells,
error bars - standard error of mean. (b) In-vitro (d[NO]/dt) vs. in-cellulo (initial rate x 107) plot
overlaid with initial rates for 1 uM Tg treated cells (green filled square - plasma membrane and
red filled square, Golgi) calculated from Fig. 3.2a . error bars - standard error of mean.
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Fig. 3.3: Quantification of enzymatic activity using NOckout probes. (a) NOckout™ labeled
cells were treated with 500 mM of DEA-NONOate and their ratiometric responses were recorded
either at 1 frame/1 min (black trace) or at 1 frame/10 s (red trace). (b) in-vitro DAR reaction
kinetics upon incubation with of 500 uM of SNAP either at pH 6.0 (200 mM phosphate buffer,
red trace) or at pH 7.4 (200 mM phosphate buffer, green trace). (¢) Reaction kinetics comparison
of T-47D cells labeled with NOckout™ containing either Alexa647 as ratiometric fluorophore (red
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curve) or Alexa488 as ratiometric fluorophore (green curve) upon addition of 500 uM of DEA-
NONOate.

3.3.2 Quantification of NOS3 activity at the Golgi and plasma membrane.

Next, in order to measure the relative activities of NOS3 sub-populations, we developed a method
to quantify NO generated at both locations. The concentration of NO, a reactive species, changes
with time; it increases due to enzymatic activity and reaches a maximum value!**. When this
activity stops, NO levels decrease because of diffusion, dismutation or reaction with other
molecules (Fig. 3.3a-b)!*’. As the effective concentration of NO ([NO]esr), changes with time,
accurate NOS3 activity is best quantified by the rate of NO production. Therefore, we first
measured the decomposition rate constant (ki sec') of DEA-NONOate by monitoring UV
absorbance at 250 nm, to obtain [NO]efr over time in solutions containing range of DEA-NONOate
concentrations (Methods section)'*®. From these [NO]Jefr vs time curves, we obtained the initial
rates of NO production (Fig. 3.3b).

Next, we developed an in-cell calibration protocol to measure the rate of NO production using
NOckout™ devices for range of DEA-NONOate concentrations. We added a fixed concentration
of DEA-NONOate to cells labeled with NOckout™ and recorded ratiometric response (G/B) as a
function of time. The mean G/B value from ~20 cells yielded sigmoidal curves as a function of
time (Fig. 3.2a). Utilizing this we could calculate initial rates of ratiometric increase of NOckout™
for each DEA-NONOate concentration. These in-cellulo rates were plotted against its
corresponding in-vitro rate of NO production (Fig. 3.2b-c). This gives us a linear calibration curve
which helps to determine ratiometric responses of NOckout™ for different initial rates of NO
production. Next we treated NOckout™ labeled cells with 1 uM thapsigargin and measured the

rate of NO production by ratiometric response. Extrapolation of this rate on the NOckout™
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calibration curve gives us an NO production rate of 57661 nM/sec by NOS3 at the plasma
membrane (Fig. 3.2¢).

NOckout™N Jocalizes in the lumen of the Golgi apparatus, which has a pH of ~6.2'?’. However,
reaction kinetics of DAR with NO is pH-insensitive and as expected, the response characteristics
of NOckout probes at pH 6.0 and 7.4 are identical (Fig. 3.3e-f). Due to these similarities, we could
directly compare the rate of NO production of NOckout™N labeled cells treated with 1 uM
thapsigargin with the in-cell calibration curve. Calculating this gave us an NO production initial
rate of 74+41 nM/sec for the Golgi associated NOS3 population. Interestingly, the rate of NO
production at the plasma membrane was ~7 times greater than that of Golgi (Fig. 3.2c). Next, we
investigated whether these differences in activities arose due to the relative abundances of NOS3
at the plasma membrane and the Golgi. Counterintuitively, immunostaining for NOS3 revealed
that major fraction corresponding to ~60% was localized at the Golgi, whereas only ~40% of total
cellular NOS3 was localized at the plasma membrane (Fig. 3.4). Taking this factor int

consideration, NOS3 at the plasma membrane is actually ~10 fold more active than at the Golgi.

52



Giantin

o)
<

o
S

<

%NOS3 intensity
N S (o]
o
a

o

PM Golgi

Figure 3.4. Relative NOS3 abundance at plasma membrane and the Golgi. (a) NOS3 (green)
co-localization with the Golgi apparatus marker protein Giantin (red) in T-47D cells. Higher
magnification images are shown in the inset. NOS3 population at the plasma membrane and at the
Golgi are represented with white and maroon arrowhead respectively. Bar graphs show percentage

of NOS3 located at the PM and at the Golgi. Error bars - standard error of mean, n = 50 cells,
Scale bar = 10um.

3.3.3 Phosphorylation of NOS3 S1177 increases PM associated NOS3 activity.

Next, we attempted to understand the mechanism behind this difference in the activities of NOS3
populations. Phosphorylation of Serine 1177 (S1177) on NOS3 by Akt kinase is known to make
it more efficient at producing NO, probably by stabilizing the NOS3-calmodulin complex and/or
by recruiting Hsp90**®. However, direct evidence of population specific phosphorylation of
Serine-1177 in cells has not yet been observed. To investigate whether differences in
phosphorylation levels might account for the activity difference between populations, we
immunostained NOS3 with two different antibodies. One of the antibodies selectively binds S1177
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phosphorylated NOS3 (P-NOS3) and the other binds all NOS3 molecules irrespective of its
phosphorylation status (Fig. 3.5). Normalized ratio of P-NOS3/total NOS3 shows that plasma
membrane NOS3 population is ~7 times more phosphorylated at S1177 than the Golgi population
(Fig. 3.5). This favored phosphorylation of S1177 NOS3 at the plasma membrane could explain
its higher activity. This result is in agreement with biochemical studies on synthetic NOS3 variants

that suggest NOS3 at the plasma membrane is preferentially phosphorylated!'.
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Fig. 3.5. Plasma membrane NOS3 population is preferentially phosphorylated. (a)
Immunostaining of NOS3 and S1177 phosphorylated NOS3 (P-NOS3) in T-47D cells. Heatmap
of P-NOS-3/NOS3 image shows the extent of phosphorylation. White arrowheads represent
plasma membrane associated NOS3 population and yellow arrowheads represent Golgi associated
NOS3 population. Bar graphs show quantification of the same. Error bars - standard error of mean,
n = 30 cells, Scale bar = 10um.

3.4 Conclusion
By quantitatively mapping activities of both sub-cellular NOS3 pools in the same cell using

NOckout probes, we found that plasma membrane associated NOS3 selectively gets activated upon
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cytoplasmic Ca®" elevation. These results are in agreement with studies in endothelial cells
expressing either plasma membrane targeted or Golgi-apparatus targeted synthetic NOS3
variants*®!!?. We directly compared activities of endogenous NOS3 pools in single cells using
NOckout and found that NOS3 was 10-fold more active at the plasma membrane as compared to
that at the TGN, suggesting that the NOS3 populations might be differentially regulated. Indeed,
the plasma membrane associated NOS3 is phosphorylated at position Serl177 whereas Golgi

population lacks such a modification.
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Chapter 4  The Golgi is a hotspot for S-nitrosylation

4.1 Introduction: Protein S-nitrosylation and its biological functions

NO regulates numerous important signaling pathways in all life forms!*!4!142 It was recognized
early on that one of the ways in which NO regulates functions of various proteins is by direct
attachment of NO to the heme moiety in proteins such as guanylate cyclase!*. Covalent
modification of cysteine residues by NO (S-nitrosylation) to form the S-NO bond leads to a post-
translational modification called S-nitrosylation. The chemical species which leads to S-
nitrosylation of Cysteine thiols might involve NOx, an autooxidation product of enzymatically
produced NO™8144145 "S_NO modification is known to control protein activity by changing
proximal electrostatic charges, hydrophobicity, orientation of aromatic side chains, distance
between targeted cysteine and transition metal or redox center, or by changing protein-protein
interactions. Further, S-NO modification can inhibit or facilitate di-sulfide bond formation in a

128

protein =°. Approximately one thousand proteins in mammalian cells are estimated to undergo S-

146

nitrosylation *°. A substantial amount of prior work have shown the direct effect of S-nitrosylated

endogenous proteins in numerous signaling pathways in physiology and in pathophysiology'*’-

149

Although most known cell types contain one or more NOS isoforms and almost all known proteins
have at least one Cysteine residue, endogenous S-nitrosylation is highly substrate specific.
Moreover, in almost all the proteins which are regulated by S-nitrosyation, only one or few of the
Cys residues are modified!®’. A few of the factors which might play a role in determining this

specificity are electrostatic interactions that modify pKa and hence the nucleophilicity of thiol
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residues, accessibility of thiol groups, interaction of NOS isoforms with target proteins or proteins

which can transfer NO groups, etc!?®,

S-nitrosylation controls protein players involved in cell growth, apoptosis and angiogenesis!>"*1>2,
Recent research has demonstrated that S-nitrosylation is one of the key factors which affects every
phase of cancer cell progression'*°. Some well-known onco-proteins which can be regulated by S-
nitrosylation are listed below in Table 3. For example, c-Src is a tyrosine kinase, known to
facilitate cancer cell invasion and metastasis. Interestingly, NO stimulation increases the activity
of c-Src. Mass-spec based analysis showed that c-Src can be S-nitrosylated at position Cys498 by
NO which stimulates its kinase activity!>. This cysteine is conserved among other members of

human Src family kinases such as, c-Yes and c-Fyn!>>134,

Protein SNO site Effect
RAS32155 158, 229 Anti-apoptotic
Bcl-27%6
P53757 Unknown Anti-apoptotic
MKP-1738 258 Anti-apoptotic
Fas’¥ 199, 304 Pro-apoptotic
Hif-1a% 533 Pro-angiogenesis
Dynamin’%’ 86, 607 Pro-angiogenesis
MKP-77¢2 244 Pro-angiogenesis
PTEN/63 Unknown Pro-angiogenesis
c-Src kinase’’ 498 Pro-invasion and metastasis
O6-alkylguanine transferase’% 145 Pro-development

Table 3: List of onco-proteins known to get regulated by S-nitrosylation.

Protein S-nitrosylation is strictly regulated both spatially and temporally'®~'67. Temporal control

is achieved by accessory factors that facilitate or inhibit S-nitrosylation/de-nitrosylation, and the
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spatial control is achieved by subcellular localization of NOS isoforms'?%!9. The cellular redox

environment also plays a role in S-nitrosylation by sequestering NO as GS-NO'®3.

Analysis of the dissociation energies required to cleave the S-N bond in S-NO has shown that
homolytic decomposition of this bond is not feasible under physiological conditions'®!7°. Hence,
de-nitrosylation in cells should happen either by transfer of the NO group or through reductive
mechanisms. De-nitrosylation in cells has been shown to be carried out either by enzymes such as
superoxide dismutase (SOD) and by oxidoreductase like thioredoxin (TRX)!7!172, Both these
proteins have been shown to reverse S-nitrosylation in-vitro (from small molecules) and TRX has

been shown to de-nitrosylate in-vivo'?s.

In this chapter, I describe the contribution of sub-cellular NOS3 pools in S-nitrosylation of
proteins. I have also studied the roles of S-nitrosylated proteins in the regulation of Golgi
morphology and cell growth in human breast cancer cells. We have also used pharmacological
screening to investigate the player(s) and mechanisms involved in the regulation of NO mediated

signaling in the Golgi Apparatus.

4.2 Results and discussion

4.2.1 Golgi is an S-nitrosylation station

In cancers, plasma membrane-associated population of NOS3 might be able to mediate processes
such as angiogenesis and metastasis through regulating trans-membrane proteins such as E-
cadherin, EGFR and matrix metalloproteinases'’>. Golgi associated NOS3 in our case has 1/10"
of NO production rate as compared to plasma membrane population. To dissect the role of the

hypoactive Golgi associated population NOS3 (discussed in chapter 3, section 3.2), we used an
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anti-S-nitrosocysteine antibody to detect S-NO levels in T-47D and in MCF-7 cells. Co-
immunostaining with bona fide Golgi-resident protein GM 130 showed significant colocalization
between S-nitrosocysteine staining and the Golgi marker in both T-47D cells and MCF-7 cells
(Fig. 4.1 and Fig. 4.2). However, MCF-10A and 184A1, breast epithelial cell lines isolated from
normal individuals, showed no anti-S-nitrosylation immunostaining at the Golgi apparatus (Fig.
4.3). In T47-D cells, immunostaining data showed significantly higher intensity of anti-S-
nitrosylation staining at the Golgi apparatus as compared to plasma membrane. This observation
was surprising as the steady state level of basal NOS3 activity at the plasma membrane and the
Golgi are comparable in our experiments. Treatment of cells with NO scavenger PTIO showed
significant decrease in S-nitrosylation intensity at the Golgi (Fig. 4.4), whereas treating cells with
a NOS2 specific inhibitor, 1400W, led to no change in S-nitrosylation intensity at the Golgi
apparatus, confirming that NOS3 is the isoform responsible for protein S-nitrosylation at the Golgi

apparatus (Fig. 4.5).

Hoechst - s Giantin

Fig. 4.1 Golgi acts as a S-nitrosylation hotspot in breast cancer cells. (a) Extensive
endogenous S-nitrosylation of Golgi proteins in T-47D cells (green), shown by colocalization with
Golgi marker protein GM-130 (red). Higher magnification images are shown in the inset.
Representative confocal stacks are shown from a total of three independent experiments.

59



Giantin

Hoechst

§ .
v IS
\ ¥ : !
| » E

Figure 4.2: Golgi is a hotspot for S-nitrosylation in MCF-7 cells. (a) Confocal images show
co-localization of NOS3 protein (green) with the Golgi resident protein Giantin (red) in MCF-7
cells. (b) Confocal images show co-localization of S-nitrosylated proteins (green) with Golgi
marker protein GM-130 (red). Insets shows images in higher magnification. Scale bar: 10 um.
Interestingly, prolonged incubation of cells with L-NAME, a pan NOS inhibitor significantly
reduced protein S-nitrosylation at the Golgi.

Hjm

Fig. 4.3: S-nitrosylation in breast epithelial cell lines derived from normal individual.
Immunostaining of S-nitrosylated proteins (green) in normal human breast cell lines (a) 184A1
and (b) MCF-10A. Hoechst (blue) was used to stain nuclei. Scale bar = 10 um.
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Fig. 4.4: PTIO mediated NO scavenging reduces extent of S-nitrosylation. (a) Representative
images showing immune-stained S-nitrosylated proteins in T-47D cells treated with or without
200 mM PTIO for 48 hours. (b) Quantification of whole cell anti-S-nitrosylation intensity. n =
150 cells, Scale bar: 10 um. Error bars — standard error of mean from three independent

experiments.
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Figure 4.5: NOS2 isoform does not play role in S-nitrosylation of Golgi proteins. (a) T-47D
incubated with or without 10 mM of iNOS inhibitor 1400W for 48 hours followed by
immunostained with anti-S-nitrosocysteine antibody (green). (b) Quantification of whole cell anti-
S-nitrosylation intensity. n = 200 cells. Significance as given by two tailed students T test. N.S =
non-significant, Scale bar: 10 pum and Error bars — standard error of mean from three independent
experiments.

4.2.2 S-nitrosylation of Golgi proteins is required for its structural integrity
Prolonged L-NAME treatment in our experiments leads to Golgi fragmentation as shown by anti-
GM130 immunostaining (Fig. 4.6 and Fig. 4.10). This fragmented Golgi morphology was also

observed when the T-47D cells were treated with small molecule NO specific scavengers like

PTIO, Methylene Blue (MB) and Hemoglobin (HB) (Fig. 4.6). Similar results were observed in
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MCEF-7 cells upon treatment with NO scavengers (Fig. 4.7). These results show that the Golgi
apparatus is an S-nitrosylation hotspot, and this protein S-nitrosylation is essential for the
maintenance of Golgi architecture in breast cancer cells. Furthermore, along with Golgi
fragmentation, small molecule mediated NO scavenging also resulted in cell senescence and
impeded cell growth (Fig. 4.8 and Fig. 4.9). This is in agreement with other studies where S-
nitrosylation of Golgi-associated onco-proteins such as H-Ras, N-Ras and GOLPH3 are associated

with tumorigenesis and cancer progression'3!74,

Untreated L-NAME Hemoglobin

| Hoechst

Figure 4.6: NO scavenger treatment causes Golgi fragmentation in T-47D cells.
Immunostaining using anti-Giantin antibody (green) of untreated cells or cells treated with
Methylene blue (20 mM) or Hemoglobin (20 mM). Hoechst (Blue) is used to stain nuclei. Scale
bar: 10 um.
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Figure 4.7: NO scavenger treatment causes Golgi fragmentation in MCF-7 cells. (a)
Immunostaining using anti-Giantin antibody (green) of untreated cells or cells treated with
Methylene blue (20 mM) or PTIO (100 mM). Hoechst (Blue) is used to stain nuclei. Scale bar: 10
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um. (b) Quantification of fragmentation. Error bars represent standard error of mean from three
independent experiment; n = 150 cells.
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Figure 4.8: NO Scavenging hampers growth rate of T-47D cells. (a) T-47D treated with PTIO
(200 mM), Methylene blue (MB, 20 mM) or DMSO (nbtreated) for 48 hours. (b) Number of cells
were quantified after 48 hours of PTIO or MB treatment compared to DMSO treatment
(untreated). (¢) DMSO treated T-47D cells or PTIO treated cells were stained with apoptotic cell
marker Annexin V-Cy5 (Biovision 1013-200). (d) Quantification of cells in (c). Error bars
represent standard error of mean from three independent experiment; n = 50 cells. Significance
from two tailed students T test. N.S = non-significant. Scale bar = 50 um. Hoechst (blue, Aex =405
nm) was used as nuclear stain.

To test whether the cell growth retardation caused by NO scavenging was due to apoptosis, we
stained cells treated with PTIO with a fluorescent apoptotic marker, Annexin V-Cy5 (Fig. 4.8).
Results showed that NO depletion did not cause significant differences in cell apoptosis. However,
when we tested for -galactosidase activity as a proxy for cell senescence it revealed that PTIO

treated cells showed a two-fold increase in cell senescence as compared to DMSO treated cells

(Fig. 4.9)!75.
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Figure 4.9: NO scavenging results in cell-senescence. (a) Cells incubated with or without PTIO
(200 mM), stained for b-galactosidase (SA-b-Gal) activity. (b) Bar graphs showing percentage of
cells positive for SA-b-Gal activity for the indicated treatment. Error bars show standard error of
mean from three independent experiments and n = 200 cells. Significance as given by two tailed
students T test. *p < 0.05, Scale bar = 10 pum.

4.2.3 Src kinases are responsible for NO scavenging mediated Golgi fragmentation

Next, to identify molecular players responsible for NO scavenging-mediated Golgi fragmentation,
we performed a pharmacological screening using small molecule inhibitors. Rationale behind the
screen is that inhibiting the function of a protein responsible for methylene blue-induced Golgi
fragmentation should block this fragmentation. To rule out any contribution from reactive oxygen
species (ROS)-producing enzymes or from NOS2 isoforms, we used ROS specific small molecule
scavenger, 4-Hydroxy-2,2,6,6-tetramethylpiperidinyloxy (TEMPOL) and NOS2 specific inhibitor
1400W'76, and neither of these molecules fragmented the Golgi apparatus(Fig. 4.10). We treated
cells with small molecule cGMP phosphodiester inhibitor, sildenafil citrate, an immediate
downstream molecular player involved in NO signaling cascade. This treatment did not fragment
the Golgi apparatus, ruling out the role of NO-induced activation of cGMP synthase in Golgi

fragmentation (Fig. 4.10b). Initiation of apoptosis activates Rho A kinase, which leads to Golgi

fragmentation!’S. Treating cells with the Rho A kinase specific small molecule inhibitor Y-27632
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did not prevent MB-induced Golgi fragmentation, ruling out roles of Rho A kinase and apoptosis
in this process (Fig. 4.10b). Next, we used a range of small molecule inhibitors against kinases
that have been known to play roles in Golgi fragmentation under various physiological and
pathophysiological conditions. We inhibited DNA-PK that is known to fragment Golgi by
phosphorylating GOLPH3 upon DNA damage!’. Treating cells with NU7441, a DNA-PK
specific small molecule inhibitor did not prevent MB induced Golgi fragmentation, ruling out
DNA-PK’s role in this process'’. Inhibitors containing an indirubin core are known to inhibit a

177 We treated cells with two

number of Cyclin dependent kinases (CDKs) and Src family kinases
indirubin core containing inhibitors, indirubin-e804 (I-E804) and indirubin-3’-monoxime (I-3’M).
Both these compounds completely prevented MB-induced Golgi apparatus fragmentation (Fig.
4.10b). (R)-Roscovitine is a broad inhibitor of CDKs and using (R)-Roscovitine (Rosco), we ruled
out roles of CDK1, CDK2 and CDKS5 in MB induced Golgi fragmentation. Interestingly, SU6656,
an Src kinase inhibitor, which inhibits at least four members of human Src family kinases, reduced
NO depletion mediated Golgi fragmentation by ~50%'7%. Treating cells with actin polymerization
inhibitor Latrunculin B (LatB) completely blocked Golgi fragmentation, revealing the role of actin

polymerization in MB-induced Golgi fragmentation (Fig. 4.10b)!7°. These results led us to propose

a model to explain NO scavenging mediated Golgi fragmentation (Fig. 4.10c).
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Figure 4.10. Src family kinases regulates NO scavenging mediated Golgi fragmentation (a)
Treating cells with small molecule NO scavenger methylene blue (MB) results in Golgi
fragmentation. Fragmented Golgi is visualized through Giantin immunostaining (green) as a
highly vesicular structure DMSO treatment was used as negative control and did not result in
Golgi fragmentation. (b) Small molecule inhibitor screen results were quantified as the percentage
of cells with fragmented Golgi upon indicated small molecule treatment. Hoechst (blue) was used
to stain nuclei, Scale bar = 10um, error bars represent standard error of mean, n = 200 cells. (¢)
Proposed model depicts players involved in NO scavenging mediated Golgi fragmentation. S-
nitrosylation of cSrc by NOS3 increases its activity. This active c¢Src is known to reduce actin
polymerzation, which results in decreased pull force and an intact Golgi. On the other hand, when
NOS3 is inhibited or NO is scavenged, cSrc activity decreases due to less S-nitrosylation, which
leads to increased actin polymerization, increased pull force and hence Golgi fragmentation.

4.3 Conclusion
Despite the low activity of Golgi associated NOS3 population, we detected extensive S-
nitrosylation at the Golgi apparatus in breast cancer cells. This suggests that slow yet sustained

NO production from Golgi associated hypo-active NOS3 population is responsible for S-
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nitrosylation of Golgi proteins. This S-nitrosylation of Golgi associated proteins is absolutely
required for the maintenance of Golgi morphology. Golgi apparatus integrity is maintained by
NOS3 via cSrc kinase and an Actin-mediated mechanism, which when disrupted leads to cell
senescence and growth retardation. HRas, NRas and GOLPH3 are Golgi associated proteins and
S-nitrosylation of these is known to regulate cancer progression’"!3%!7* In fact, undergoing
senescence by Golgi fragmentation promotes cell survival by inhibiting apoptosis!™. We think
that depleting protein S-nitrosylation of Golgi associated proteins in breast cancer cells might act
as a fail-safe mechanism, where the cell could avoid undergoing apoptosis until environmental

conditions become favorable for growth.

4.4 Data availability

The data that support the plots within this paper and other findings of this study are available from

the corresponding author upon reasonable request.
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