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ABSTRACT

S-nitrosoglutathione reductase, (GSNOR) is widely accepted as the master regulator
of stress through NO signaling and protein S-nitrosylation. GSNOR mediates stress response
through the catalysis of its principal substrate S-nitrosoglutathione (GSNO). The instigation
of various stressors in plants cause observable changes in plant phenotype, which are
associated with changes in GSNOR activity. There are no current methods for measuring
GSNOR activity directly in living plants. In this paper, a previously developed fluorogenic
pseudo-substrate for human GSNOR, OAbz-GSNO, was applied to the Solanum
lycopersicum plant model. OAbz-GSNO was identified as a promising novel pseudo-
substrate to study changes in GSNOR activity in the presence of stressors, using fluorescence
microscopy and living plant tissue. Ammonium is one of the most prevalent nitrogen sources
available, however, ammonium becomes toxic to plants at over 0.5mM. GSNOR activity was
assessed in roots grown in high ammonium stress conditions where activity was shown to
decrease despite an up-regulation in GSNOR synthesis. These results suggest that GSNOR

can also be controlled through post-translational modifications.

Previous studies have identified a possible modification at an allosteric site at
residues Lys323, Gly321, Asn185, and Lys188, which may cause an increase in activity at
high GSNO concentration. A photo-liable affinity probe, p-azidophenacyl glutathione
(papaGS) was designed to interact with GSNO binding sites. In dark conditions, enzyme
kinetic experimentation identified a reduction in cooperativity binding when HmMGSNOR is
exposed to papaGS, indicating specificity to the allosteric site. When irradiated the
HmMGSNOR function was also inhibited to 50% activity by azide non-specific crosslinking at
the allosteric site causing a conformational change, indicating the importance of the site in

proper enzyme function and the usefulness of papaGS as an allosteric site probe for GSNOR.
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CHAPTER 1

GENERAL INTRODUCTION



1.1 INTRODUCTION

Stress is an innate part of all life. It is defined as an event that occurs within an
organism that exceeds its natural homeostatic range . From life’s inception, organisms have
evolved in ways to mitigate stress, and the result is a series of remarkable physical
characteristics and molecular processes across species, allowing life to thrive in the multitude
of environmental conditions that exist across the planet. For this reason, the study of how an
organism responds to its changing environment is very interesting, particularly in the plant
kingdom. Plants cannot find shelter from harsh conditions when they arise, they must rely on
their adapted traits like a cactus which depends on its thorns to keep predators from eating it
or a maple tree which has adapted to store sap to keep itself alive during a cold winter.
Stressors are such an important part of plant physiology that they determine how a plant will
grow. Across the animal kingdom, genetics plays a major role in which features the animal
will express, where in plant biology the environment plays a much more equitable role in the
organisms resulting phenotype. Root structure, fruit production, and the number and size of
leaves are all determined by a plant’s degree of exposure to stressors as well as the type of
stressor. Low water content in the soil may cause the plant to express longer and more
branched roots, low nutrients may result in low fruiting in favour of nutrient conservation,
and intense heat or cold may cause a plant to go ‘dormant’ to allow it to survive on low

energy production until a more favourable temperature occurs.

Though stress is often thought of as a negative aspect of plant growth, it is also
documented that plants often thrive on an optimal level of stress. Wind is often introduced
into greenhouses because it strengthens stems allowing plants to grow upright without falling

over as they get heavier and begin to bare heavier structures and fruits. Plants have a



somewhat ‘symbiotic’ relationship with the stressors they are exposed to within their

environments.

As climate change continuous to impact ecosystems and native environments to
which organisms have adapted, the study of plant stress will continue to become a more
significant area of research. Stressors can limit agriculture, native plant productivity and CO>
uptake, leading to disastrous potential consequences, in global warming and food availability
2, Understanding stress response will allow for the development of new ways of mitigating

stress and creating a more sustainable future.

1.2 THE STUDY OF STRESS IN PLANTS

Stressors inflicted on plants are defined as either biotic or abiotic *. A biotic stressor
refers to its biological origin, like pathogens infecting plants, animals and insects eating
plants or other vegetation out competing another for access to nutrients and light. An abiotic
stressor is one that is not of biological origin, like extreme temperature, drought, nutrient
deficiency, or high levels of salts and metals present in the soil *4. The elevating degree of
abiotic stress on plants is linked to climate change * and improper waste management 2. As
global warming and pollution continue to change the environment of the planet, its impact on

agriculture will become a more prevalent area of study.

121 STRESS DETECTION

On the onset of a stressor, stress signals, detected by receptors on the membrane of

plant cells, will induce a downstream event leading to up/down-regulation of genes at the



transcription level 3. All stress responses lead to some level of oxidative stress and generation

of reactive oxygen species (ROS) *® or reactive nitrogen species (RNS) *¢, a nitrogen

containing ROS. Either the stressor itself is responsible for an increase in ROS/RNS or it may

occur as a downstream event, resulting from signaling cascades where ROS/RNS are

produced to activate a stress response >®. In response to ROS/RNS stimuli, redox-sensitive

proteins can be activated or inhibited leading to signal transduction, gene activation or

inhibition and the antioxidant defense system may be induced °.

Cell-signalling pathways \ /
OH-
Regulation of Apoptosis,\ RS- RO, ONOOr N, o
LOO- ONOO- ONOOH

HOClI O, NO-
lon Homeostasis €=\ H,0, O, NO,CI

LOOH NO* NO,

NO N,O,

Cell division and / T
differentiation

Physiological roles of

Imbalance of ROS/RNS
ROS/RNS leading to oxidative stress

Lipid peroxidation

Cellular Damage

=% Nucleic acid damage

Deterioration of
Metabolic processes

Figure 1.2.1-1 Examples of ROS and RNS that may be present in organisms and the ways

they may affect cellular processes ©



122 THE ANTIOXIDANT DEFENCE SYSTEM

Antioxidants are capable of neutralizing free radicals. Within plant systems ascorbic
acid (AsA) and glutathione (GSH) are some of the most prevalent low molecular weight non-
enzymatic antioxidants ’. However the antioxidant defense system is made up of both non-
enzymatic and enzymatic antioxidants, like superoxide dismutase, ascorbate peroxidase,
catalase, monodehydroascrobate reductase, glutathione reductase, and glutathione S-
transferase as well and carotenoids and tocopherols >8. GSH is present at high concentrations,
in the millimolar range, across most plant and animal systems and found in the cytosol, and
other cellular machinery like endoplasmic reticulum, mitochondria, chloroplasts and
peroxisomes as well as apoplast °. However, some plants, like peanut and soybean, do not
contain GSH but rather a similar antioxidant, homoglutathione which has a similar

antioxidant role to GSH *°.

1.2.3 THE ROLE OF GLUTATHIONE IN OXIDATIVE ENVIRONMENTS

Generally, GSH is synthesized in the chloroplast, cytosol, or mitochondria ** through
the amide bond formation between the amino acids, cysteine, glutamate, and glycine 2.
Cysteine and glutamate are reacted through the ATP dependent enzyme, y-glutamylcysteine
synthetase, to form y-glutamylcysteine. Then GSH is formed by the ATP dependent reaction
between y-glutamylcysteine and glycine, catalyzed by GSH synthase 1213, In highly oxidative
conditions, where there are ROS like the hydroxy radical (-OH), hydrogen peroxide (H205)
and superoxide (O2") present, GSH will donate a proton to the free radical and oxidize to its
disulfide GSSG, making the ratio of GSH:GSSG reflective of the level of oxidative stress on

a plant system >3, Similarly, when there are high levels of RNS like NO or peroxynitrite



(ONOO") GSH can spontaneously react with RNS to neutralize oxidative environments 4,
Additionally, GSH has been identified in other systems of detoxification like heavy metal and
electrophilic xenobiotic elimination *°. In order for GSH to maintain its antioxidant properties
it must regenerate after it is oxidized to GSSG, this occurs through the Ascorbate-Glutathione
(AsA-GSH) cycle which coordinates with the antioxidant enzymes to regenerate both GSH
and AsA so they may continue to maintain the redox state of the plant **. GSH and redox
state also have profound implications in signaling pathways, where alterations in

GSH:GSSG concentrations may lead to the release of phytohormones which have more
specific downstream effects like, reduced growth, productivity, or apoptosis ®. GSH is also
capable of reacting with nitric oxide (NO), a highly reactive nitrogen species (RNS), to form
S-nitrosoglutathione (GSNO) and generally thought of as a more stable form of NO 4. NO
has been identified as an important signaling molecule across species and must be considered
when elucidating downstream effects of oxidative stress and GSH detoxification due to their

close relationship *'.

1.3 NITRIC OXIDE AS A SIGNALLING MOLECULE

NO is a highly reactive, uncharged, gaseous free radical which is capable of
degrading important cellular components, like lipids, proteins and nucleic acids leading to
cellular death, when present in high concentrations *°. However, at low endogenous
concentrations NO has been identified and accepted as an important signaling molecule in
many organisms and in applications of stress response *°. Due to its small size NO can pass
through cellular membranes readily without a carrier, and due to its high reactivity, it is short

lived when generated and reacts spontaneously in cellular environments 441°, When acting



as a signaling molecule NO is often shown to modify enzyme activity through post

translational modifications (PTMs) on thiol groups and by tyrosine nitration %,

1.3.1 NITRIC OXIDE POST-TRANSLATIONAL MODIFICATIONS

Nitric Oxide has been shown to modulate stress response both directly, through
enzyme modification and indirectly by interacting with other cellular components . It is
well known as an inhibitor of lipid peroxidation as well as an inhibitor of protein oxidation
by forming a metal-nitrosyl complex (M-NO) with relevant metal ions, like copper, iron, and
zinc, which are common oxidizers in metal ion containing proteins. By forming these M-NO
interactions, strong positively charged metal ions are blocked from forming ROS which
commonly degrade lipids and proteins through oxidation 2222, Additionally, NO will
commonly form protein tyrosine nitration, where peroxynitrite (ONOO-), a species present
under high stress where NO and superoxide (O2") have reacted together, adds a nitro group
(NOy) to tyrosine when the phenolic ring is oxidized to its tyrosyl radical, to form, 3-
nitrotyrosine 2*. Certain proteins are more susceptible to this form of modification at times of
high stress, by this mechanism tyrosine nitration on proteins can be a mediator of plant stress
24 However, the most common NO PTM is S-nitrosylation, where NO covalently binds with

the thiol group (-SH) of cysteine, forming an S-nitrosothiol (SNO) 2.

1.3.2 S-NITROSYLATION OF PROTEIN THIOLS

NO is not an oxidant on its own and in low oxidizing conditions will not react

directly with protein thiol groups. It is proposed that to transfer its NO moiety onto thiols it



must first react with oxygen to form nitrogen oxides like NO. or N2Os which react with a
thiol to form a thiol radical that may react with NO to form an SNO. Or that a metal group
may oxidize NO to form a nitrosonium ion (NO") that may react directly with a thiol group to
form an SNO %%, SNOs can also be formed by transnitrosation (Equation 1.3.2-1), where
the NO moiety is transferred between low molecular weight (LMM) thiols and protein thiols,
one of the main LMM thiols being GSNO #’. Additionally, there are limitations to which
protein thiol groups may react to form SNOs, where some studies suggest these
modifications may occur on thiols which are in hydrophobic environments and where acidic
and basic residues are present 2. A common feature amongst these PTMs is their
reversibility, which allows these sites to be mediated quite sensitively by the levels of RNS,
ROS and GSH present in the system 2. There is an effort to identify more of these S-
nitrosylation sites across common crop species to determine how they function in plant stress

tolerance .

Equation 1.3.2-1 RS-+ RSNO - RSNO + R'S-

1.3.3 OTHER MODIFICATIONS ON CYSTEINE THIOLS

Cysteine thiol groups are a common target of oxidative stress, and under oxidating
conditions thiols can take on a variety of different modifications *°. Because of cysteines
sensitivity to the oxidation state of its environment, cysteine is capable of changing the
structure and function of enzymes 3. Additionally, pathways which respond to oxidative
environments often aim to reduce thiols and restore through the upregulation of thioredoxin

or glutaredoxin *°-32, Under oxidating cellular conditions, hydrogen peroxide, H20,, can react



with thiols to form sulfenic acid (-SOH), sulfinic acid (-SO2H) or sulfonic acid (-SOzH) thiol

modifications. Sulfenic acid formation can lead to further modification like disulfide
formation with nearby thiols on the same protein, or thiols on associated proteins.
Additionally, thiol groups may react with glutathione to form S-glutathionylated proteins *°.
Because these modifications on thiols are often reversible, and may modify protein activity,

they are thought to act in signal transduction pathways *°-%2,

1.3.4 NITRIC OXIDE GENERATION IN PLANTS

In most prokaryote and eukaryote applications, NO is synthesized endogenously by
nitric oxide synthase (NOS), which catalyzes the reaction between L-arginine, O, and
NADPH, to L-citrulline, NADP*, H* and produces NO *3. Though there are emerging studies
which have identified a possible NOS homolog in plants which may contribute to NO
production, NOS is not currently accepted as the main source of endogenous NO production
in plants 3%, Rather, NO is proposed to be generated through nitrate reduction by Nitrate
Reductase (NR) present in the cytoplasm, an enzyme associated with the nitrogen
assimilation pathway and metabolism 3. Nitrates are taken up by plant roots and are a
necessary element of growth. Once nitrate (NOs) enters a plant system through its nitrate
transporters in roots, NRT1.1 and NRT2.1, NR will initiate reduction to nitrite (NO>") and it
is further transported to chloroplasts where it is reduced to ammonium (NH4") and amino
acids to contribute to growth or further reduced to NO *-%. Nitrate uptake is thought of as a
sensitive process mediated by NR and the NRT2.1 transport protein, a transporter which is
activated only in times of low soil nitrate concentration (<1mM) “°#!, Both NR and NRT2.1
have been found to be heavily regulated by the level of GSNO present and contribute to the

regulation of NO %40,



1.3.5 THE ROLE OF NITRATE REDUCTASE IN NO PRODUCTION

NR reduces nitrate to nitrite by using NAD(P)H as an electron donor, and
molybdenum, heme group and FAD as cofactors. Additionally, NR is thought to be capable
of nitrite reduction to NO in a similar manner (Ni-NR activity), however this activity
accounts for about 1% of NRs nitrate reducing capability 2. Despite this low activity, some
studies suggest that Ni-NR activity may increase in times of low oxygen or high acidity,
supporting the suggestion that Ni-NR activity occurs in the roots where oxygen levels are low
3, Though it is supported that NR has a significant role in the ultimate NO levels within the
plant and contains two highly protease sensitive regions by which it can be heavily regulated
through protein degradation, it remains unclear how NR functions in endogenous NO

production .,

1.3.6 OTHER POSSIBLE SOURCES OF NITRIC OXIDE MEDIATION IN PLANTS

A possible partner protein to NR has also been identified, NOFNIR (nitric-oxide—
forming nitrite reductase), which may reduce nitrite to NO by electrons donated by NAD(P)H
oxidation in NR “°. In a similar manner, NR might form an alliance with a truncated
hemoglobin 1 (THB1), where in this case the opposite effect is observed where the electron
donated to THB1 converts NO to nitrate in the presence of oxygen “°. Another suggested
source of nitrite reduction in vivo is through molybdoenzymes. Of the enzymes previously
stated both NR and NOFNIR are molybdenum containing. There are five known
molybdenum containing enzymes in plants and all five have been shown to be capable of

nitrite reduction to NO in vitro and under anaerobic conditions 2.
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1.4 S-NITROSOGLUTATHIONE

Once generated in vivo NO is likely to react spontaneously with GSH in aerobic
conditions to form S-nitrosoglutathione (GSNO), the most abundant LMM S-nitrosothiol. Its
formation is influenced by NO production and oxygen levels as limiting factors *’. Though
there is speculation over the mechanism of GSNO formation from NO, a popular theory is
that GSNO is formed when NO is first oxidized by O, to form N2Os which further S-
nitrosates GSH, or that NO is added to a glutathionyl radical formed during NO oxidation “3
Equation 1.4-1 to 1.4-4. Some newer studies also suggest that GSNO formation may be
mediated by ferric cytochrome ¢ *°. GSNO is thought of as a NO reservoir due to its stability,
and accepted as an NO donor, capable of S-nitrosylation, and S-transnitrosation of proteins to
mediate their function. At high endogenous concentrations of GSNO, levels of S-
nitrosylation on proteins is higher. GSNO can be mediated by GSNOR to alter the
equilibrium of S- nitrosylated proteins to GSNO, and indirectly, the activity of proteins
commonly modified by S-nitrosylation *°. Within the plant model, GSNO has been localized
in all organs and within the vasculature contributing to its possible role as an NO transporter
by which it can be carried to other cellular locations where it can act as a mediator of stress
response °2, Additionally, the highest concentration of GSNO within a pepper plant model

has been found in roots, despite roots containing the most aerobic environment 3.
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Equation 1.4-1 0,+ NO-- N,03+ NO;

Equation 1.4-2 GSH + N,03 - NO; + GSNO
or

Equation 1.4-3 NO; + GSH - GS - +HNO,

Equation 1.4-4 GS-+NO-—- GSNO

Equations 1.4-1 to 1.4-4: The proposed mechanism of GSNO formation in vivo

1.5 S-NITROSOGLUTATHIONE REDUCTASE

GSNO is mediated primarily by the cytosolic enzyme S-nitrosoglutathione reductase
(GSNOR), to which GSNO is its principal substrate. This activity was first identified in E.
coli **, and later in Arabidopsis thaliana *® but has since been identified in nearly all
prokaryotic and eukaryotic organisms. GSNOR is an Alcohol Dehydrogenase (ADH) class
111 (ADH3) enzyme which belongs to the ADH superfamily of enzymes due to their role in
the interchange between alcohols and aldehydes 6. They have been recognized for their
significance in anerobic metabolism in plants, and of high relevance in root development *'.
ADHa3 is the only class with limited or absent ethanol activity, however ADH3 enzymes are
the most highly conserved of all ADH superfamily enzymes across organisms &,
GSNOR/ADHS catalyzes the NADH dependent reduction of GSNO, ultimately to the
products GSSG and NH4". This occurs by first reducing GSNO to the intermediate, N-
hydroxysulfinamide (GSNHOH), and in the presence of GSH, GSNHOH may further

decompose to GSSG. However, when there is little GSH present the intermediate GSNHOH
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will convert to glutathione sulfinamide which may be further hydrolyzed to glutathione

sulfinic acid and ammonia *°.

1.5.1 GSNOR AS A FORMALDEHYDE DEHYDROGENASE

Despite its current relevance as an enzyme capable of GSNO reduction, GSNOR was
initially recognized by its relevance in formaldehyde detoxification as a GSH dependent
formaldehyde dehydrogenase (FALDH) in the liver %6, Formaldehyde can react
spontaneously with GSH to form hemithioacetal S-hydromethylglutathione (HMGSH), and in

the presence of NAD* GSNOR can catalyze its conversion to S-formylglutathione .

15.2 THE STRUCTURE OF GSNOR

GSNOR is a homodimer composed of two 40kDa subunits which each contain two
domains complexed with Zinc metal ions (Zn?"). In each monomer, one Zinc ion is
coordinated with two cysteines, a histidine and a water molecule or glutamate, and functions
in catalysis as a Lewis acid ®2 and the other takes on a role in maintaining the enzymatic
structure and is coordinated with four cysteine residues ®. The crystal structure of GSNOR
has been isolated from Solanum lycopersicum (SIGSNOR) as an apoenzyme and in complex
with NAD". The NAD" cofactor binding site, active site, along with the structural zinc and
catalytic zinc coordination site residues are all conserved across elucidated GSNOR
sequences ®3. SIGSNOR has 67% sequence identity with HNnGSNOR (Homo sapien
GSNOR) as well as 90% identity with AtGSNOR (Arabidopsis thaliana GSNOR) ©,
However, there are slight differences within the composition of the anion-binding pocket

between HMGSNOR and SIGSNOR. In the HMGSNOR active site, the GSNOR substrate
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HMGSH has been found to form hydrogen bonds with the residues Thr47, Asp56, Glu58,
Argl15, and Tyr140, within the site, where the residues, GIn112, Arg115, and Lys248 form
the anion-binding pocket ®2. SIGSNOR has conserved residues which correspond to the
HmMGSNOR catalytic site at its residues Thr49, Asp58, Glu60, Arg117 and Lys287, however

it is lacking corresponding residues GIn112 and Tyr140 .

1.6 GSNOR INHIBITION

Some inhibitors of GSNOR have been designed for applications in treating human
diseases. Cavenostat (N91115), C3, C2, and N6022 have all been developed and are
undergoing clinical trials for their applications in treating cystic fibrosis, asthma,
neurological damage, and myocardial damage 8. Some plant studies have used N6022, a
reversible mixed non-competitive inhibitor against GSNO, to show how reducing the activity
of GSNOR can modulate plant stress response 836>67-6% N6022 is also a mixed competitive
inhibitor for HMGSH, and binds to GSNOR within the HMGSH anion binding pocket ®°.
Despite N6022’s ability to inhibit SIGSNOR within the nM concentrations, it has a lower
affinity for SIGSNOR vs HmMGSNOR due to not having a glutamine residue within the anion
binding pocket &. In plants the inhibition of GSNOR has been associated with the
upregulation of GSH, possibly through the upregulation of Glutathione reductase (GR) and
thereby an initiation of the antioxidant defense system through positive feedback, to protect
plants against ROS . A downregulation of GSNOR leading to an upregulation of its primary
substrate GSNO, a mark of concentrated NO, creates a highly S-nitrosylating environment,
and an inhibitor to disease progression %. In a study where S. lycopersicum roots are exposed
to ROS through cadmium and high salinity stress, primary root growth is slowed along with

the S-nitrosylation of APX (ascorbate peroxidase), leading to its upregulation, and the S-
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nitrosylation of NADPHox (NADPH oxidase) leading to its down regulation, which are both

PTMs associated with a reduction in ROS 8,

1.6.1 GSNOR HAS POSSIBLE INHIBITION THROUGH S-NITROSYLATION

GSNOR may be down regulated through GSNO mediation. Some studies suggested
that there is a possible allosteric S-nitrosylation site on GSNOR that may downregulate the
enzyme when NO levels are high. A study on the nitrogen assimilation pathway identified
that high concentrations of GSNO within roots, and thus high NO levels, inhibited nitrate
uptake through a nitrate transporter (NRT2.1), Nitrate reductase (NR) activity, as well as
GSNOR “°. In another study Cys271 from SIGSNOR, was identified as a potential S-
nitrosylation site through biotinylation and LC-MS/MS analysis °. Additionally, the
modification was found to be reversible when exposed to the reducing agent DTT
(dithiothreitol) as further evidence of the modification "*. However other studies suggest that
the inhibitory effect of GSNO on GSNOR could indicate another allosteric binding site on

GSNOR rather than a cysteine S-nitrosylation site 2.

1.7 GSNOR’S ROLE IN PLANT GROWTH AND STRESS RESPONSE

Because GSNOR mediates GSNO bioavailability, it also indirectly regulates levels of
protein S-nitrosylation leading to changes in protein function, and thus protein control. Over
1000 S-nitrosylated peptides have been identified in the Arabidopsis thaliana proteome which
may be subject to control by GSNOR 3. Different cellular conditions may lead to the

upregulation and downregulation of GSNOR. In a study which exposed wild type (wt)
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GSNOR, and GSNOR knock out (ko), young Arabidopsis thaliana seedlings to paraquat, a
herbicide capable of creating a highly oxidizing environment, ko GSNOR seedlings were less
susceptible to oxidative damage ™. This might occur because a reduction in GSNOR can lead
to the accumulation of NO. NO is capable of reducing paraquat toxicity by scavenging
superoxide radicals to form peroxynitrite which is less damaging, and which may further lead
to tyrosine nitration leading to further stress response 6. These observations contrast
similar studies done in heavy metal stress mechanisms, where ko GSNOR enhances the
oxidative damage done by iron toxicity, possibly through the reaction between NO and H>0,
to form the hydroxyl radical -OH ’. Among other common stress conditions, studies where
plants were exposed to temperature extremes, consistent light or dark conditions, or
wounding lead to increases in GSNOR activity "®. Moreover, loss of GSNOR function is
associated with a series of phenotypic characteristics, like faster germination rates, reduction
in root development and overall plant growth including reduction in photosynthesis, as well

as loss in productivity?®,

1.8 DOWN-STREAM RESPONSES OF GSNOR ACTIVITY

Down-stream effects of GSNOR activity are likely a result of the S-nitrosylation
states of reactive thiol groups responsible for stress response. Among proteins mediated in
this manner are peroxiredoxin Il E (PrxIl E), which is responsible for the detoxification of
peroxynitrite. S-nitrosylation down-regulates PrxIl E, leading to the promotion of tyrosine
nitration 8. S-NO formation also leads to increased activity in NADPH oxidase, which
promotes apoptosis in some tissues, leading to loss of some structures °. In addition to

mediating oxidating environments, GSNOR activity will often result in the mediation of
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certain phytohormones necessary to mitigate the harmful effects of stressors on plants and

adapt development to these conditions 3.

1.8.1 THE ROLE OF PHYTOHORMONES IN TANDEM WITH GSNOR IN PLANT
DEVELOPMENT

Starting at germination, all developmental processes that occur within a plant are
mitigated by phytohormones. They are termed phytohormones due to their light sensitivity
and susceptible to light and dark conditions, similar to the circadian rhythm in mammals .
There are nine kinds of phytohormones, which include salicylic acid (SA), jasmonic acid
(JA), auxin (AUX), cytokinin (CK), gibberellins (GA), abscisic acid (ABA), ethylene (ET),
brassinosteroids, and strigolactones. Each phytohormone is associated with a set of molecular
processes that occur within plants, maintaining growth of structures like, root development
and fruit ripening, or disease resistance and stress response. Due to the vital relationship
between a plant’s development and its unpredictable environment, it is understandable that

both development and stress response are mitigated by the same network of phytohormones.

Phytohormone activity occurs in connection with NO signaling and GSNOR activity
81, Many proteins which act in connection to phytohormones are regulated through S-
nitrosylation. Auxin and cytokinin are responsible for root and shoot development
respectively. Both are mediated by GSNOR indirectly through S-nitrosylation. In root
development auxin upregulation promotes apical growth. Auxin production is repressed by
AUX/IAA repressors, and upon increases in GSNO or NO donors AUX/IAA repressors are
inhibited by an interaction with S-nitrosylated TIR1 (Transport Inhibitor Response 1)
stimulating root development 8. Cytokinin is also associated with growth in plant shoots as
well as in regulating root growth in conjunction with auxin and mediated by NO. Opposite to
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AUX, CK activity is attenuated by S-nitrosylation in the associated protein, AHP1, which

represses its phosphorylation leading to a loss in downstream growth response .
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CHAPTER 2

A NOVEL FLUOROGENIC PSUEDO-SUBSTRATE APPLIED TO THE
CHARACTERIZATION OF S-NITROSOGLUTATHIONE REDUCTASE IN LIVING
PLANTS
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2.1 INTRODUCTION

2.1.1 MICRO-TOM AS A RELEVANT PLANT RESEARCH MODEL

Micro-tomato, ‘Micro-Tom’ or Solanum Lycopersicum cultivar was originally
developed by Scott and Harbaugh in 1989 as an ornamental plant intended for home
gardening 8. Though S. lycopersicum was not originally intended for fruit cultivation, its
small size, relatively short growth cycle of about 90 days between sowing and fruiting as well
as high cold tolerance and post-harvest ripening, has made it a suitable greenhouse tomato .
For similar reasons Micro-Tom is an attractive research model in agricultural applications
where fruit production and quality are of high importance. Additionally, on the onset of cold
stress conditions, S. lycopersicum has a high antioxidant response, giving insight into the
molecular processes that are initiated on the onset of stressors . There is already an
abundance of research studies surrounding the response of S. lycopersicum to oxidative

stressors 29.63.68,87

2.1.2 CURRENT METHOD FOR DETERMINING GSNOR ACTIVITY IN LIVING
PLANTS

There is currently no way to measure GSNOR activity directly in vivo, in plant cells.
GSNOR activity can be estimated through the NADH assay in vitro from crude cellular
lysates. This method of detection exploits the depletion of GSNORs co-enzyme NADH
which absorbs light at 340nm . Most plant studies use the NADH assay as their main
method of GSNOR activity, along with other experiments which give insight into the level of
SNOs, S-nitrosylated proteins, NO, and ROS, content in the lysates, to give a better picture of

how GSNOR activity is changing in different conditions.

20



2.1.3 CHALLENGES WITH THE NADH ASSAY

Though current studies have elucidated some relevant information about how
GSNOR activity changes during times of stress, there are some inherent challenges when
studying GSNOR activity in vitro using the NADH assay. The NADH assay is not specific to
GSNOR, NADH is a co-enzyme of many enzymes, so it is unclear whether GSNOR activity
is being measured. Additionally, plant lysates contain high levels of protease, and even in
cold conditions in the presence of protease inhibitors, GSNOR can be degraded quickly over
the course of an experiment. Some studies also suggest that GSNOR may be modulated
reversibly by its primary substrate, GSNO, either by S-nitrosylation or by some other PTM. If
this is the case, GSNOR activity can only be preserved in its native environment and not
when diluted into a lysate. Another downfall to the NADH assay is that the contents of
various cell types and from different plant organs become homogenized, providing little

insight into the overall plant response to a particular stressor.

2.1.4 APPLICATIONS OF FLUORESCENT MICROSCOPY IN LIVING PLANT
STUDIES

Live cell imaging of whole plant organs is crucial when considering how a plant
responds to its changing environment. Microscopy usually requires a lengthy process
involving fixing, sectioning and staining tissue samples, a technique which can only apply to
deconstructed tissue samples rather than for observing functioning cellular environments 8°.
New methods of plant microscopy are taking advantage of the small size of young seedlings

to visualize whole living and intact plant organs. Specimens can be placed or grown in sealed
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compartments that can act as microfluidic devices and visualized using microscopy *°%. An
example of one of these microfluidic devises is the root chip, which was developed to
visualize the growth of young Arabidopsis roots. Seedling can be grown directly into the
microfluidic device and observed under a microscope for fluorescent analysis of growth,
additionally metabolites can be applied to the roots endogenously to create a controlled
environment and visualize biochemical changes in roots upon the application of different

metabolites %.

2.1.5 TARGETS FOR FLUORESCENT MICROSCOPY ON LIVING TISSUES

Fluorescing cellular components and fluorophores have characteristic excitation and
emission wavelengths, therefore fluorescence microscopes can be outfitted with filters that
are specific for certain metabolites and processes. Organisms can contain fluorescing
molecules inherent to their development that can be visualized and measured using
fluorescence microscopy termed autofluorescence %94, The two most relevant fluorescing
molecules native to plants are chlorophyll and lignin, however there are a wide variety of
fluorescing components to plants which emit across all wavelengths in the fluorescence
range (~400nm- 700nm) 3. Many of these molecules are common markers for plant growth
and health and can be measured as a label free method of assessing molecular processes.
Chlorophyll is measured in the red-orange range and corresponds to CO; assimilation when
measuring the rate of photosynthesis in leaves *. Lignin (Figure 2.1.5-1) is a component of
the cell wall and fluoresces in the blue-green range, it is a marker of plant growth as well as
exploited in cell wall interaction studies using FRET microscopy (Forster/Fluorescent
Resonant Energy Transfer) . Autofluorescence can be exploited in conjunction with

fluorescent proteins (FPs) and exogenously applied dyes, along with microscopy techniques,
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including FRET, FLIM (Fluorescence Lifetime Imaging), FRAP (Fluorescence Recovery
after Photobleaching), and FCS (Fluorescence Correlation Spectroscopy), to elucidate
mechanisms of response to changing environments and specified cellular interactions %%,

Due to the highly specific and low-invasive requirement of fluorescence experimentation on

plants, developing new fluorescent markers for use in vivo is a significant area of research.

“OH OH

p-coumaryl coniferyl sinapy
— OH alcohol alcohol alcoh

Figure 2.1.5-1 Structure of lignin polymer and most abundant monolignols %%

2.1.6 OABZ-GSNO AS A FLUOROGENIC SUBSTRATE FOR GSNOR

O-Aminobenzoyl-S-nitrosoglutathione (OAbz-GSNO) has been developed by Sun et
al. as a fluorogenic pseudo-substrate for the kinetic characterization of GSNOR %. OAbz-
GSNO is formed by the reaction between the terminal amino group of GSNO and isatoic
anhydride to produce GSNO labelled with the o-aminobenzoyl fluorescent group and CO». o-

aminobenzoylated peptides are normally fluorescent and detectable when excited at 312nm,
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however, the nearby NO group on OAbz-GSNO can quench the emittance of the o-
aminobenzoyl group. Upon the reduction of OAbz-GSNO to OAbz-GSNHOH when
interacting with the GSNOR active site the fluorescence of the o-aminobenzoyl group
becomes detectable. Due to the fluorescence generation of this pseudo substrate when
interacting with GSNOR it is cable of determining rate of GSNOR activity in varying
conditions ®8. OAbz-GSNO was originally developed as a substrate for human GSNOR
which has a Michaelis constant (Km) of 320uM, however a lower affinity for the HnGSNOR
active site than its principle substrate GSNO which has a Ky of 11uM %%, Despite a lower
affinity for the active site, similar Vmax values and parallel inhibition upon the exposure to the
well-known GSNOR inhibitors N6022 and C3, indicated that OAbz-GSNO interacts with
GSNOR in a comparable manner to GSNO. The OAbz-GSNO pseudo substrate has also
demonstrated cellular membrane permeability in animal cells, where the same locations
containing high GSNOR content exhibited increased fluorescence over time showing the

potential of this probe as a marker of GSNOR activity intravital studies.
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Figure 2.1.6-1 Fluorescence generation of OAbz-GSNO. OAbz-GSNO is quenched by
proximity of O-aminobenzoyl group to S-nitrosyl group. When excited at 312nm and
emission detected at 415nm the quenched OAbz-GSNO shows very low fluorescence. Once
the S-nitrosyl group is reduced by GSNOR or by DTT (diothiothreitol) the fluorescence of

the probe is observed at a higher than 10-fold increase in comparison to the unreduced probe.

2.1.7 EFFECT OF EXOGENOUSLY APPLIED AMMONIUM ON PLANT GROWTH
AND GSNOR ACTIVITY

Nitrogen is an important macronutrient in soil and its assimilation is often a limiting
factor in plant growth, when present in low concentrations. Among the most common forms
of nitrogen in soils are nitrate and ammonium (NH4"). In contrast to nitrates which must be
reduced by NR to be used in amino acid synthesis, NH4" can be taken up and used directly by
the plant %%, Despite the involvement of NH4" into amino acid production, and its lower
energy cost, NHs" may not be the preferred nitrogen source. When NH 4" is present in soil in

relatively low concentrations (less than 0.5mM), it is observed to have deleterious effects on
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plant growth and productivity, like disrupted root development in the apical root and
accompanied by high branching in the lateral roots, in contrast to a reduction in lateral roots
and longer apical roots observed in plants when soil nitrate concentration is higher °+192, as
well as stunted overall growth and productivity. It is thought that the accumulation of
cationic NH " may cause charge imbalances with negatively charged nitrate or may cause
disparities in the uptake of other cations present in the soil, like potassium and calcium %,
Because of this delicate relationship, there is an ideal ratio of nitrate to ammonium to

optimize plant growth and productivity .

Ammonium is linked to NO within respiratory pathways, where high ammonium in
comparison to NO, elevates respiration rates by increasing oxygen uptake, as well as up-
regulates the production of the enzyme, alternative oxidase (AOX), an enzyme associated
with ROS accumulation under stress conditions 1°#1%, When NH ' is present in high
concentrations, NO production is stimulated in tissues, and the observed response to this
increase in NO is an upregulation of GSNOR enzyme production, to manage NO formation
%, GSNOR overexpression was also linked to the enzyme co-factor, ascorbic acid, through
the enzyme, Vitamin C1 (VTCL1), another molecule which may regulate root growth. Mutant
plants containing a knock out VTC1 enzyme resulted in no over production of GSNOR when

exposed to high exogenous levels of NH,* 1%,
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2.2 MATERIALS AND METHODS
2.2.1 Materials

All reagents were purchased from Sigma Aldrich unless otherwise stated.

Solanum lycopersicum seeds were purchased from Ontario Seed Company (OSC), MS
media, Ammonium Chloride, Glutathione (reduced), sodium nitrite, isatoic anhydride
(recrystallized from isopropanol), potassium phosphate dibasic, potassium phosphate
monobasic, sodium chloride, dithiothreitol, MES, sucrose, BSA, Triton-x 100, Tris-HClI,
sodium azide, goat serum, rabbit polyclonal primary antibody against tomato GSNOR
(PhytoAB Inc), goat anti-rabbit 1gG (H+L) conjugated with FITC, VECTASHIELD Antifade
Mounting Medium with DAPI, PMSF, EDTA, MeOH, glycine, Tris-Base, Tween-20, rabbit
polyclonal primary antibody against tomato APX3 (PhytoAB Inc.), goat anti-rabbit IgG
(H+L) secondary antibody conjugated with HRP, chemiluminescence SuperSignal West
Femto Maximum Sensitivity Substrate (Thermo Fisher), mannitol, KCI, Cellulase R10,

Macerozyme R10 (plant media), CaCl,, N6022 (AbMole BioScience)

2.2.2 Methods

2.2.3 Seedling preparation and culture

Approximately 100 seeds were counted then washed with 70% ETOH for 30 seconds.
Seeds were rinsed with ddH2O three times then left in a 10% bleach solution for 20 minutes
and subsequently rinsed three times with autoclaved milliQ. Seeds were submerged in 3mm
of milliQ in a sealed sterile container for 4-7 days on a bench top until the majority of seeds
had sprouted. The milliQ was removed using a sterile pipette and replaced with 10ml of pH

5.7 MS media or MS media containing 10mM or 100mM Ammonium salt. Seedlings were
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left to grow in the media under a blue grow light for 9hr/15hr day-night cycles for 4-7 days,

until leaves began to present.

2.2.4 GSNO synthesis

5mmol of reduced Glutathione was dissolved in 8mls of cold water. 2.5ml of 2M HCI
and 5Smmol of sodium nitrite were then added and the mixture was stirred in the dark at 4°C
for 40 minutes. 10ml of cold acetone was added to the mixture and allowed to stir for 10
minutes until the bright pink GSNO had precipitated. The mixture was scooped onto a filter
paper and the precipitate was separated from the unreacted component using vacuum
filtration. The precipitate was washed five times with 1ml cold water, then three times with
10ml of cold acetone and three times with 10ml of ether. The product was then lyophilized

and stored in the dark at -20°C.

2.2.5 OAbz-GSNO synthesis and purification

0.15mmol of GSNO was dissolved into 3ml of 1M pH 8.5 potassium phosphate
buffer. 0.9mmol of isatoic anhydride was added to the mixture and allowed to stir at 4°C
overnight in the dark. The mixture was then transferred to a centrifuge tube and centrifuged
at approximately 100 rpm for 5 minutes. The clear pink supernatant was applied to a BioRad
econo-column containing 2ml of QAE-Sephadex which was rehydrated, packed, and
equilibrated with ddH20. Once added, the unreacted isatoic anhydride was washed off the
column using 10mls of a 0.1M phosphate buffer, pH 7.4. The Oabz-GSNO was eluted with a
0.1M phosphate buffer, pH 7.4 containing 1M NaCl. Once the elution buffer was added,
fractions were collected. To determine which fractions had the most Oabz-GSNO present,
5ul of each fraction was added to a fluorescent cuvette containing 500ul of 20mM Tris buffer

pH 8.5 and kinetics measured using a Cary Eclipse fluorescence spectrophotometer for a few
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seconds at excitation and emission 415nm/312nm. 5ul of 1M dithiothreitol was added to the
cuvette and mixed well then measured for a few seconds. Fractions which showed the highest
fold increase were pooled and their concentration measured using UV/vis spectroscopy
where extinction coefficient £ ~ 2800 M cm™ at an absorbance of 320nm. The pooled
fractions were then aliquoted and stored in the dark at -80°C for no longer than six months

without repeat freeze/ thaw cycles.

2.2.6 Microscopy kinetic experimentation

Microscopy was performed using a Zeiss Axiovert 200 inverted epifluorescence
microscope with optical filters from Chroma Technology corporation (10 Imtec Lane,
Bellows Falls, VT 05101 USA) optimized for excitation and emission in the 346 and 510 nm
range, respectively. 10-day old roots were incubated for 10 minutes in a small dish containing
10mM MES buffer pH 5.7. MES buffer containing OAbz-GSNO concentrations of 0.25mM,
0.375mM, 0.75mM, 1mM, 2mM, 4mM were prepared. Using a sharp scalpel blade a 1mm
piece of root was cut and placed on a microscope slide. 10ul of OAbz-GSNO solution was
applied to the root section then covered with a coverslip, pressing down gently so to not
rupture most of the cells. Clear nail polish was quickly applied around the edges of the
coverslip and then observed at 200x magnification focusing on the vascular tissue.
Fluorescence images were taken every second for 15 seconds at an exposure of 500ms.
These trails were done in triplicate for each concentration and analyzed on ImageJ (NIH and

LOCI, University of Wisconsin), using their average greyscale value.

2.2.7 Immunolocalization of GSNOR in roots

Sectioning of roots was done by Zeenat Aurangzeb from Dr. Zelinski lab. 14-day old

Solanum lycopersicum roots were cut into 1cm long sections and submerged in 20% sucrose
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until the sections sink and then 30% sucrose overnight. Roots were then sliced into 18um
sections using a cryostat. The sections were incubated for 1hr on a shaker in a blocking
buffer containing TBSA-BSAT (5mM Tris-HCI pH 7.6, 0.1% BSA, 0.9% NaCl, 0.05%
Triton X-100, 0.05% Sodium azide), and 3% goat serum. The slides were then transferred
into 1:500 rabbit polyclonal primary antibody against tomato GSNOR into TBSA-BSAT
buffer containing no Triton X-100 and 3% goat serum, at 4°C on a shaker overnight. The
slides were washed three times in TBSA-BSAT buffer containing no Triton X-100 for 20-
minute intervals at room temperature. Slides were then incubated in 1:250 goat anti-rabbit
IgG (H+L) secondary antibody conjugated with FITC for 1hr on a shaker at room
temperature, then were washed three times in TBSA-BSAT buffer containing no Triton X-
100 for 20- minute intervals. The slides were mounted using VECTASHIELD Antifade
Mounting Medium with DAPI and imaged on a Leica inverted fluorescent microscope at

200X and 400X magnification.

2.2.8 Crude protein extraction

One month old roots were frozen with liquid nitrogen and ground into a fine powder
using a mortar and pestle. The powder was mixed with a 1:2 (w/v) ratio of a freshly prepared
cold extraction buffer containing 50mM Tris-HCI pH 7.5, 0.2% Triton X-100, 2mM DTT,
1mM PMSF, and 1ImM EDTA. The extracts were centrifugated at 100 rpm for 10 minutes

and the pellet discarded.

2.2.9 Western blots

The protein concentration of the crude extracts were measured using a Bradford assay
and diluted to 50pg/ml and 100pg/ml using SO0mM Tris-HCI pH 7.5. Following standard

western blotting procedure, proteins were separated using SDS-PAGE (sodium dodecyl
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sulphate polyacrylamide gel electrophoresis) and resolved on 12% gels. Proteins were
transferred for 1hr at 100V onto a PVDF (polyvinylidene difluoride) membrane using a
transfer buffer containing 20% MeOH, 0.192M glycine, 0.025M Tris-Base pH 8.3. Blots
were blocked by incubating in 5% BSA in TBST buffer containing 0.068M NacCl, 0.1%
Tween-20, and 8.3mM Tris-Base pH 7.6, on a shaker at room temperature for 1hr. Separate
blots were exposed to 1:1000 rabbit polyclonal primary antibody against tomato GSNOR in
5% BSA or 1:1000 rabbit polyclonal primary antibody against tomato APX3 in 5% BSA on
shaker at 4°C overnight then washed with TBST three times with 5-minute intervals. Blots
were then exposed to 1:5000 goat anti-rabbit IgG (H+L) secondary antibody conjugated with
HRP in 5% BSA for 45 minutes and washed with TBST three times in 5-minute intervals and
ready for imaging on imager using chemiluminescence SuperSignal West Femto Maximum

Sensitivity Substrate according to Manufacturer’s instructions to visualize bands.

2.2.10 Protoplast isolation

Cotyledons and root caps were severed from 14-day old Solanum lycopersicum
seedlings using a sharp scalpel. Hypocotyls and apical roots of approximately 100 seedlings
were carefully sliced into 1mm sections, ensuring not to mechanically crush cells. Once
sliced, root sections were immediately transferred to a small petri dish containing an enzyme
solution which can digest the cellulose, hemicellulose and pectin which make up the cell
wall. The fresh enzyme solution was prepared by heating a 20mM MES solution, pH 5.7
containing 0.4M mannitol and 20mM KCI to 70°C for 5 minutes. The solution was then
cooled to 55°C, where 1.5% (wt/vol) Cellulase R10 and 0.4% (wt/vol) Macerozyme R10 and
the solution incubated for 10 minutes to inactivate DNase and proteases. The solution was
further cooled to 25°C and 10mM CacCl, was added along with 0.1% BSA. The final solution

was passed through 0.2-pum syringe filter and into a sterile petri dish. Root sections were
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incubated in the enzyme solution in the dark for 15hrs then gently agitated by swirling to
release the protoplasts and visualized under a light microscope at 400x magnification to
ensure protoplast extraction. To separate protoplasts from cellular debris the
enzyme/protoplast mixture was diluted to 50% with a W5 buffer 2mM MES pH 5.7, 154mM
NaCl, 125mM CaCl, 5mM KClI) and separated using a 100 um nylon mesh filter. The
solution was left at room temperature in a 15ml conical vial for 15 minutes until protoplasts
settled to the bottom and as much buffer as possible was removed from the top of the

protoplasts to concentrate them.
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2.3 RESULTS AND DISCUSSION
2.3.1 GSNOR LOCALIZATION IN SOLANUM LYCOPERSICUM ROOTS

Previous studies have indicated that GSNOR has a significant role in root
development and is most abundant in the cytoplasm of cells contributing to the vasculature of
plants, including the phloem and xylem parenchyma cells 1% GSNOR immunolocalization
experiments were performed to verify the cellular location of GSNOR in young Solanum
lycopersicum seedlings. Figure 2.3.1-1 shows the increased brightness of roots treated with
both primary anti-GSNOR and secondary fluorescent antibodies, in comparison to
autofluorescence in roots and controls containing only one antibody. In Figure 2.3.1-2
increased magnification on young roots show GSNOR localization. The yellow filter
corresponds to GSNOR location, it is primarily visualized in the phloem however some
yellow fluorescence is also visible in the parenchyma cells. These results indicate that

GSNOR activity may be visualized in these various locations during in vivo Kinetic studies.
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Figure 2.3.1-1 Immunolocalization of GSNOR in S. lycopersicum vs controls. layered

images taken at 200x magnification and 300ms with Leica inverted fluorescent microscope
with excitation/emission filters 430-510nm/475-575nm (pictured green) and 320-400nm/430-
510nm (pictured yellow) A. roots exposed to TBST-BSAT blocking buffer only, shows
native fluorescence. B. roots exposed to primary antibody only, shows native fluorescence
only. C. roots exposed to both primary and secondary antibodies, indicating that GSNOR s

present in roots. D. roots exposed to secondary antibody only, indicating that the fluorescent
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secondary antibody is specific for Solanum lycopersicum GSNOR and the washing

procedures successfully removed excess antibody.

Phloem Xylem

Cortex
Pharenchyma cells

Root hair

Apical Meristem

Figure 2.3.1-2 GSNOR immunolocalization in S. lycopersicum roots. left, diagram indicating

the type of cells present in roots. Right, lateral root section imaged with a Leica inverted
microscope as stated in Figured 2.3.1-1 above at 400x magnification. Highest concentration
of GSNOR is visualized at places of brightest yellow intensity, both in the vascular tissues
(xylem and phloem) at the center of the root, and the outer most parenchyma cells of the

cortex.
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2.3.2 FLOW CHAMBER METHOD FOR VISUALIZING OABZ-GSNO ACTIVITY

A flow chamber, Figure 2.3.2-1, was developed to fulfill requirements of in vivo
young root microscopy on a Ziess Axiovert 200 inverted epifluorescence microscope. When
considering in vivo experimentation, it is crucial to maintain the native environment of plant
tissues and to prevent the loss of cellular contents. The flow chamber contained a Teflon
insert which was the same dimensions as the coverslip that was used to seal the chamber,
allowing for intact roots to be visualized whole instead of sliced or crushed. The insert was
mounted on an appropriate microscope slide using a clear epoxy. At the start of an
experiment a large section of root was placed on the coverslip and secured with quick dry
clear nail polish. After 30 seconds the coverslip could be secured to the Teflon insert using
the same clear nail polish. The chamber was filled with an appropriate buffer through one of
two holes drilled to the size of a 27.5-gauge diabetic needle and equilibrated for a few
minutes before performing a kinetic experiment. Because roots were secured within the
chamber the buffer could be removed and refilled with buffer containing a different
metabolite environment, so controls and experiments could be performed on the same roots

and visualized in the same location.
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Figure 2.3.2-1 Diagram of flow chamber. A. The chamber consists of a square Teflon insert
which sits between a microscope slide and coverslip, a root section is mounted to the
coverslip on the inside of the chamber using nail polish. B. The buffer of the chamber can be
replaced by aspirating old buffer through the In/outflow opening and reinjected with fresh

buffer containing other metabolites. The total volume of the chamber is 500pl.
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2.3.3 OABZ-GSNO KINETIC ASSAYS

Previous studies have identified OAbz-GSNO as a substrate for human GSNOR in
vitro and mouse GSNOR in vivo, suggesting its potential as an indicator for GSNOR activity
in living cells. Solanum lycopersicum GSNOR is homologous to mammalian GSNOR and
retains conserved residues in its active site, indicating that OAbz-GSNO may act as an

indicator for GSNOR activity in plants as well.

To determine whether OAbz-GSNO can also act as a fluorogenic pseudo-substrate
for SIGSNOR, young S. lycopersicum roots were exposed to 1mM OAbz-GSNO and their
fluorescence generation was compared to controls containing only MES buffer. In Figure
2.3.3-1 control roots were demonstrated to exhibit a fluorescence decrease, corresponding to
the autofluorescence of lignin, where as the OAbz-GSNO containing roots exhibited a strong
fluorescence increase, suggesting that the OAbz-GSNO probe has affinity to SIGSNOR. To
further corroborate these results, subsequent inhibition experiments were performed to
determine whether this fluorescence increase was a result of the interaction OAbz-GSNO

with GSNOR.

Because previous studies have determined that the pseudo-substrate for GSNOR,
OAbz-GSNO, has a lower affinity for GSNOR than its principal substrate GSNO, where
GSNO has a Ku of 11l in comparison to the Ky of 320pl for OAbz-GSNO in vitro, it was
hypothesized that GSNO would outcompete OAbz-GSNO for catalysis. To ensure that this
increase in fluorescence, in living tomato root tissue, was due to the interaction between
OADbz-GSNO and GSNOR, it was assumed that in the presence of increasing concentrations
of GSNO, GSNO would competitively inhibit the interaction between GSNOR and OAbz-
GSNO. Figure 2.3.3-2 depicts the reduction in initial rates of fluorescence generation in

roots which were exposed to ImM OAbz-GSNO as the concentration of GSNO was
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increased. The general decrease in fluorescence generation indicates that the fluorescence
increase visualized in Figure 2.3.3-1, was likely a result of the interaction between OAbz-
GSNO and SIGSNOR in roots. The inhibition constant (Kj) can be estimated by the half-
maximal rate of fluorescence increase to be at approximately 0.6mM GSNO. However,
despite an overall decrease in fluorescent generation, when performing these experiments
there was consistently an increase in fluorescence between the first two points at 0OmM
GSNO and 0.25mM GSNO. Previous studies have suggested that GSNO is capable of
modifying GSNOR activity through a PTM at an allosteric site. If the PTM site is specific for
GSNO and does not interact with OAbz-GSNO, this may describe the increase upon the

addition of GSNO.

Additionally, the inhibitor N6022 has been shown to be highly specific for
HmMGSNOR. Previous studies have demonstrated that N6022 can also be used in plant studies
to selectively inhibit plant GSNOR. The rates of GSNOR activity in roots containing the
N6022 inhibitor in comparison to those in control conditions were measured using OAbz-
GSNO in Figure 2.3.3-3. The roots preincubated with N6022 did not show fluorescence
increase in the presence of OAbz-GSNO, indicating that it is inhibiting OAbz-GSNO
reduction by GSNOR in the roots. There was however, a more significant fluorescence
decrease in blank rates in roots pre-incubated with N6022. This is expected due to the nature
of the N6022 inhibitor which promotes the accumulation of the co-factor NADH which acts

as a fluorophore with a similar excitation/emission to OAbz-GSNO.

The above experiments suggest that OAbz-GSNO can be used to demonstrate
GSNOR activity. Localization experiments were done to ascertain where within the root
structures the increase in fluorescence was the highest, to determine where GSNOR activity

may be localized (Figure 2.3.3-4). The rate of activity varies slightly across tissues; however,

39



this is contrasted with starkly varying autofluorescence decreases which are proposed to
indicate locations with the highest lignin content. Because lignin absorbs in the same region
as OAbz-GSNO excitation (300-400nm), it may be possible that there is some fluorescence
quenching or shielding attenuating the fluorescent generation in the vascular tissue where
GSNOR content is predicted to be highest and where lignin is also known to be highest,

however, this interaction must be explored further.

The patterns of increased rate of fluorescence with the addition of the pseudo-
substrate, OAbz-GSNO, along with a reduction of fluorescence generation when
competitively inhibited by GSNO as well as inhibition by the known GSNOR inhibitor,

N6022, was indicative of enzyme catalysis.

The trend of enzymatic activity was further demonstrated through Michaelis Menten
kinetics depicted in Figure 2.3.3-3. When assessing rates of fluorescence increase over time
in increasing concentrations of OAbz-GSNO (0.25mM, 0.375mM, 0.75mM, 1mM, 2mM,
4mM), the increase in the rate of substrate reduction was shown to model classical Michaelis
Menten character. The Michaelis constant, Ku, was determined to be 0.46mM in the
SIGSNOR in vivo model, which is consistent with the known Ky for HMGSNOR in vitro, of
0.32mM. In Michaelis Menten experiments the Vmax 0f these studies was inconsistent, most

likely caused by variations in enzyme content among roots.
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control

| OAbz-GSNO

Figure 2.3.3-1 S. lycopersicum roots displaying fluorescence increase over time when
exposed to OAbz-GSNO. Control roots were mounted in the flow chamber (Figure 2.3.2-1)
in 10mM MES buffer pH 5.7 and images taken on an epifluorescence microscope at 0s and
30s at 200x magnification and 300ms exposure. OAbz-GSNO images were taken after
controls on the same roots, where the MES buffer was removed and replaced with MES

buffer containing 1ImM OAbz-GSNO, and images taken in the same manner as in controls.
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Figure 2.3.3-2 Competitive Inhibition of OAbz-GSNO as a function of [GSNO]. Initial rates
were determined by exposing roots to 1ImM OAbz-GSNO and increasing concentrations of
GSNO, images were taken every 2 seconds and each image analyzed using ImageJ software
(NIH and LOCI, University of Wisconsin) for total root grey scale value reported as relative
fluorescence units (RFU). The initial rates, in RFU s, were plotted against increasing
concentrations of GSNO where a general fluorescence decrease was observed and, omitting

the first point, fit to a negative logarithmic curve.
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Figure 2.3.3-3 GSNOR activity reduction by N6022 Inhibitor. The initial rates were
determined by incubating a root mounted in a flow chamber in a solution containing MES
and 50uM N6022 (inhibitor) dissolved in DMSO, or MES buffer (control) for 5 minutes.
Blank rates (orange) show a decrease in fluorescence. Roots were imaged using an inverted
epifluorescence microscope at 300ms every 2 seconds for 30 seconds and each image
analyzed for greyscale using ImageJ Software (NIH and LOCI, University of Wisconsin).
Initial rates were determined by calculating the slope of the initial linear greyscale increase
and reported in RFU s (relative fluorescent units per second). Experimental rates were taken
on the same roots where the MES buffer or 50uM N6022in MES were aspirated and replaced
with MES containing 0.5mM OAbz-GSNO. The change in fluorescence was reported

similarly as in blank rates.
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Figure 2.3.3-4 GSNOR activity localization assay. Initial rates of fluorescence increase in
RFU s were determined by mounting a root in a flow chamber and incubating roots in MES.
Blank rates were determined by imaging roots every 2 seconds for 30 seconds on an inverted
epifluorescence microscope. Subsequently the MES buffer was aspirated and replaced with
MES buffer containing 1ImM OAbz-GSNO and images taken in a similar manner. Images
were analyzed using ImageJ software (NIH and LOCI, University of Wisconsin).
Localization experiments were performed on the same image sets where locations were
selected for measurement in correspondence with the vascular tissue, cortex cells, epidermis,

and intracellular cleft where n=3.

* Statistical significance was determined using a students t-test where p value = 0.028267

and statistical significance is defined as p < 0.05
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Figure 2.3.3-5 Initial rates of OAbz-GSNO reduction as a function of [OAbz-GSNO]. The
tomato root was exposed to increasing concentrations of OAbz-GSNO (0.25mM to 4mM).
The root images were collected every 2 seconds for 30 seconds and the initial rates of
fluorescence increase, in the area of interest, were calculated from the image stack by using
ImageJ software (NIH and LOCI, University of Wisconsin). The data was fitted to the
Michaelis-Menten equation. The best fit line is shown by the red line. The error bars

represent standard deviation n=3.
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2.3.4 CHANGES IN ACTIVITY DUE TO AMMONIUM STRESS

Because GSNOR activity can be demonstrated using the fluorogenic properties of
OAbz-GSNO and fluorescence microscopy, it was attempted to use these techniques to

elucidate the changes in GSNOR activity under ammonium stress conditions.

Solanum lycopersicum seedlings were grown in MS media containing 10mM
ammonium. In Figure 2.3.4-1 there is observable growth suppression in seedlings grown in
NH4" in comparison to control conditions, this is consistent with previously reported effects
of ammonium stress which also report growth suppression in apical root and shoot growth *°.
A western blot was performed to determine whether there was a difference in GSNOR
expression between the control and NH4* seedlings. Results in Figure 2.3.4-2 and Table
2.3.4-2 show that GSNOR content more than doubled when exposed to ammonium, in
comparison to the concentration of the loading control APX3 which remains the same. These
results are also consistent with previous reports which suggest that GSNOR activity increases

in the presence of ammonium stress conditions *°.

A similar increase in GSNOR activity was expected when roots grown in 10mM
ammonium were exposed to OAbz-GSNO. The opposite effect was apparent as shown in
Figure 2.3.4-3, where seedlings grown in ammonium conditions experienced higher GSNOR
content but lower activity. These results suggest that GSNOR is inhibited. It is
understandable that GSNOR could be inhibited under very high concentrations of NH.*
because NH," is a principal product of GSNOR catalyzed GSNO reduction. Because
ammonium stress also causes the disruption in K* uptake in roots along with the uptake of
cations necessary to growth, so NH4" cannot be utilized in enhanced amino acid synthesis.
NH," is associated with the upregulation of GSNOR transcription. Under normal conditions

this could lead to enhanced growth, however under, cation disrupted conditions where
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environmental ammonium is too high, GSNOR accumulates and must be inhibited to prevent
the further accumulation of ammonium. GSNOR may be controlled by S-nitrosylation. Under
ammonium stress conditions NO production is upregulated, so both GSNO and NO could be
in high concentration. Previous studies have indicated that when GSNOR is exposed to NO
donors, GSNOR can be S-nitrosylated leading to inhibition. Perhaps GSNOR can be inhibited
under conditions where free NO is also high. However more experiments must be done to

support this explanation.
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Figure 2.3.4-1 The phenotypic changes in seedlings when grown in ammonium vs control
conditions A. 14-day old solanum lycopersicum seedlings grown in MS media pH 5.7. B. 14-
day old solanum lycopersicum seedlings grown in MS media containing 10mM ammonium
chloride pH 5.7. Both sets of seedlings pictured were selected when cotyledons have just
emerged. Ammonium treated seedlings appear slightly smaller than control seedlings with
shorter apical root meristems, little lateral root formation, and shorter shoots. Typically,

ammonium treated roots lag behind control roots in growth in early growth milestones.
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Figure 2.3.4-2 Western Blot to determine GSNOR content in ammonium vs control roots.

Root extracts of 30-day old S. lycopersicum seedlings were diluted to 100pg/ml. Wells 1 and

4 contain the protein ladder as depicted in the well to the left. Wells 2 and 5 contain control

cell lysates and wells 3 and 6 contain NH4" lysates.

Table 2.3.4-2 Western blot band intensities

Control NH,*
APX3 1 1.10
GSNOR 1 2.12
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Figure 2.3.4-3 GSNOR activity in ammonium treated roots as determined by Oabz-GSNO
reduction in vivo. Initial rates of fluorescence increase in RFU s™ were determined by
mounting a root in a flow chamber and incubating roots in MES and taking a blank rate to
ensure fluorescent decrease. Subsequently the MES buffer was aspirated and replaced with
MES buffer containing 1mM Oabz-GSNO and images taken every 2 seconds for 30 seconds.
Images were analyzed using ImageJ software (NIH and LOCI, University of Wisconsin).

Error bars represent standard deviation where n=4.

* Statistical significance was determined using a students t-test where p value = 0.02531 and

statistical significance is defined as p < 0.05
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2.4 CONCLUSION

GSNOR is known as the master regulator of oxidative stress in plants, but little is
known about its mechanism of control. Studies often employ the NADH assay on plant
extracts to assess GSNOR activity under various growth conditions, however this method is
limited because it cannot be done in native cellular conditions. In this project, OAbz-GSNO
has been identified as a promising pseudo-substrate for the study of endogenous GSNOR
activity in the living plant model. Additionally, the flow chamber was developed, which
allows intact organs to be visualized using microscopy in a variety of conditions.
Localization studies indicate that GSNOR activity may vary across structures. Moreover,
NH,* studies suggest that despite higher levels of GSNOR observed when plants are exposed
to ammonium stress, GSNOR activity may decrease. This highlights a possibility of GSNOR

control by post translational modification.
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CHAPTER 3

DEVELOPING A PHOTOREACTIVE AFFINITY LABEL FOR THE
CHARACTERIZATION OF S-NITROSOGLUTATHIONE
REDUCTASE
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3.1 INTRODUCTION
3.1.1 GSNOR ACTIVITY IS MODIFIED POST-TRANSLATIONALLY BY GSNO

Multiple sources indicate that GSNOR is mediated by the bioavailability of its
principal substrate, GSNO 4063.70-72109 "1n addition to its active site, GSNOR is proposed to
have a secondary allosteric site where GSNO may interact with the enzyme reversibly and
elicit a conformational change leading to changes in activity . Studies report that in the
presence of highly nitrosative cellular conditions, and thus high concentrations of GSNO,
GSNOR activity is downregulated %1%, Because GSNO elicits its control on associated
redox-active proteins through S-nitrosylation, it was proposed that GSNOR activity is
mediated in a similar manner *°. When exposed to NO donors in vitro, Arabidopsis GSNOR
activity is inhibited and subsequently restored when exposed to a strong reducing agent, like
DTT "*. Additionally, when AtGSNOR was exposed to a NO donor it increased the Ky of
GSNO indicating a NO interaction at an available thiol. Because GSNOR is cysteine rich,
sequence analysis elucidated conserved cysteines, and molecular modeling indicated that
there are conserved cysteine residues which are solvent accessible 81112 |t is suggested
that GSNOR is controlled through a covalent S-NO interaction to an available cysteine
residue. The site was further supported by a reduced inhibition of GSNOR activity in
enzymes containing cysteine to alanine mutations in residues C10, C271, and C370

indicating that these residues may be targets for S-nitrosylation %%,
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3.1.2 AN ALLOSTERIC SITE FOR GSNO MODIFCATION ON GSNOR WAS
IDENTIFIED

Though many sources accept S-nitrosylation as the manner by which GSNO mediates
GSNOR, a previous study in our group has identified an alternative binding site for GSNO
(Figure 3.1.2-1) 2. The site was identified initially by enzyme kinetics where a sigmoidal
relationship was demonstrated when human GSNOR was subjected to increasing
concentrations of GSNO in vitro. This relationship indicates the existence of an allosteric site
capable of binding to GSNO when it is in abundance and upregulating GSNOR activity. The
site was further identified using molecular modeling at Lys323, Gly321, Asn185, and Lys188
and site-directed mutagenesis at each of the lysine residues to alanine, where single and

double mutants displayed a significant decrease in GSNO reduction compared to wtGSNOR.
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Figure 3.1.2-1 GSNO Binding Site on GSNOR at residues Lys323, Gly321, Asn185, Lys188

indicated by molecular modeling and supported using mass spectrometry "2

Data from Antioxidants (Basel). 2019 Nov 13;8(11):545. doi: 10.3390/antiox8110545.

PMID: 31766125; PMCID: PMC6928738.
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Figure 3.1.2-2 wtGSNOR activity vs mutants. Red indicates wtGSNOR activity, black is
K188A mutant, blue is K323A mutant, and green is K188A/K323A double mutant.
Mutations on GSNOR at the proposed allosteric site show significantly decreased GSNOR
activity, supporting its identification as an allosteric activation site. Figure reproduced with
permission. Fontana K, Onukwue N, Sun BL, Lento C, Ventimiglia L, Nikoo S, Gauld JW,
Wilson DJ, Mutus B. Evidence for an Allosteric S-Nitrosoglutathione Binding Site in S-

Nitrosoglutathione Reductase (GSNOR).

Data from Antioxidants (Basel). 2019 Nov 13;8(11):545. doi: 10.3390/antiox8110545.

PMID: 31766125; PMCID: PMC6928738.
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3.1.3 P-AZDIOPHENACYL BROMIDE

p-azidophenacyl bromide (papaBr) is a photo-labile reagent which is capable of
covalently binding to reactive thiol groups on macromolecules and enzymes **. Because of
its nature to interact mainly with thiols, in enzyme studies, papaBr will bind to reactive

cysteine residues within active sites 14

. papaBr reacts readily because it consists of a highly
reactive bromo acetyl group by which it may perform a nucleophilic displacement with
cysteine *°. In addition, papaBr is photo-reactive owing to its azide group. When irradiated
at around 330nm the azide group on papaBr will form a carbene or nitrene, which is highly

reactive and non-specific 16

. Within an active site papaBr, which will have little effect on

activity when non-irradiated, however, upon irradiation is capable of completely inhibiting
enzyme activity through crosslinking 116, Additional azide containing probes have been
developed and utilized in a similar manner to papaBr, however due to their non-specific

binding they label enzymes randomly rather than at the active site. papaBr is ‘bifunctional’

due to its reactive thiol specificity and photo lability 1*°.
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Figure 3.1.3-1 Possible structural changes in azide group in response to irradiation '/,
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3.2 MATERIALS AND METHODS

3.2.1 Materials

p-azidophenacyl bromide (Toronto research chemical Inc.), reduced glutathione, Sodium
Carbonate, G-25 sephadex, Tris-HCI, kanamycin, IPTG, NaCl, imidazole, DTT, PMSF,
Triton X-100, DNase I, lysozyme, HIS-select nickel affinity column, glycerol, sodium
phosphate dibasic, sodium phosphate monobasic, NADH, iodoacetamide, trypsin digestion

buffer (promega), B+J H20 (Thermo Fischer), formic acid, acetonitrile

3.2.2 Methods

3.2.3 papaGSsS synthesis and purification

28.8mg of p-azidophenacyl bromide was dissolved into 0.5ml of MeOH. 17.8mg of
reduced glutathione was added to this mixture along with 5ml of additional MeOH 5ml of
Carbonate buffer, pH 9. The mixture was allowed to mix in the dark at room temperature for
1hr. The insoluble salts were removed by centrifugation at 100 rpm for 5 minutes. 2ml of the
clear and colourless supernatant was applied to a 1.5 meter long BioRad econo-colomn with
a 1.5 centimeter diameter packed carefully with G-25 sephadex and equilibrated a pH 7.5
0.1M Tris buffer, and the components were allowed to separate through the column using
size exclusion chromatography, in the dark. The outflow was monitored using a BioRad
Biologic LP spectrometer, where the first peak, which appeared after about an hour,
corresponded to the unreacted glutathione and the second peak, appearing shortly after the
first corresponded to the p-azidophenacyl glutathione (papaGS) product. The product was
then frozen and lyophilized until it was a powder then reconstituted with 1 ml of 20mM Tris

buffer pH 8.5. Concentration was measured using UV/vis spectroscopy where extinction
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coefficient is ¢ = 10200 M™* cm™ at an absorbance of 298nm. The product was stored at -

20°C for up-to a year under strict dark conditions.

3.2.4 HMGSNOR expression and purification

HMGSNOR plasmids (pET28b_ADH5) were transformed into E. coli (BL21(DE3))
and inoculated into 2X YT medium containing 50pg/ml kanamycin by previous lab members
and stored in 1ml aliquots at -80°C. An aliquot was transferred into a starter culture
containing 100ml of 2x YT medium and 50pg/ml kanamycin which was incubated in 37°C
shaker overnight. The starter culture was used to inoculate 1.5L of 2X YT medium
containing 50pg/ml kanamycin which was incubated in 37°C shaker for 8 hrs. The expression
of the GSNOR plasmid was induced at this point using IPTG at a final concentration of
0.4mM and allowed to express on a shaker at room temperature for 24 hours. The cells were
separated by centrifugation at 6000 rpm for 30 minutes at 4°C and the supernatant discarded.
The pellet was resuspended with a lysis buffer containing 50mM Tris-HCI pH 8, 150mM
NaCl, 15mM imidazole, ImM DTT, 1mM PMSF, 0.5% Triton X-100, 50pg/ml DNase I,
100pg/ml lysozyme. The lysate was incubated on ice for 30 minutes then sonicated in 20
second on/off cycles 8 times. The lysate was further centrifugated at 12000 rpm for 30

minutes at 4°C and the supernatant further purified using a HIS-select nickel affinity column.

Following manufactures guidelines, the nickel affinity column was equilibrated using
a wash buffer containing 50mM Tris-HCI, and 150mM NaCl pH 8, then again with the same
wash buffer containing 15mM imidazole. The supernatant was then applied to the column
and washed with a wash buffer containing 40mM imidazole. HMGSNOR was eluted from the
column using an elution buffer containing 50mM Tris-HCI, 150mM NaCl and 300mM

imidazole at pH 8. The eluate was buffer exchanged using Amicon 30kDa centrifugal filters
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into a storage buffer containing 58mM Na;HPO4, 17mM NaH.PO4, 68mM NaCl, and 15%

glycerol and stored at -80°C.

3.2.5 Kinetic assays

Stock solutions of 20mM NADH and 20mM GSNO were prepared fresh using a
20mM Tris-HCI pH 8.5 buffer. The components 10ul NADH, and varying final
concentrations of GSNO (0mM, 0.005mM, 0.01mM, 0.025mM, 0.05mM, 0.1mM, 0.25mM)
were added to an absorbance cuvette containing 20mM Tris-HCI pH 8.5 buffer with 5ug of
HmMGSNOR added last to a final volume of 1ml. Activity was monitored using an Edinburgh
Instruments DH5 UV/Vis spectrophotometer measuring the rate of NADH depletion at

320nm for 60 seconds at room temperature.

The above assay was also performed in papaGS-dark and papaGS-irradiated
conditions. In papaGS-dark conditions the enzyme was mixed with papaGS to a final
concentration of 25uM in the reaction mixture, and the assay was performed in the same
manner as stated above. In the papaGS irradiated conditions the enzyme was mixed with
papaGSs to a final concentration of 25uM and that irradiated with an LED light source
(365nm, Wilson Analytical, Edmonton AB) light for 5 minutes and a colour change from
colourless to orange yellow was observed. The kinetic assays were performed in the same

manner as previously stated in this section.

3.2.6 Mass Spectrometry

HmGSNOR proteins at a concentration of 0.5ug/ul were reduced with 10mM DTT
(dithiothreitol) at room temperature for 45 minutes, then alkylated with IAM (iodoacetamide)
to a final concentration of 20mM IAM in the dark for 1hr. The proteins were then digested in

siliconized tubes with TGB (trypsin digestion buffer) to a final concentration of Sng/ul and
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left on a shaker at 37°C overnight. Samples were then transferred into new siliconized tubes
along with 100ul B+J H20 and the digestion quenched with 1% FA (formic acid) then boiled
for 5 minutes and allowed to cool. Salts were removed from the samples using Waters Oasis
columns. Columns were activated using 200ul ACN then equilibrated with 3 washes of 100ul
0.15% FA, and 1 wash of 100ul 0.15% FA, 1% ACN. Sample volumes were reduced to
approximately 50ul using a speed vacuum and resuspended in 150ul 0.15% FA then added to
the Oasis columns. Once the sample ran through the column it was washed 3 times with
100ul 0.15% FA. Peptides were eluted off the column in a stepwise manner into new
siliconized tubes with 100ul of 20% ACN in 0.12% FA, then 100ul of 50% ACN in 0.075%
FA, then twice with 80% ACN in 0.03% FA. The resulting peptides were dried with a speed
vacuum and reconstituted in 20ul of 0.1% FA and stored at -20°C. Mass spectrometry was
performed and analyzed by Dr. Otis Vacratsis, University of Windsor, and by Simon Plaize,

Université Laval.
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3.3 RESULTS AND DISCUSSION
3.3.1 THE DEVELOPMENT OF PAPAGS

Previous studies in our lab group have identified an allosteric GSNO binding site on
human GSNOR "2, This site is responsible for enzyme activation, and unlike previous studies
have suggested, the interaction is not elicited through S-nitrosylation. To further characterize
mechanisms of GSNOR control by GSNO, a novel reagent was developed which was capable
of interacting with the enzyme in a similar manner to GSNO. Because GSH is a precursor to
GSNO, it is thought to interact with the allosteric or catalytic site on its own. Additionally,
GSH contains a reactive thiol, which is capable of reacting with a photo-labile label like
papaBr. When reacted together to form papaGS (p-azidophenacyl glutathione, Figure 3.3.1-
1) the probe was hypothesized be capable of interacting with either the catalytic site or the
allosteric site, due to structural similarities between GSH and GSNO, and once proximity to
this site was established, irradiation was expected to cause the enzyme activity to change in
response to highly reactive nitrene or carbene formation, and subsequently, non-specific

crosslinking at this site.
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OH

Glutathione (GSH) p-azidophenacyl Glutathione (papaGS)

Figure 3.3.1-1 The proposed structure of photo-labile papaGS (p-azidophenacyl glutathione)

when formed form Glutathione (GSH) and papaBr (p-azidophenacyl bromide).

3.3.2 EVIDENCE OF SUCCESSFUL PAPAGS SYNTHESIS AND ACTIVITY

The protocol for papaGS synthesis was developed by Dr. Bulent Mutus and described
in section 3.2 of this document. Upon papaGS synthesis and purification, papaGS which was
a clear and colourless solution, was subjected to irradiation at 365nm to determine whether
the compound was photo sensitive. Figure 3.3.2-1 shows that there was a very apparent
colour change between the non-irradiated and irradiated papaGS, indicative of a structural
change. To determine whether the observed structural change would have an effect on
GSNOR, papaGS was interacted with GSNOR in dark vs irradiated conditions. The resulting
GSNOR activity was determined using an NADH assay shown in Figure 3.3.2-2. It did not
appear that GSNOR activity was affected by exposure to papaGS under dark conditions
however exposure to irradiated papaGS significantly reduced GSNOR activity. This suggests
that papaGS may interact with the allosteric site, where irradiation causes an inhibitory effect

on GSNOR, similar to the K323A point mutation described in section 3.1.2.
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To determine whether papaGS may be capable of causing a change to activity
depending on concentration, GSNOR activity was determined while exposing the enzyme to
increasing concentrations of papaGS in Figure 3.3.2-3, where it was found that there is no
significant change in the activity of GSNOR when exposed to high concentrations of non-
irradiated papaGS. These are similar findings to the reported activity of azide containing
photo-labile reagents which are shown to only cause major changes to enzyme activity when

exposed to light.

Finally, the structure of papaGS shown in Figure 3.3.2-5 was verified by Mass
spectrometry performed by Dr. Otis Vacratsis, shown in Figure 3.3.2-4. The calculated mass
of papaGSs is 466 Da, which is observed at 467 Da when ionized by ESI. An additional peak
was observed at 441 Da which may result from the structural change of papaGS when
irradiated. The proposed structural change upon irradiation is a ring expansion as suggested
in Figure 3.1.3-1 where possible structural changes are indicated. The molecular weights of
the other possible structures were calculated and are indicated in Appendix C. The proposed

structure has a molecular weight of 440 Da, which may be observed at 441 Da when ionized.
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Figure 3.3.2-1 papaGS light-sensitivity indicated by a colour change. Left, clear and
colourless papaGS stored in dark conditions. Right, papaGS exhibiting an orange-yellow

colour change after direct exposure to 365nm light for 5 minutes.
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Figure 3.3.2-2 GSNOR Kkinetic activity when exposed to papaGS in light and dark conditions
vs control. Control indicates samples which contain GSNOR in a pH 8 phosphate buffer with
no papaGS and those which at label papaGS, contain 100uM papaGS. Dark experiments
were performed in low light conditions and in the irradiation experiments, the samples were
irradiated for 5 minutes with 365nm light. Kinetics of GSNOR was determined using the
NADH assay to measure NADH depletion using absorbance at 340nm and the inverse rates

(Vo, plotted = Vo, X -1) Where plotted Error bars represent (n=3).

* Statistical significance was determined using a students t-test where p value = 0.013494

and statistical significance is defined as p < 0.05
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m/z

Figure 3.3.2-4 Mass spectral analysis of papaGS. Mass Spectrometry was performed using
electrospray ionization (ESI) and Time of Flight (TOF) MS on papaGS exposed to 365nm for
5 minutes verifying both the molecular weight of 466 Da unexposed papaGS and providing

insight to the molecular weight of the structural change when exposed to 365nm light.
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Figure 3.3.2-5 Proposed structural changes based on Mass Spectral analysis of irradiated

papaGsS.

3.3.3 EVIDENCE OF PAPAGS BINDING TO THE ALLOSTERIC SITE

Because it is proposed that papaGS can bind to the same allosteric activation site as
GSNO, which was determined in earlier studies, Kinetic assays were done similarly to those
done previously with GSNO to determine their fit (Figure 3.3.3-1). All three conditions can
be modeled using Michaelis-Menten enzyme Kinetics with increasing concentrations of
GSNO ranging from 0.005mM to 0.25mM. There is no significant difference in Michaelis-
Menten Kkinetic parameters, Km and Vmax for GSNOR only and non-irradiated papaGS
experiments. However, there is a significant reduction in GSNOR activity when exposed to
irradiated papaGS, where there is a significant decrease in both Vmax and Km (Table 3.3.3-1).
A reduction in Ky indicates enhanced enzyme-substrate interaction at the active site. This
may be evidence in favour of allosteric binding due to a change in conformation of the active

site to increase its affinity for GSNO, however a low Vmax also indicates a reduction in
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catalysis. Because the irradiation of azide containing affinity labels usually leads to non-
specific crosslinking, if papaGS was interacting with an allosteric site it would be expected to
disable the active site upon irradiation. Therefore, this reduction in catalysis is indicative of

papaGSs interaction with an allosteric site.

It has been shown previously that normal GSNOR kinetics follows sigmoidal
behaviour modeled by cooperativity binding in the Hill-Langmuir relationship (Equation
3.3.3-1). As the concentration of GSNO increases, GSNO interacts with an allosteric site
leading to an increase in enzyme activity, described as positive cooperativity. The plots in
Figure 3.3.3-1 were analyzed for their cooperativity in Figure 3.3.3-2. Cooperativity is
represented by the Hill coefficient n, when n is higher than 1 there is positive cooperativity
and when it is below 1 there is negative cooperativity. In both conditions, control and
papaGSs indicate positive cooperativity binding, however, when exposed to papaGS the Hill
constant decreases, indicating diminished cooperativity. This loss in cooperativity in the
presence of papaGS may indicate that papaGS can disrupt GSNO interaction at the allosteric
site of GSNOR.

vmax [S] "

Yo = kpn + [S]

Equation 3.3.3-1 The Hill-Langmuir relationship
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Figure 3.3.3-1 Michaelis-Menten GSNOR Kkinetics in samples containing papaGS. Initial

rates were determined using the NADH assay to measure NADH depletion using absorbance

at 340nm and the inverse rates (Vo, plotted = Vo, X -1) Were plotted for samples of variying GSNO

concentrations (OmM to 0.25mM). Control (blue) contain no papaGS, where orange contains

250uM papaGS which was done in dark conditions and grey contains 250uM papaGS which

has been irradiated when combined with GSNOR. Where plotted Error bars represent (n=3).

Table 3.3.3-1 Michaelis-Menten parameters from Figure 3.3.3-1

experiment KM pM | vmax AU s?
Control 58.58739 | 0.02653356
250uM papaGS | 55.89169 | 0.026236311
dark

250uM papaGS | 24.21357 | 0.013350088
light
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Figure 3.3.3-2 Cooperativity binding indicating possible allosteric binding site. The data
collected from Figure 3.3.3-1 was fit to the Hill-Langmuir relationship (Equation 3.3.3-1).

A. indicates the fit to control conditions and B. indicates papaGS 250uM in dark conditions.
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Table 3.3.3-2 Hill-Langmuir parameters from Figure 3.3.3-2

experiment Ko pM Vmax AU st | Hill

coefficientn
Control 37.28995 0.02039 2.272618
250uM papaGS 38.66555 0.02166 1.667593
dark

3.3.4 MASS SPECTROMETRY TO DETERMINE PAPAGS BINDING SITE

In order to determine whether papaGS was interacting with the allosteric site at
residues Lys323, Gly321, Asn185, and Lys188, mass spectrometry was performed on trypsin
digested HmMGSNOR which was incubated with papaGS, papaGS combined with GSNO, and
under control conditions. The peaks generated under control conditions were compared to
those which contained irradiated papaGS. Appendix B indicates possible molecular weights
of peptide fragments. PapaGS was expected to interact with the peptide fragments at 1897
+441 Da and 823 +441 Da, however there were no observed peaks in these ranges. A peak
was present at m/z 1391 in the sample containing papaGS which was not present in the
control (Figure 3.3.4-1). This is closest in molecular weight to the 956 Da peptide fragment
combined with irradiated papaGS (441 Da). When irradiated papaGS exhibits non-specific
crosslinking, so it may interact with a nearby peptide. Additionally, a large amount of
papaGS was found to fall off the peptides either during purification or during ESI, additional
MS studies should be done using a softer ionization method. As a result, the only piece of
evidence indicating that papaGS is acting at the allosteric site is the kinetic results showing the

decrease in the allosteric behaviour of GSNOR in the presence of papaGS.
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Figure 3.3.4-1 Mass analysis of trypsin digested GSNOR with papaGS. Mass Spectrometry was

performed by Dr. Otis Vacratsis on a Waters Synapt G2 Mass spectrometer of GSNOR

containing irradiated papaGS, papaGS and GSNO and under control conditions. Peptide

fragments were separated using UPLC, then ionized using ESI, the MS/MS was a quadrupole

combined with a TOF mass analyzer. Peak at m/z 1391 is absent in controls.
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3.4 CONCLUSION

Previous studies have highlighted the importance of elucidating how GSNOR can be
controlled by its environment. Though some studies indicate that GSNO may inhibit GSNOR
at an S-nitrosylation site, in our lab we have shown that GSNOR activity is upregulated as the
concentration of GSNO increases. This was demonstrated using enzyme Kinetic assays
modeled to the Hill-Langmuir cooperativity equation. A photo-reactive affinity label,
papaGSs, is structurally similar to GSNO and contains a reactive azide group which undergoes
non-specific binding when irradiated. In dark conditions the affinity label was shown to
augment normal cooperativity binding by GSNO, suggesting that it interacts with the
allosteric site. Upon irradiation, papaGS reduces the activity of GSNOR by 50% suggesting
that it was interacting with the GSNO binding allosteric site. Additionally, MS analysis

highlights a peak at 1391 m/z when exposed to papaGS which must be further analyzed.
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CHAPTER 4: GENERAL CONCLUSION

Plants are incredibly adaptable to their changing environments and have developed
highly attuned stress response mechanisms to mitigate the, often extreme, changes in their
environments. Studying how plants respond to stress conditions is of emerging importance as
the environmental conditions of the planet shift. All stress conditions result in some kind of
ROS/RNS generation which leads to downstream events, leading to observable changes in
plant growth. At the center of stress response is the redox enzyme and master regulator of
oxidative stress, GSNOR. GSNOR metabolizes GSNO, a LMM NO transporter which is
capable of spontaneously S-nitrosylating reactive thiols on proteins, a PTM which is capable
of controlling activity. Therefore, GSNOR is a pleiotropic enzyme, and its activity leads to a
variety of downstream events. There is particular interest in determining how GSNOR
changes in activity in various stress conditions, to further elucidate mechanisms of GSNOR
control. In chapter 2 a previously designed pseudo-substrate, OAbz-GSNO, was applied to
the study of GSNOR activity in Solanum lycopersicum roots. Exogenously applied OAbz-
GSNO on roots grown in ammonium stress conditions indicated that GSNOR activity
reduces in response to high ammonium exposure. GSNOR content is reported to increase in
concentration in ammonium stress conditions, so the loss in activity under these conditions
highlights the utility in using OAbz-GSNO as a method of determining GSNOR activity

under stress conditions.

In chapter 3 a previously identified site of GSNOR control was further assessed using

a novel photo-reactive affinity label.
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Appendix A—Michaelis Menten Kinetics

control




Figure A.1 Image series for Michaelis-Menten experiments

An image series was taken for roots exposed to concentrations of OAbz-GSNO ranging from

0 to 4mM, to determine the change in fluorescent intensity over time at each concentration.




Images were captured using an inverted epifluorescence microscope every 2 seconds for 30
seconds. Each image taken at 400x magnification was exposed for 500ms and analyzed using
ImageJ software (NIH and LOCI, University of Wisconsin) for its greyscale value of the
total area occupied by the root. The greyscale value corresponds to relative fluorescent units
(RFU) which can be plotted and analyzed for slope of RFU per second. When the corrected
rates from image series 0.25mM to 4mM (subtracted by control rate) are plotted on a graph
where RFU per second is placed on the y-axis and concentration in mM on the x-axis the

corresponding relationship resembles Michaelis- Menten kinetics
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Appendix B—Human GSNOR sequence used containing tags and start methionine

MGSSHHHHHH10 SSGLVPRGSH20 MANEVIKCK Az AVAWEAGKPL 4o SIEEIEVAPPs
KAHEVRIKIlsp ATAVCHTDAY 70 TLSGADPEGCs FPVILGHEGAg GIVESVGEG V100
TKLKAGDTVI110 PLYIPQCGEC120 KFCLNPKTNL130 CQKIRVTQGK 140
GLMPDGTSRF150 TCKGKTILHY 160 MGTSTFSEY T170 VVADISVAK 1
DPLAPLDKVCig0 LLGCGISTGY 200 GAAVNTAKLE210 PGSVCAVFGL 220
GGVGLAVIMG33 CKVAGASRII240 GVDINKDKFA25 RAKEFGATECo60
INPQDFSKPI270 QEVLIEMTDG280 GVDYSFECIG290 NVKVMRAAL Ezo0
ACHKGWGVSV310 VVGVAASGEE 320 IATRPFQLV T30 GRTWKGTAFGaso
GWKSVESVPKaso LVSEYMSKK 350 KVDEFVTHNL 370 SFDEINKAFEzg0

LMHSGKSIRT400 VVKILEHHHH10 HH

Figure B.1 Sequence of hmGSNOR used containing tags and start methionine with allosteric

site residues Asn205, Lys208, Gly341, and Lys343

Table B.1 peptide masses from HMGSNOR trypsin digestion

Fragment | Position Peptide sequence

mass

1899.8892 1-17 MGSSHHHHHHSSGLVPR
1085.5408 | 18-27 GSHMANEVIK

2305.2437 | 30-51 AAVAWEAGKPLSIEEIEVAP PK
611.3260 52-56 AHEVR
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4384.1474

1806.8764

721.3701

706.3552

532.3089

933.4458

2633.3167

981.5615

1897.9510

2277.1803

560.3151

871.5247

4423.0454

842.4189

2842.5209

823.4097

745.4090

956.4757

1906.9181

1019.4978

1196.5820

59-102

105-121

122-127

128-133

136-140

141-149

156-179

180-188

189-208

209-232

233-238

239-246

254-293

297-304

305-332

336-343

344-350

351-358

362-377

378-386

394-402

IIATAVCHTDAY TLSGADPEGCFPVILGHEGAGIVESVGE
GVTK

AGDTVIPLYIPQCGECK

FCLNPK

TNLCQK

VTQGK

GLMPDGTSR
TILHYMGTSTFSEYTVVADI SVAK
IDPLAPLDK
VCLLGCGISTGYGAAVNTAK
LEPGSVCAVFGLGGVGLAVI MGCK
VAGASR

IIGVDINK
EFGATECINPQDFSKPIQEV
LIEMTDGGVDYSFECIGNVK
AALEACHK
GWGVSVVVGVAAGEEIATR PFQLVTGR
GTAFGGWK

SVESVPK

LVSEYMSK

VDEFVTHNLSFDEINK
AFELMHSGK

ILEHHHHHHH
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HO

Appendix C—papaGS adducts

j— 479 Da j‘ , 439Da

0 454 Da

j— 454 Da \)t> HN —

Figure C.1 Possible Molecular Weights of irradiated papaGS adducts.
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Appendix D —Protoplast Isolation

V=4

Figure B.1 Extracted protoplasts

Images taken with benchtop light microscope. A. 400x magnification. Single protoplast
containing green chloroplasts. B. 400x magnification. Three different cell types visible as
protoplasts, small protoplast containing chlorophyll, medium protoplast with a large vacuole

containing violet pigment, and a large clear protoplast. C. 100x magnification.
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