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Abstract

The explosive 2,4;8Binitrotoluene (TNT) is a global pollutant, with its toxicity threatening both
environmental and public health. The chemical properties of TNT enable its persistence, with natural
degradative mechanisms being insufficient to addresgamination. Phytoremediation is weslited

for addressing TN3oil pollution, though it requires a thorough understanding of plant-iétabolism.
Detoxification of TNin plantais predicted to follow three steps: transformation, conjugatiand
compatmentalisation. Currently, the TNJetoxification pathways withidrabidopsis thaliana
(Arabidopsis), reducticinitiated glucosylation and glutathionylation, are characterised up to
conjugation. Glutathionylation of TNT generategl@tathionyt4,6-dinitrotoluene (Conjugate 3), a
metabolite offering potential for TNineralization, due tahe loss of a nitregroup. To understand the

bioavailability of Conjugate 3, its faite plantamust be elucidated.

To confirm TNmetabolite compartmentalisation, spatial metabolomic techniques were optimised for
Arabidopsis root tissue. The successful optimisationtmrachtop noraqueous fractionation (BNAF)
technique confirmed the vacuolar association of the TNT metabolite hydroxaminodinitrotcluene

glucoside.

Following this, Conjugate 3 metabolic fate was characterised. The expressi@radaphila
melanogasteglutathione transferase released the bottleneck of Igltathionylation, saturating
Conjugate 3 metabolic pathways, thus allowing accumulation of downstream metabolites. Metabolite
identification by mass spectrometry revealed malonylation to be a comfatenfor Conjugate 3
derivatives. Additionally, a dominant role forglutamyl transpeptidases in initiating Conjugate 3

metabolism andthe vacuolamssociation of Conjugate 3 derivativeasgonfirmed.

Finally, to further characterise TNT and Conjugate 3 metabdfigtanta proteomic analysis of
fractionated and wholeroot tissue was performed. Analysis of fractionated sarsplevided a spatial
understanding of the root proteome. Wheleot tissue analysis identified biological processes and

putative protein candidates involved in the response to TNT and Conjugate 3.

This research generates a testable model for-iétabolism within Arabidopsis which, alongside the
demonstrated platform derived from BNAF and transgenic approaches, can further support

characterisation off NTdetoxificationin planta
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Chapter 1:introduction

1.1 Explosives

1.1.1Explosive classifications

Energetic compounds were first documented in 9th Century China with the discovery of gunpowder [1].
Since then, tharea of explosives chemistry has grown significantly, with the identification and
development of more sophisticated compounds and mixtures to address different requirements.
Energetic compounds can be categorised as low or high explosives. Low explodamg® u

deflagration, generating explosive velocities below 100*asad gas overpressures below 0.5 bar [1]. In
comparison, high explosives undergo detonation which involves velocities of up to 60HGandgas
overpressures up to 20 bars [1,2]. Hig#tplosives can be further categorised into either primary or
secondary based on their sensitivity and performance. Primary explosives are characterised by high
initiation sensitivity from stimuli such as impact, friction, heat, and electrostatic disciakgexamples

of primary explosives include lead azide, pentaerythritol tetranitrate (PETN) and diazodinitrophenol.
Despite their high volatility, the energy released by primary explosives is low in comparison to secondary
explosives. However, as secondarplosives have greater stability a preliminary detonation of a
primary explosive is often required as a trigger. Examples of secondary explosives are 2,4,6
trinitrotoluene (TNT), 1,3&initroperhydro-1,3,5triazine (RDX) and 2gdinitroaniline (DNANHigh
explosives are used in a variety of sectors including but not limited to mining, demolition, and military
activities [2], to prevent accidental detonation during transport and storage, explosives must be
powerful whilst insensitive to weak/medium imsity stimuli. Military activities often use high explosive
mixtures comprising nitr@rganic compounds containing one or more nigwups {NG). The reasons

for this are twofold. Firstly, the conversion of the nitrogen from its higiergy level, within the nitro
group, to its lowenergy level, within inert nitrogen gas, is highly energetically favourable and thus
releases a large amount of engy in the form of heat. Secondly, the high oxygen content of the itro
group fuels the oxidation of the hydrabon backbone during combustion, thus allowing oxidation to
occur in the absence of an external oxygen source. Mitganic explosives can be subdivided into four
classes based on the atom to which the nign@up is chemically bonded [2] (Figurd .11). Within

nitrate esters, this bond is to an oxygen atom, in nitramines it occurs on a nitrogen, and with

nitroaliphatics and nitroaromatics it is to an aliphatic and aromatic carbon respectively.

1
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Figurel.1.11: Classes of nitrebrganic compounds used in military activitieBlitrate esters classified by the nitgroup
bonded to an oxygen, examples include PETN, nitroglycerol (NG) and ethylene glycol dinitrate (EGDN). Nitroamines
classified by nitregroup bonded to a nitrogen, examples include RDX, 185 &nitro-1,3,5, #tetrazocane (HMX) and
hexanitrohexaazaisowurtzitane (20). Nitroaliphatics are classified by nigooup bonded to a carbon within an

aliphatic structure, examples include nitromethane roéthane and 1,4diamino-2,2-dinitroethylene (FOX7).
Nitroaromatics are classified by the nitggoup bonded to a carbon within an aromatic structure, examples include
2,4,6trinitrophenol (TNP), TN&nd DNAN.

1.1.2 Military nitroaromatics and TNT

The first nitroaromatic compound to be used for military purposes was -Zitophenol (TNP), also

referred to as picric acid, which was identified as a powerful explosive in 1873 [4]. However, due to the
high corrosiveness of picric acid and its aptlh form shocksensitive salts with metals, it was replaced

by TNT. First synthesised in 1863 through nitration of toulene, the explosive properties of TNT were
identified in 1891 by German chemist Carl Haeussermann [5]. The relative insensitivity, of TNT
compared to TNP, allowed artillery shells to pierce targets before detonation, therefore causing greater
damage than comparative shells containing TNP, which detonated upon impact. This insensitivity of TNT
also provided other benefits relating to itsriction within munitions. An important one is the melting

point of TNT, 80 °@hichis far belowits detonationtemperature, 300 °Ghus allowingthe compound
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to be used as a mettasting explosive that can be poured into artillery shells relatively safely. The ability
to melt TNT, in addition to its relative stability, enables the use of the compound as an energetic binder,
improving theintegrity of composite explosive mixtures; an important trait for munitions handling,
transportation and storage. These attributes, alongside the low manufacturing costs of TNT, have made
it a staple part of military munitions from its first incorporation by then@an army in 202 through

and into the 2% century. The use of TNT was expectedly high during World War Il with over 150,000
tons generated per month [6]. This production resulted in extensive pollution at manufacturing and
distribution sites [6]. Current explosive mixtures are replacing TNTtlgthitroaromatic DNAN, as

DNAN provides even greater shock stability providiAgeid and transport benefits [7]. However, TNT is
still a common ingredient within military munitions, with one assessment of the military meok@NT

in 2017 being $714.79 million &), with further growth predictedin the coming decade [8].

1.2 The problems associated with TNT

1.2.1 TNFtoxicity

Whilst originally thought to baeon-toxic, the high use of TNT during World War | revealed the falsehood
of this assumption, with 17,000 cases of TNT poisoning resulting in 475 deaths in the US alone [9]. This
exposure mainly occurred at manufacturing sites, either through inhalatie@omtiminated air and/or
dermal exposure. Symptoms of TNT poisoning include dermatitis, cyanosis, aplastic anemia, and liver
degeneration [10]. A caseontrolled study of workers exposed to TNT in China, revealed the negative
effects of the explosive on theeproductive system. Of the 104 workers, 50 exhibited significantly lower
semen volumes, a reduction in motile spermatozoa, and a higher incidence of sperm malformation [11].
The Uhited Sates Environmental Protection Agendyas designated TNT as a Class C possible human
carcinogen, with this classification supported by the development of uribkgder carcinoma within
female rats following chronically high exposure to TNT,lanithe presence of mutagenic compounds
within the urine of TNExposed workes [12]. The harmful effects of TNT are not just limited to

mammals, with exposure resulting in growth inhibition and toxicity in organisms from across the
kingdoms of life [10]. In soil studies, TNT has been shown to reduce the biomass of a variety of pla
species [13,14], and reduce earthworm populations [15] as well as decreasing the diversity and
abundance of soil bacteria [16]. Chronic effects of TNT on aquatic life have also been observed with
concentrations between 0.0140.04 mg Lt impacting devéopment and reproductive traits within

fathead minnows [17,18] and high toxicity seen in algae and microcrustaceans [19]. The negative effects
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of TNT on both human and environmental health have resulted in stricter controls in production and

wastemanagement to reduce flux of this compound into ecosystems.
1.2.2TNT within the environment

1.2.2.1Environmental pollution and persistence

Due to its substantial use in military activities during th& 2ad 2F centuries, TNT has become a
significant global environmental pollutant. Entry of TNT into the environment can occur at the

LINP RdzOG A2y X dzal 3S> FyR RA&LRAIFE adr3asSa 2F GKS Ydzy
military-grade TNT, nosymmetic isomers that impact the solidification point are removed by

treatment with aqueous sodium/ammonium sulphite [20]. The wastewater from this process, referred
to as redwater, contias all the norsymmetric isomers of TNT. Whilst there are now tighter controls on
the management of this waste, historical disposal practices commonly included release into unlined pits
referred to as evaporation lagoons [21] (Figar2.2.11A). This practice has resulted in high
concentrations of nitroaromatics contaminating the surrounding soil such that the upper sediment of
some lagoons now contains up to 40% explosive by weight [21,22]. The pollution of soil by TNT during
munitions testingesults from low order detonation, a term used to describe what happens when
explosives are not entirely depleted during detonation, with éxplosivereleased into the surrounding
environment. Loworder detonations are also the entry point of TNT during disposal of excess,
unserviceable and obsolete military munitions, as common practice for disposal is to perforraiopen
burning or operair detonatian [23]. Erosion of metal casings of unexploded ordinance (UOX) can also
be an environmental entry poirfor TNT Figurel.2.2.11B). As military training sites are where

munitions testing and disposal regularly occur, these areas arevawnone sites where very high
concentrations of TNT can be found within the soil [24]. There is currently an estimated 10 million
hectares of suchahd within the US alone that has an associated cleanup cost estimate between $16
160 billion (US, estimates from 2004 and are not adjusted for inflation) [@gurel.2.2.11C).
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Figurel.2.2.11: Examples of TNpollution sources. ARedwater, a byproduct of TNT production, contaminates land at
manufacturing sites. Image taken from a report from Strategic Environmental Research and Development Program and
Environmental Security Technology Certification Program on tackling/aéelr waste in TNT manufacturing [2@) UOX
revealed at military training range by erosion. Image taken from a report by the United States General Accounting office
[25]. C)Map of US Department of Defense ownlkeahd, bla& dots present test or training ranges, and thus potential

sites of explosive contamination. Image taken from report by the United States Government Accountability Office [27].

The persistence and accumulation of TNT in the environment results from the symmetrical layout of the
three nitro-groups within its structure. The highly electronegative nature of these functional groups,
through resonance effects, results in thesystem of the aromatic ring having a low electron density.

This feature impacts TNT persistence and accumulation within the soil in twa(kigysel.2.2.12).

Firstly, this attribute makes TNT highly recalcitrant to electrophilic attack by bacterial oxygenases, the
main pathway within the soil for aromatic compound mineralization [28]. Secondly, it allows the
explosive to bind strongly, but reversibly, to clayithin the soil through electron doneaicceptor

complex formation [29]. The formation of this complex reduces the mobility of TNT which provides a
partial explanation, alongside unequal deposition of explosives duringtder detonation, for the
heterogeneous nature of soil contamination by TNT [30]. However, as the formation of these complexes
is reversible and competitive between nitewsomatic compounds [31], TNT can leach from

contaminated soil [32]. Therefore, the high concentrations of TNT withitaeninated soil pose a

credible threat to groundwater. Such contamination has been identified within groundwater found at
both munitions manufacturing sites and at military training ranges, with TNT concentrations in the latter

being significantly greatdhan EPA guidelines [33,34].
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Figurel.2.2.12: Resonance effects contribute to accumulation and persistence of TNT within contaminatedTdwl
three highly electronegative nitrgroups within the structure of TNT results in thesystem of the aromatic ring having
a low electron density due to resonance effects. This prevents electrophilic attack of the aromatic ring by bacterial
oxygenases and reduces mobility of the pollutant within the soil through eleatomor complex formabn with cations

in clay minerals.

1.2.2.2Transformation of TNT within the soil

Though it persists within the soil environment, there are both abiotic and biotic mechanisms for the
transformation of TNT. The degradation of TNT through photolysis is one such abiotic mechanism.
Photolysis is the process in which TNT absorbs sunlighteleet the wavelengths of 31800 nm with

the ensuing increase in energy state causing the compound to spontaneously undergo both oxidation
and reduction reactions, resulting in a variety of transformation products being generated. Using NMR
analysis followig photecirradiation of TNT in both solid and aqueous states, 26 different breakdown
products have been identified, including hydroxyaminodinitrotoluenes (HADNTS), aminodinitrotoluenes
(ADNTS), nitriles, nitrones, azo and azoxy derivatives [35]. The piado€ these compounds is

thought to be impacted by a range of different factors including but not limited to pH, exposure time
and water content [35,36]. Photolysis can significantly reduce sutéaads of TNT within soil, for

example a 35% reduction iTNT content of dry soil after 55 days [32]; however, as TNT contamination
has been detected at depths of 15 cm below sites ofdwder detonations [37], a considerable amount

of the explosive remains unimpacted by photolysis. An abiotic process inviolge@surface
transformation of TNT is metahtalysed reduction. This surfaogediated reaction requires aqueous

iron (I) species to be adsorbed to iron (lll) (hydr)oxides, or other mineral surfaces, to enable the
sequential oneelectron reduction of NT to eventually form ADNT derivatives [38,39]. The absorption of
the iron (Il) species to a mineral surface is vital for this activity, with the reaction occurring very slowly
with free iron (1) [38]. Within a reducing environment, such as anoxic swdrsusil, this chemical

reaction can completely reduce TNT to generate 2idaBninotoluene (TAT) [39]. However, this process
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is dependent upon the level of iron (1) within the soil, thus it may be limited in its ability to transform

TNT in oxienvironments. Also, as the process requires TNT to be in an aqueous state, to allow access to
the reactive surface sites, the abilitf BNT to form electromonor-acceptor complexes with clay

minerals may further limit this reductive process. Evidence to support this hypothesis is the slower
reduction rate of monenitroaromatics due to the formation of these complexes with the common cla

mineral montmorilloniete [40].

Analysis of soil microbiota found at TRd@ntaminated training ranges identified bacteria and fungi
capable of transforming, and in some cases partially mineralizing, the explosive [41]. For the most part,
aerobic transformation of TNT by bacteria is ladito the partial reduction of the explosive to form

mono- and diADNT derivatives, through nitrosand HADN-Intermediates. The very low reduction
potential required to generate TAT fromADNT derivatives, betweefd.629 and0.712 V [42], makes

the camplete reduction of TNT chemically impossible for aerobic bacteria. Nitroreduction of TNT is
catalysed by nitroreductases, an enzyme family which contains flagitonucleotide cefactors and

use NADPH or NADH to perform sequential-electron reduction dnitro-substituents. Several aerobic
bacterial species capable of using TNT as a nitrogen source have been identified, these include members
of the Pseudomonag£nterobacteland Rhodococcugenera [41,43]. ThBseudomonagenus is

particularly efficientm TNT transformation and is dominant in bacterial populations found within
contaminated soil [44]. The use of TNT as a nitrogen source occurs via the condensation reaction
between a HADNT and a Meisenheirtemplex, formed from central carbon ring reductjdahe

coupling of these TNderivatives releases nitrogen in the form of nitrite [45]. Enzymes that catalyse this
reaction include the Old Yellow Enzyme (OYE) family, with homologs obtaine&tfitenobacter
cloacaebeing capable of releasing nitrite froavariety of nitroaromatic compounds including TNT
[46,47]. Whilst denitrification is believed to make the central carbon ring more accessible to oxygenase
attack, there are currently no examples of aerobic bacteria using TNT as both a sole nitrogarband c
source. However, this does not rule out the potential ofncetabolism by a bacterial consortium, as
mineralization of dinitrotoluene (DNT) by aerobic bacterium has been shown [48]. In terms of anaerobic
transformation of TNT, bacterial species withie Clostridiumand Desulfovibriggenera have been

shown to completely reduce TNT to TAT [43]. Within aqueous solutions, TAT is unstable and can be
converted top-cresol which bacteria can use as a carbon source [49,50]. However, evidence for TNT
mineralization through TAT formation is weak, leading to suggestions that TAT may beendead

product biologically [51]. Fungal transformation of TNT within the soirenment also occurs through

nitro-reduction, generating HADNT and ADNT products [52]. $onge within the Basidiomycota

7
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phylum, which possess lignolytic capabilities, have potential roles in mineralizing TNT. This has been
demonstrated for several whiteot fungi, includingPhanerochaete chysosporiumhich were able to
mineralize TNT in both lignolytic (low nitrogen) and #ignolytic (high nitrogen) conditions [53]. Under
lignolytic conditions, these fungi were shown to release extracellular peroxidases that increased TNT
mineralization. Interestigly, lignin peroxidases generated Bychysosporiurare inhibited by the

presence of HADNTSs [54]. Therefore, within the soil of munitions training ranges where high
concentrations of TNT are converted to HADNTSs by soil bacteria, inhibition of-datglgised

degradation could occur. Alongside Basidiomycetes, microscopic sgildtencapable of mineralizing
TNT, with strains oAspergillus nigeMucor spand Trichoderma spisolated from TNTontaminated

soil, incorporating carbon frorffGring-labelled TNT into amino acids and organic acids [55]. However,
the persistence oT NT within soils suggests these biotic transformation pathways may be limited by the

biomass or metabolic activity of the microbial organisms that perform them.

Reduced derivatives of TNT, whether generated by abiotic or biotic processes, can undergo further
reactions within the soil that impact upon subsequent bioavailability. The incorporation of ADNT
derivatives into the organic matter of the soil is one suatle fEvidence for this fate was obtained

through composting and sedlurry studies within whichGring-labelled TNT was shown to be

associated with the organic contents of the soil [56,57]. Licandi solidstate NMR has revealed all
reduced derivaties of TNT could form covalent linkages via nucleophilic addition to quinone and other
carbonyl groups found in soil humic acids and peat [59]. The formation of covalent linkages was also
shown between dADNT and solid lignocellulosic material [59]. Instregly, fungal laccases can

catalyse the formation of these covalent linkages, suggesting incorporation into the organic matter can
be facilitated by biotic mechanisms [60]. Reduced derivatives of TNT can also dimerise, in the presence
of oxygen, to formazoxytetranitrotoluenes [61]. These compounds are highly recalcitrant to
environmental degradation, and investigations usBajmonella typhimuriurhave shown
azoxytetranitrotoluenes to be more genotoxic amditagenicthan TNT and its reduced derivatives [62].
The continued persistence of TNT at military training ranges, as well as at historical sites of munitions
manufacturing during both World War | and 1l [63], indicate natural transformation processes are

limited in their ability to remove the pollutarthus highlighting the need for external intervention.
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1.3 Remediation methods for TNT contaminated soil

As TNT contamination of soil threatens public health through ground water contamination, and natural
processes are limited in their ability tiegrade the compound, remediation tactics to address this
pollution issue are a necessity. However, the pollution found at munitions training ranges has unique

challenges associated with it. These are:
w The vast area of contaminated land requiring treatment.
w The heterogeneous nature of contamination.
w The requirement to remediate active sites.
w The threat of UOX within the soil.

A suitable remediation method needs to overcome these challenges in a manner that is both cost

efficient and sustainable.

1.3.1Incineration

Incineration is one of the most common methods for dealing with a variety of organic wastes due to its
efficiency. However, it has significant costs and environmental damage associated with it. Efficient
incineration of organic contaminants requires extresnhigh temperatures, exceeding 648 °C, and
oxygen quantities 100% to 200% greater than the amount required to combust the organic compounds
[21]. Failure to achieve these requirements can result in the formation of reducing conditions that
generate unwated and toxic organic compounds within the resulting ash [21]. Meeting the

temperature and oxygewontent requirements, alongside the removal and transport of contaminated
solil, results in incineration having a high associated cost with estimates rangim&2001,000/ton

(US; estimates are from 1992 and are not adjusted for inflation) [21]. Incineration also has a substantial
negative environmental footprint, with the process destroying the structure and organic content of the
contaminated soil. Due tdhe carbon sequestration capabilities of healthy soil, alongside the large
amounts of Cereleased during the process, the use of incineration to remediate large areas of

explosives contaminated land does not fit with global aims of reducing atmospheric levels of CO

1.3.2Composting & Bioslurries
The earliest remediation alternatives to incineration exploited microbial activity towards TNT using
composting and formation of bioslurries. The process of composting involves mixing the contaminated

soil with an organic feedstock which provides a readigradable source of nitrogen and carbon, such

9
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as manure or food waste, as well as a bulking material that increases the aeration and moisture of the
mix. The two main forms of composting are static pile and windrow composting, these approaches differ
on the method of compost aeration. In static pilengposting, the material is placed into piles and

aerated using vacuum pumps. In comparison, windrow composting places the material in long piles,
referred to as windrows, and periodically aerates the material through mixing with mobile equipment.
Windrow @mposting is the favoured of the two approaches, as the combination of anaerobic and
aerobic conditions is believed to enhance covalent incorporation of TNT into soil organic matter, whilst
reducing the formation of recalcitrant azoxigrivatives. Once TN incorporated into the organic

content of the soil it is no longer bioavailable, thus is considered to be detoxified [56]. The detoxification
of TNT by composting was demonstrated by timperturbedgrowth of several plant species in soil,

which prior b composting contained 100 g k@NT [64]. Whilst effective, there are limitations to
composting. One of these is the requirement of large volumes of additives, this results in a large space
requirement for a comparatively small amount of contaminated soil being treated per composting

batch.

A methodology generated to address the large space requirement of composting is the mixing of
contaminated soil with largamounts of water and an inexpensive nutrient mixture, referred to as a
bioslurry. On the whole, the fate of TNT within bioslurries is identical to composting with the explosive
incorporated into the organic material within the mixture [57]. However, aslhivies can be incubated
within reactors, this provides greater control over the aeration condition such that highly reducing,
anoxic conditions can be generated rapidly. The rapid generation of anoxic conditions aims to enhance
TAT production, though re#ts have been mixed [57]. Whilst allowing significantly more soil to be

treated per batch, bioslurry is considerably more expensive than composting due to the energy
requirements of running the reactor, and the nutrient feedstock required for rapid gé¢ioeraf anoxic

conditions via the provision of carbon and nitrogen sources.

Both composting and bioslurries are highly effective methods of remediatingcdht@minated soil and
improve upon incineration as they do not degrade the soil substrate. Howeveextsgunature of

these approaches makes them best suited for highly localised contamination, such as that found at
munitions manufacturing sites. The scale and heterogeneous nature of TNT contamination at military
training ranges make composting and bioslurrgtpbitively expensive approaches, whilst the

requirement of soiremoval poses a safety risk due to UOX.
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1.3.3Alkaline hydrolysis

The use oin situmethods eliminates the requirement of soil excavation and transport, thus reducing
the costs associated with remediation, one such method is alkaline hydrolysis. This approach takes
advantage of the strong nucleophile nature of hydroxide ions to transfbN through nucleophilic

attack of the central carbon ring. The complete degradation of the aromatic structure has been shown
to occur quickly at high pH, with TNT solutions of 25 rhigeing completely degraded within six hours

at pH 2 [65]. The products of TNT alkalihgdrolysis have been shown to be predominantly polar [66]
and are dependent upon the pH at which degradation occurs. This was demonstrated through the
addition of neutralised solutions éfGring-labelled TNT to soil following alkaline hydrolysis. The release
of *Glabelled C@from the soil confirmed that alkaline hydrolysis can enable subsequent mineralization
of TNT through both abiotic and biotic processes [67]. However, solutions treated at pH 11.5 showed a
13-16%higher mineralization than identical experiments using solutions treated at pH 10.5. The
effectiveness of alkaline hydrolysis in treating explosives contaminated soil was shown in soil slurries,
where an effective concentration of 0.1 % calcium peroxetkiced the TNT concentration by 97%

within 24 hours [68]. The products of this reaction were shown to have undergone complete
denitrification. However, the use of very high (>10) pHs is limitethfsitutreatment, as such soils are
considered hazardousaste. For this reason, investigations have assessed the use of calcitic/hydrated
lime which can be applied to the soil in a ldiadming approach. Laboratory microcosm studies using

soil samples taken from contaminated sites, demonstrated that TNT coratiemt was reduced to non
detectable levels within 24 hours using 5% (w/w) lime treatment at 50% moisture content with agitation
[69]. Benchpan studies provided further evidence, showing an identical concentration of lime could

reduce TNT within soil by0% after 26days at a 35 % soil moisture content [70].

Despite its effectiveness in reducing TNT content within contaminated soils, there are aspaLof
alkaline hydrolysis that make it unsuitable for addressing the vast scale of contamination found at
military training ranges. Firstly, the application of lime to contaminated land is a high input task,
especially as lime has a limited solubility withinteval.73 g L, and thus cannot be sprayed onto soil
but rather requires incorporation via ploughing; the presence of UOX within soils at trainigesran
makes this inherently risky. Secondly, this method is highly dependent upon soil water content and
therefore would not be suitable for the large areas of contaminated land in relatively dry climates.
Finally, there are high financial costs, and enengy¢t emissions costs associated with the amount of
lime required to treat the vast area of contaminated land, with 1.2 t@wfeCQ produced per tonne of
lime [71].
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1.3.4Phytoremediation

Phytoremediation offers a potentially low cost, environmentally sustainable, and potentially low
maintenancen situapproach to decontaminant soil located within active military training ranges.
Phytoremediation is a broad term covering various methods that use plants to tackle po(leigume
1.3.41).

Phytovolatilisation

Phytoextraction
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Figurel.3.41: Processes encapsulated under the umbrella term of phytoremediatiBigure taken from Krishnasamy,

.

Lakshmanan & Ravichandran (2021) [72], which itself was modified from3tiids (2005) [73].

Phytovolatilisationis an approach which allows pollutant concentrations to be dispersed from areas of
high concentration within the soil to a much lower concentration within the atmosphere. Using the
transpiration system, the pollutant is taken up from the surroundingaswil transported to the aerial

tissue wherein it is released through gas exchange mechanisms. Depending on the volatility of the
pollutant, metabolic modification may be required to allow its volatilisation. This process has been used
for both organic and heavy metal pollutants. The remediation of overly selerithrsoil being an

example, with the members of thBrassicaceatamily capable of releasing up to 40 g SE day' as

various gaseous compounds [74]. Due to the potential deposition of gaseous pollutants, the use of

phytovolatilisation is controversial.
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Phytoextractionis similar to phytovolatilisation, with pollutants being taken up via the root system and
transported to the aerial tissue; however, in this case the compound accumulates rather than being
expelled. The use of phytoextraction to obtain industrially impottmetals found at soil concentrations
too low for conventional mining techniques is referred to as phytomining [75]. In respect to tackling
pollution, phytoextraction is a technique of interest for remediating heavy metal contaminatedhsibil

a common example being arsenic whose presence in soil reduces crop yield and threatens consumer

health [76,77].

Phytodegradationalso requires the uptake of the pollutant by the plant, though in this case the
compound is degraded through enzymatic activity either inherent within the plant or incorporated
through transgenic techniques. An example of this, relating to explosivetipollis the remediation of
RDXcontaminated soil using plants expressing the XplAB enzyme systenRfrodococcus

rhodochrous Whilst RDX accumulates within the shoot tissue of unmodified plants [78], transgenic lines
completely degradedhe explosive [7€81]. Phytodegradation can also involve endophytic bacteria,

with this demonstrated within hybrid poplaP6pulus deltoides nigra), where inoculation with
Enterobactebacterium enhanced trichloroethylene degradation capabilities, evidenced by 50 % more

chloride ions being released into the rhizosphere [82].

Phytostimulationis also referred to as rhizodegradation. This method relies on the release of root
exudates (e.g., enzymes, sugars, peptides etc.) to enhance the microbial activity within the rhizosphere.
This enhanced activity is responsible for the degradation, oistamation, of the pollutant. The soil
contaminants, that are often remediated through phytostimulation, have high hydrophobicity resulting

in low mobility within the soil. Successful phytostimulation has been demonstrated with polyaromatic

hydrocarbons (PAHSs) [83].

Phytostabilisationreduces the bioavailability of the pollutants within the soil. This reduction can be
through interactions with soil components and/or through stimulating rhizospheric bacteria as well as
the incorporation into, or association with, the root tissue of fflant. Stabilisation of soil structure by

the root system limits erosion thus redueg pollutant bioavailability within leachate and runoff [73].

The prevention of downward leaching of contaminants through the soil has also been ach#ivgd
fasttranspiring trees, such as poplar, which prevents downward leaching of contaminants within the
soil, as the fastranspiration rate generates a powerful upward flow [73]. Additionally, plants can
excrete carbon rich exudates that stimulate dspheric bacteria which themselves can sequester heavy

metals within their celivalls [84]. In the case of organic pollutants, phytostabilisation can be achieved
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through the enhancement of pollutant assimilation into the organic content through rhizospheric
interactions, alternatively it can be througitant uptake and transformation of the pollutant allowing its

incorporated into the insoluble material of the cell wall {85].

Phytofiltration is a waterspecific process that could be considered a-sategory of many of the
processes described above. In phytofiltration, plant root tissue removes pollutants from water systems
either through adsorption to the root surface or by pollutant uptalel transformation. This process is

of growing interest in respect to wastewater treatment, with one example demonstrating the ability of a
plantation of willow Galix miyabeangato remove nutrient contaminants from primary effluent

wastewatr at a rate of 19 million liters hayr* [88].

There are multiple aspects of phytoremediation that make it uniquely well suited to addressing the issue
of TNFcontamination at military training ranges. Firstly, adrasitumethod there are both cost and
environmental savings due to the absence of soil excavation and transport. In fact, the presence of
plants can increase the soil health and organic matter thus providing additional environmental benefits
outside of pollutantemediation, such as carbon sequestration [89]. Unconventional methods for the
sowing of plants, resulting from the robustness of seeds, eliminate the risk from UXO. An example of this
is the dropping of seedballs over contaminated land by helicopters [90]. The relative robustness of some
phytoremediation plant species, such as shigrassPanicum virgaturhand vetiver gras<Chrysopogon
zizanioide}y can allow them to grow in a variety of conditions with minimal maintenance. In respect to

soil remediation, the large surface area of root systems, and the large biomass of planttherake

efficient at removing soil contaminants. However, there are limitations to phytoremediation [91]. Firstly,
this process is relatively slow, compared to e.g., excavation, and thus requires a timescale of years to see
effective removal. The bioavaildiby of the pollutant is a significant factor impacting the timescale of
phytoremediation. Secondly, the absencermplantapollutant degradative biochemical pathways can

lead to bioactivation and bioaccumulation of the xenobiotic. Finally, phytoremiediaan only occur if

the plant can survive the levels of pollution found at the contaminated site. In respect to this last
limitation, the advancements in genetic techniques can now allow plant lines with enhanced tolerance

to be developed. However, thigquires a thorough understanding of the mechanisms by which plants

uptake and metabolise pollutants.
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1.4 Plantuptake and metabolism of TNT

1.4.1Uptake

Plant uptake of pollutants is dependent upon several factors including plant species, soil and
environmental conditions as well as the bioavailability of the compound. Bioavailability is dictated
largely by the hydrophobicity of the molecule. The octomadter partition coeefficient (kow), the ratio

of chemical concentration within an octonal phase compared to the concentration in an aqueous phase
when mixed in the two phase system, is a measure of molecule hydrophobicity. Al.ggeiter than

3.0 is comidered high, with these molecules having a low bioavailability as they do not dissolve within
water, and strongly associate with the organic fraction of the soil [73]. In contrast, asbesk than

3.0 indicates that the molecule can diffuse into water to an extent that is inversely related to their log
Kow, thus allowing its transport and uptake by the plant. With TNT having alegfi.6, plant uptake

of the explosive is possible. Currently no transporters have been identified that facilitateupliakie of

TNT or its transport between cells/organelles, and it is believed that the relative hydrophobicity of TNT
allows it to passively diffuse across the lipid bilayers. Once within the plant, TNT is rapidly sequestered
with most of the compound beingetained within the roots. This finding has been confirmed in plants

from angiosperm and gymnosperm lineages for which it has been investigated [78,85,86,92].

1.4.2 Phytotoxic mechanism of TNT

The toxicity of TNT in plants results from the activity of monodehydroascorbate reducti2/00

[93]. This is a dudbcalised protein found within mitochondria and plastids [94]. Whilst this enzyme
remains largely uncharacterised, it has been linked to protecting the function of photosystem 2 during
high light exposure within leaves [95]. In respto the phytotoxic mechanism of TNMIDAR& acilitates

a futile catalytic cyclérigurel.4.21A).In this cycldIDARBuses NADH to catalyse a single electron
reduction of TNT that generates a nitradical product that is highly unstable. This nitealical

autooxidises in the presence of molecular oxygen, reforming TNT and producing superoxide. Therefore,
this mechanisnonly requires a catalytic amount of TNT to significantly deplete cellular energy stores,
through NADH consumption, whilst generating toxic levels of oxidative stress in the form of superoxide
within the sensitive cellular locations of the mitochondria goiastids. Whilst the elimination dfiIDAR6
activity did not improve plant uptake of TNT, it did significantly enhance tolerance to the explosive

(Figurel.4.21B).
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A) B) Uncontaminated soil

Col7:mdhar6-1

Figurel.4.21: Phytotoxicity of TNT within Arabidopsis. AJDAREcatalyses a single electron reduction of TNT within
the mitochondria and plastids that generates a niteglical that in the presence of molecular oxygen spontaneously
autooxidases to reform TNT and generate oxidative stress in the form of a super@edadical B) Elimination of
MDAR@activity within Arabidopsis provides significant tolerance to TNT. Both figures were taken from Joétreston
(2015) [93].

1.4.3Detoxification of TNT

As sessile organisms, in respect to geographical location, plants are unable to migrate from
contaminated regions and have evolved a myriad of detoxification pathways to modify toxic compounds
such as TNT. As a xenobiotic, a compound of synthetic offigiprocess of TNdetoxification within

plants is predicted to follow the model described in Sandermann (1992) [96]. This model is comprised of
three steps i) transformation, ii) conjugation and iii) compartmentalisation; though modern adjustments

have aded an additional step associated with metabolism postinpartmentalisation [97].

i)  Transformation of the xenobiotic involves addition of, or allowing access to, a functional group.
This step is catalysed by enzymes that perform redox and hydrolysis reactions. Hy@bbyy! (
amino ¢NH) and thiol{SH) groups are functionalisations asated with this step.

Transformation serves to increase xenobiotic reactivity, making the molecule more amenable to
further chemical modification by conjugation. Whilst transformation is important for the
conjugation of some xenobiotics, it is not requiréd suitable functional group is already

present within the molecule.

ii)  Conjugation of transformed xenobiotics involves the covalent linkage to endogenous cellular
compounds such as glucose or glutathione. Conjugation serves to increase the polarity of the

xenobiotic, and thus provides greater control over movement and trarisgfdhe molecule.
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Enzyme families that are associated with this step include glutathione transferases (GSTs), UDP
glucosyltransferases (UGTS), acyltransferases and methyltransferases. Whilst conjugation is
thought to inactiate xenobiotics, this may not always be the case, as similar reactions within

insects have been shown to be an important part of the toxic mechanism of haloalkenes [98].

iiiy Compartmentalisation is the process in which the conjugated xenobiotic is removed from the
sensitive biochemistry of the cytosol thus preventing any interference with primary metabolism.
The cellulacompartments believed to be important in this process are the vacuole and the cell
wall, which are hypothesised to be important in the storage of soluble and insoluble xenobiotic
metabolites respectively. Transport is believed to be facilitated througlattien of membrane
bound transporters, such as ATP Binding Cassette {{f@31Sporters, that show broad substrate
specificity allowing them to transport a range of detoxified xenobiotics. The process ef post
compartmentalisation metabolism involves thectamation of metabolic components used in

the detoxification process.

In respect to TNT, the plant metabolic pathways currently identified for the xenobiotic are reduction
initiated glucosylation and glutathionylation. Both pathways fit into the outlined model of xenobiotic

metabolism, though currently only the steps up tmnugation have been elucidatad planta

1.4.3.1Reductioninitiated glucosylation of TNT

Similar to bacteria and fungi, plants are also capable of reducing TNT. In this case reduction is catalysed
by the oxyphytodienoate reductase (OPR) family of enzymes [99]. These proteins are plant OYE
homologues, and like these enzymes, OPRs can catalysutto-reduction of TNT at either thertho or
parapositions to generate HADNT and ADNT derivatives. Currently only three functional OPRs have
been identified within Arabidopsis, the cytosd@RIand OPR2and the peroxisomaPR399]. The
endogenoudunction ofOPRIand OPR2emains unknown; howeve@PR3unctions within jasmonate
biosynthesis [100], with homologues in other plant species linked to a similar function [101,102]. Whilst
in vitroanalysis has confirmed that all three OPRs can reduce TNT, investigation using overexpression
lines suggests that onfPRIand OPRare involved in TNfeductionin planta[99]. Alongside nitre
reduction,OPRTas the unique ability to reduce the aromatic ring of TNT to form a dihydride
Meisenheimer complex [, further metabolism of this metabolite has not been identified within

plants. Nitroreduction of TNT in plants has been identified aslmati#ing in respect to detoxification,

with the expression of a bacterial nitroreductase significantly enhanceng plptake of TNT within

liquid cultures [79,103].
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The HADNT and ADNT derivatives generated by OPR activity with TNT are rapidly glucosylated via the
activity of a UGT [104]. The UGT superfamily is very large within Arabidopsis, comprising 107 proteins.
These enzymes are involved in glucosylating a vasietyndogenous compounds within plants including
alkaloids, flavonoids and glucosinolates. The mechanism of UGT activity involves transferring a
nucleotidediphosphateactivated sugar, commonly URBfucose within plants, to lownolecular weight
aglycone shstrates. This reaction can generate &, G and S linked glucosyl conjugates. In respect to
TNT metabolism, microarray analysis of plants following@4r exposure to the xenobiotic identified

eight induced UGTSs [10@figurel.4.3.11A).Seven of these proteins were capable of conjugating either
HADNT or ADNT derivativiesvitro[104]. In respect to the conjugation of HADNTS, the glucosidic bond
can occur either at the hydroxgroup, Qlinked, or via a @inkage to the aromatic center of the

molecule. The glucosylation of ADN@rivatives occurs through-ihkages to the amineuhctional
group(Figurel.4.3.11B).The most induced UGT following TNT exposureWas73B4which showed
activity towards all isomers of HADNT and ADNT derivatives generated by OPR activity [104].
Overexpression of this enzyme within Arabidopsis lead to significant increases in the concentration of
glucosylateederivatives of TNT within planissue; however, it had no significant impact on TUpiake

[104]. This result suggests that the glucosylation of HANDT and ADNT derivatives is not a rate limiting

step in the detoxification of TN planta
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Figurel.4.3.11: Glucosylation of reduced TNderivativesin planta. A)Phylogenetic analysis of 84, of the 107, UGTs within Arabidopsis, figure taken froet Rlo§2001) [105].
Enzymes identified to be induced following TNT exposure are indicate®l) {Fie reductioninitiated glucosylation pathway for TNT within Arabidopsis, figure taken from Gandia

Herreroet al. (2008) [104].
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1.4.3.2Glutathionylation of TNT

Microarray analysis of Arabidopsis following TNT exposure also identified the upregulation of two GSTs,
GSTU24nd GSTU25104]. Both enzymes were confirmed to have activity towards ifiNitro,

generating between them, three glutathiormnjugategFigurel.4.3.21) [106]. Conjugates 1 and 2 are
isomeric products of glutathionylation of the methyl functional group, these metabolites are
distinguished by the location of the hydroxylamino functional group, which is gtdheeposition in

Conjugate 1 and thertho position in Conjugate 2. The nitreduction reaction is predicted to be a

result of glutathionylation, am vitro analysis of recombinant enzymes revealed no activity towards
HADNTSs [106]. Conjugate 3 is a product of a fstrostitution reaction between TNT and glutathione

which results in the release of free nitrite. WhilBETU24ctivity with TNT predominantly produces
Conjugate 2, the conjugate profile GSTU2bBas been shown to be pdependent with Conjuga 3

being the predominant product of enzymatic activity at pfd BL06]. As the loss of a nitigroup is

predicted to destablise the ringtructure of the molecule, it offers potential for the mineralization of

TNT by rhizospheric bacteria [48]; therefptiee factors controlling Conjugate 3 production within

plants are of interest for TNphytoremediation. The high sequence similarity betwé&aTU24nd

GSTU2579 % amino acid identity, indicates that the residues that differed within the catalytic demain

of the enzymes are important for dictating the conjugate profiles. This was confirmed through site
directed mutagenesis, which discovered five key residues that impacted enzymatic activity towards TNT
as well as the conjugate profile generated from teaction [107]. The endogenous activity@sTU24
andGSTU2%vere also shown to be ratlimiting in the detoxification of TNifi planta with plant lines

overexpressing the enzymes showing enhanced uptake of the xenobiotic [106].
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Figurel.4.3.21: Conjugate products of TNT glutathionylatio@®@STU24an generate Conjugates 2 and 3, wh@8TU25
can generate all three conjugates. At the physiological pH within the rocB&IIlU24nd GSTU2predominantly

generate Conjugate 2 and Conjugate 3 respectively.

1.4.4Endfate of TNT withinplants

Following the model of xenobiotic detoxification, both gluceayld glutathione conjugates of TNT are
predicted to be sequestered to the vacuole; however, evidence ffi@iabelling studies suggest this is
not the end fate of TNT. The sequestration of xenobiotic glueasd glutathioneconjugates to the

vacuole has been indicated byvitrotransportation studies and isolation of intact vacuoles from plant
cells [L0&113]. In respect to glutathiorreonjugates, vacuolar sequestration is believed torbpdrtant

in their further metabolism [114,115]. Whilst the vacuole is believed to be an important intermediary
store for TNIconjugates, the organelle is not thought to be the end fate of TNT. Studies within both
monocot and eudicot species usitf@-labelled TNT have identified that after a-dldy growth period, a
substantial portion of radioactivity, 207%, was associated with the lignin fraction of the cell wall
[85,86]. Similar results have been obtained with other xenobiotics that are predomhyrdetoxified

within root tissue [87,116]. The use of ggdrmeation chromatography confirmed that the association
with lignin resulted from covalent linkages [116]. Whilst incorporation of TNT into the lignocellulosic
material has not been confirmed within Arialopsis, microarray analysis of plants followingrr
exposure to TNT supports this fate, with multiple lignin synthesis genes induced [104]. The incorporation
of xenobiotics into the lignin offers a route for their mineralization within the envirornterough the
action of actinomycetes or whiteot fungi. This route has been demonstrated wit-labelled lignin
associated metabolites of chloroanilines fed®banerochaete chrysosporiygb % of the radiolabel

was captured as CBuggesting substantial mineralization [116]. Currently, the metabolic pathways that
occur between the identified conjugation reactions of TNT and the incorporation of the xenobiotic into

the lignocellulosic material of the cell wall are currently unchemased.
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1.5 Glutathione inplants

Glutathione is a tripeptide comprising glycine, glutamate, and cysteine (Figaud. Due to glutathione
being readily oxidised and reduced, the molecule is the predominant redox regulator within eukaryotes,
reaching millimolar concentrations within some plant tissues [117]. Due to this function in redox
regulation, glutathione is invodd in various cellular and developmental processes. These include but
are not limited to celcycle regulation, root meristem development, pollen germination and defense
responses to biotic and abiotic stressors [117]. Alongside its active functions within metabolism, the
incredibly high concentrations of glutathione found within plant tissue make it a key reservoir for sulfur

within plants [118].

Glycine Cysteine Glutamate
NH;

HO NJ-k/l, mOH

Figurel.5.1: The chemical structure of glutathione.

1.5.1The #glutamyl cycle

The plethora of roles for glutathione require mechanisms within plants to maintain the cellular
glutathione pool, this is achieved through theglutamyl cycle. This cycle encompasses the biosynthetic
and degradative processes associated with glutathione metabgksgure 1.5.1.1)Synthesis of
glutathione from its constitutive amino acids is a tatep process, catalysed by the sequential activity
of the enzymes -glutamylcysteine synthasg{ECS) and glutathione synthase. Within Arabidopsis these
steps are hypothesised to be separated spatially, WHECS active within the plastid and the majority of
glutathione synthase activity located to the cytosol [117]. Whilst glutathione synthase does have a
plastidtargeted isoform, it comprises less than 9% of the total transcript population of the protein
[119]. The main control point for glutathione synthesis has been identifi¢dEBSS, with the activity of
the enzyme regulated via glutathione feedback inhibition, this inhibition is competitive in retepec
glutamate [120]. When used in a reaction, glutathione can either be conjugated to itself to form a
disulphide, referred to as oxidised glutathione, or to an electrophilic compound to form a glutathione

conjugate. The recycling of glutathione requisgpecialised enzymes capable of hydrolysing the unique
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[ -glutamyl bond present within the tripeptide. Within Arabidopsis several such protein families have
been identified. The first are the-glutamyltranspeptidases (GGTSs), of which there are four, with the
apoplastic GGT1 and the vacuolar GGT4 comprising the majority of activity throughout the plant [115].
These enzymes transfer the glutamate residue from glutathione to an acceptor resitiheas alanine,
forming & -glutamyl peptide [115,121]. In respect to their cellular functions, GGT1 has been shown
be important in the recycling of oxidised glutathione [121], whilst GGT4* has been indicated to be
primarily responsible for the hydrolysis of glutathione conjugates [114,115,122]. Glutathione and the
resulting’ -glutamyl peptides released from GGT activity, or from other enzymatic reactions, are
hydrolysed by cytosolic-glutamylcyclotransferases (GGCTS) in a pathway important in glutamate
recycling [128125]. The final group of proteins capable of hydrolysirgjutamyl bonds are the-
glutamylpeptidases (GGPs). The cytosolic GGP1 and GGP3 have been identified to function in
glutathionerecycling [126], as well as in glucosinolate biosynthesis [125]. The activity of the enzymes
within the[ -glutamyl cycle is important in maintaining cellular glutathione levels, with perturbations

impacting both glutathione and sulfuomeostasis [121,125].
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Figurel.5.11: The s-glutamyl cycle within Arabidopsis. Aiosynthesis and recycling mechanisms involved in

glutathione metabolism showing the functionfofECSglutathione synthase, GGTs and GGCTs. Figure taken from Kumar
et al. (2015) [124]B) Function of GGCTs and GGPs in glutathione recycling and its links to sulfur availability. Figure taken
from lto et al. (2022) [125].
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1.5.2 Glutathione in detoxification responses

Glutathione is involved in several mechanisms important in the plant response to abiotic stress. One of
these is the response to reactive oxygen species, for this glutathione can be used in both a direct and
indirect manner. The direct use of glutathioredetoxify reactive species, generated during oxidative
stress, is achieved through the activity of glutathione peroxidases (GPOXs) [127]. The indirect
mechanism in which glutathione controls reactive oxygen species levels is through the ascorbate
glutathione cycle, this is the main hydrogen peroxide detoxification mechanism operating in the cytosol,
plastids and mitochondria within plant cells [128]. Within this cycle, ascorbate is used to detoxify
hydrogen peroxide generating a monodehydroascorbate radis radical undergoes neenzymatic
disproportionation to ascorbic acid and dehydroascorbate. Glutathione is used to reduce
dehydroascorbate, via the activity of a dehydroascorbate reductase (DHAR), thus maintaining the
cellular ascorbate pool. The agty of both GPOXs and DHARs generates oxidised glutathione, it is for
this reason that during oxidative stress within plants, the ratio between reduced and oxidised forms of
glutathione can drop from 20:1 to 1:1 [117]. Another function of glutathioneegponding to abiotic
stresses, is the chelation of heavy metals. Chelation of heavy mefalisntais achieved via

phytochelatins, which are polymersfofglutamylcysteine generated from glutathione via the activity of

a phytochelatin synthase (PC$29]. The chelation of heavy metals aids in their sequestration to the
vacuole, a step important in their detoxification [130]. The importance of glutathione in heavy metal
chelationin plantawas demonstrated using tiie ECS inhibitor buthionine sulfoximine (BSO), with

plants ceexposed to BSO showing a significant reduction in cadmium tolerance [131]. The detoxification
of electrophilic toxins is another important role for glutathione in responding to abiotic stress. The
ability of glutathione to conjuga weak electrophiles results from its ready conversion to a thionate
anion, which can perform nucleophilic attack. Glutathione conjugation is important in the detoxification
of endogenous metabolites, an example being the conversion of genotoxic methxdgla reactive
aldehyde generated during threonine metabolism, to lactic acid [132]. In respect to abiotic stress,
glutathione conjugation is important in xenobiotic detoxification, having a significant role in herbicide
tolerance [133]. Other xenobioticthat have been shown to be detoxified by glutathione conjugation
planta, include pharmaceutical drugs [134] and antibiotics [135]. Once formed, glutathione conjugates
of xenobiotics are predicted to be sequestered to the vacuole, where GGT4 activity initiates their

metabolism. Howevelin plantaevidence for this is limited to the xenobiotic bimane [114,115].
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1.5.3The GST superfamily

The roles of glutathione within cellular metabolism are facilitated through the action of GSTs, a family of
enzymes found throughout the kingdoms of life, though is particularly large within plants. Crystal
structure comparison indicates that protein sttuce is highly similar across the GST family, with the

length of component peptide loops and helices, as well as the presence, or abseneandf®l

terminal extensions being the primary areas of difference [136]. Each soluble GST is a homodimer, which
possesses a central cleft between its monomers, with enzymatic activity dependent upon this
dimerisation [136]. The key regions of GSTs are the glutathione domaitejdocated at the N

terminal, and the alphdoelical domain (ksite), located at the ©erminal, which contains the majority of

the hydrophobic cesubstrate binding site. As expected, these domains are adjacent to each other in
correctly folded proteins, facilitating the reaction between the twestdbstrates. The Gite contains

the criticalresidue for stabilising glutathione as the reactive thiolate, in plants this residue is
predominantly serine, though in some cases it is cysteine, with this change impacting enzymatic function
(examples are provided later). Within plants, there are egasses of GST within Arabidopsis,

comprising 55 proteingFigurel.5.31). The function of GST classes varies, reflecting the diversity of

roles glutathione performs within the plan brief overview of the GST superfamily within Arabidopsis

is provided below, for an idepth review please see Dixon & Edwards (2010) [136].
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Figurel.5.31: The Arabidopsis GST superfamiBhylogenetic tree showing the seven related GST classes. Modified
figure taken from Dixon & Edwards., (2010) [136]

Membrane associated proteins in eicosanoid and glutathione metabolism (MARE&SH

phylogenetically unrelated GST family, found within eukaryotes and prokaryotes, that form membrane
bound trimers capable of GST and GPOX activity [137]. There is a single-lkaRiEsiein within
Arabidopsis, At1g65820, which is currently unchazssed.

Tetrachlorohydroquinone dehalogenases (TCHQ@ a GST class consisting of a single protein,
At1g77290, which was identified by sequence homology to prokaryotic proteins capable of metabolising
chlorinatedxenobiotics [138]. Aside from the presence of the catalyt&it& serine being confirmed,

and the protein being localised to the plasma membrane [139], this protein remains largely

uncharacterised.
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ZetaGSTs are a highly conserved class across all eukaryotes, these proteins catalyse the isomerisation of
maleylacetoacetate to fumarylacetoacetate within tyrosine catabolism in fungi. This metabolic activity

has been confirmed for Arabidopsis GSTZ1 [140,a&hgside this activity, GSTZ1 also catalyses the
glutathione-dependent dehalogenation of dichloroacetic acid to glyoxylic acid [14@jlydsylicacid

can enter primary metabolism, this is a unique example of a plant GST enabling complete xenobioti
mineralization. Of the two Zeta class GSTs within the ArabidopsisG&TlY is transcribed at any

significant level with the adjace@STZbelieved to be a pseudogene.

ThetaGSTs are a class that is found in both plants and animals. Within the Arabidopsis genome, the
three theta GSTs are clustered and show constitutive expression. Whilst members of this family have
shown activity towards the xenobiotic and model Ggbstrate2-chloro-4,6-dinitrobenzene (CDNB)

[139], they are predicted to function as GPOXs within the plant, due to being particularly efficient at
reducing organic hydroperoxides to alcohol derivatives [139]. In agreement with this activity, all three
theta GSTs contain at€rminal peroxisome targeting signal and have been localised in bottaggPg

and proteomic analysis of isolated peroxisomes [139]. These findings imply a function for theta GSTs in
responding to oxidative damage of peroxisomal compdsgetaused by the high levels of hydrogen
peroxide within the organelle. Interestingly, GSTT2 and GSTT3 have been shown to have alternative
splicing, this produces much larger proteins which contaifteri@inal myblike transcription factor

domain. In repect to GSTT2, alternative splicing masks the peroxisomal targeting signal, resulting in the
exclusive nuclear localisation of the protein [139], a finding that explains its important function in

systemic acquired resistance through the epigenetic mod#ldd [142].

LambdaGSTs are one of the unique classes in which the catahdiie Gerine is replaced by a cysteine.
This substitution results in the formation of a mixed disulfide with the glutathione substrate, resulting in
Lamba GSTs being unable to catalyse typicalas&Xciated conjugation reactions [143]. The formation

of a mixed disulfide is important in the activity of this class of enzyme to bind flavonoids [144]. Of the
three lambda GSTs encoded within the Arabidopsis genome G#ilyis strongly inducetby stress

responses, witlsSTL2and GSTL3howing more modest, constitutive expression.

Dehydroascorbate Reductases (DHAR® a plantspecific class of protein that also contains a cysteine
in place of a serine within the-&te. These proteins catalyse the reduction of dehydroascorbate within
the ascorbateglutathione cycle [145]. The Arabidopsis genome encodes three tumadtDHARS,
DHAR13. Investigations crossing DHAR knockout lines with a catdbfsgent line,cat2, that has

enhanced intracellular hydrogen peroxide, revealed DHARL1 is responsible for the majority of DHAR
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activity induced by oxidative stress [146]. This was evidenceéul ayro assays of leaf extract, in which
an increase in DHAR activity was detectedat? single knockout lines but was absentat2dharl

double knockouts [146]. This effect was also searat@dhar3lines but to a much lesser extent. This
same study identified that both DHAR1 and DHAR?2 are localised to the cytosol in both root and leaf

tissue, whilst DHAR3 was localised to the plastids of these tissues [146].

PhiGSTs are another plaapecific class of proteins, the functions of these proteins within plant
metabolism remains largely uncharacterised. A high level of redundancy between phi GSTS has been
demonstrated, with quadruple knockout lines showing no vishalnges in plant growth even under
stress [147]. Members of this family have been linked with redox state regulation within Arabidopsis,
with gstf8 knockout lines showing accumulation of singlet oxygen within root tissue during salt stress
[148], whilstgstf9 knockout lines accumulate greater levels of ascorbate and glutathione in control
conditions [149]. The proteins GSTF11, GSTF12, and GSTF14 do not contain the catalytic serine within
their GSites, leading to suggestions these proteins may act in fagifitatetabolite transport. This
hypothesis is evidenced in respect@S TF12vith knockout lines presenting theansparent testa
phenotype indicative of an inability to accumulate anthocyanins within the vacuole [150]. Structural
investigation of GBF2 identified the presence of namtalytic liganebinding sites, these regions

allowed the protein to bind molecules such as inddlaldehyde and the flavonoid quercetrin, with the
authors suggesting a potential role for GSTF2 in transporting theseéboldés [151]; however, this

remains to experimentally confirmed.

TauGSTs are the largest class within Arabidopsis and are also specific to plants. This class of GST has the
unique capability to bind fatty acid derivatives that are either oxidised or glutathionylated [152]. This

ability has led to suggestions that an endagus function of tau GSTs is to stabilise oxidised-fatigts,
generated by oxidative stress and hormone biosynthesis [152]. The 28 proteins within the tau class can

be split into three clades. Clade 1 is comprise@8MTUILO0, these proteins are maiy expressed within

the roots. Members of this clade have a strong affinity to fatty -gtidathione thioesters of chain

length G>-Gis[152]. The second clade contai@STU1418. The protein GSTULS, is an indispensable

member of the PENETRATIGNZhway for indole glucosinolate metabolism, with knockout lines

defective in 401 -D-glucosylindol-3-yl formamide, indole3-ylmethyl amine, and raphanusamic acid
biosynthesis, in response to pathogen infection [153]. The final clade com@&EY 128, membersof

this clade have functions in general stress tolerance [154] and aliphatic glucosinolate synthesis [155].
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The crystal structure has been obtained for GSTU25, which confirmed the formation of a complex with

oxidised glutathione [107], providing structural evidence for the GPOX activity of this enzyme [139].

1.6 Project aims

This project aimed to further characterise TNT metabolism within Arabidopsis, focusing on the
metabolic steps that occur following conjugation and before incorporation into lignocellulosic material.
To achieve these aims a methodology that could reliabhfiom the compartmentalisation of

xenobiotic metabolites was required. The identification and optimisation of such a methodology was the
aim of the work described in Chapter 3. Focusing on two techniques, Live Single Cell Mass Spectrometry
(LC8VIS) and Bechtop Nonaqueous Fractionation (BNAF), the latter was successfully optimised and
applied to identify the relative association of a glucosylated-@i&fivative with the plastidial, cytosolic,

and vacuolar compartments within Arabidopsis root tissue. Ratlg on from this, research described in
Chapter 4 aimed to use the optimised BNAF technique, alongside other methods, to characterise the
metabolism of the nitresubstituted product of TNglutathionylation, Conjugate 3. Through

enhancement of Conjugatef8rmation, via transgenic expressionfosophila melanogast&sST,

several downstream metabolites were identified, alongside a protein activity important in their

formation, and their compartmentalisation in root tissue was confirmed. Finally, Chapter 5 details
proteomic investigations which aimed to generate resms to support the formation of models

relating to Conjugate 3 metabolism. These investigations used the approaches developed in Chapters 3
and 4 to provide an understanding of the compartmaiged root proteome and its response to

enhanced Conjugate 3 production. The findings of this research are compiled in Chapter 6 through the
presentation of an expanded model for TNT metabolism within Arabidopsis. Through contextualising the
findings of his research with those of the broader literature, this chapter outlines several hypothesised

metabolic steps and suggests approaches through which to validate and further expand the model.
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Chapter 2:General Materials and Methoc

2.1 Consumables and Reagents

Consumables and reagents were obtained from the following suppliers, unless stated otherwise in the
text: Fisher Scientific Ltd (Loughborough, UK), Formedium (Hunstanton, UK), Honeywebrftssgh

UK), Invitrogen (Paisley, UK), Insight Biotechnolagyd(n, UK), New England Biolabs I(ktitchin, UK),
Promega (Southampton, UK), Qiagen (West Sussex, UK),-Zilgiriah Company LtdPoole, UK),
Scientific Laboratory Supplies L{Nlottingham, UK), Thermo Fisher Scientific (Loughborough, UK).

Primers were synthesised by Sigr#ddrich and DNA gel markers were obtained from Thermo Fisher
Scientific and Promega. TNT was kindly provided by the Defense Science and Technology Laboratory
(DSTL) (Fort Halstead, Kent, UK). Ultrapure water (UPW) wesatgd using a Suez Ultrapure water

unit (Sartorius, Epsom UK).

2.2 MolecularBiology techniques

2.2.1Polymerase Chain Reaction (PCR) amplification of DNA fragments

{6201 LINRYSN) a2ftdziaiz2zya omnn >a0v 6SNB ISYySNIGSR TN

solutions were used for all reactions.

DSYy2YAO 5b! |yR O5b!3> X mnnn y3as gl & RAfdziSR wmkp
jdz yYGAGASAE F2NJ I aAy3at S2.214. ADNA éndrle Dérmozyyler (BBad,a K2 gy
Watford UK) was used for PCR amplification, cycle conditions are described i2.2dkie Details

regarding the individual PCR primers can be found in the relevant sections.

Table2.2.11Y t/w YIF&GSNI YAE NBOALIS F2NIun > NBLFOlGAzZzy®

Component Volume

Gotaq Green Master Mix (Promega, U mH > [

Mn >a C2NBINR tNAR noy >

Mmn >a wS@SNARS t NAR noy >

Nucleasefree water pén >
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Table2.2.12: PCR conditions used for genotyping.

Temperature Time
Step 1: 95°C 2 minutes
Step 2: 94 °C 15 seconds
Step 3: 60 °C 30 seconds
Step 4: 72°C 1 minute

Step 5: Repeat from step 2 for 35 cycl

Step 6: 72 °C 10 minutes

2.2.2Reverse transcription PCR ({RCR).

I un >[ NBIFIOGAZ2Y @2fdzyS 41 & dzaSR T2NJ NBASNES GG NFy
Opnn WISGYKSNYXY2 CA&AKSNI { OASYGAFTAOOLZI m >[ 2F Rb¢t Y
2F G240t wb! 6SNB YAESR | yR @feé¢ UBWSThersolRiGhwdsld (2 MH
heated at 65 °C for five minutes and quickly chilled onice. Tothdch SR &2t dziA2y X n >[ 2
0dzFFSNI 60 ¢KSNXY2 CAAKSNI { OASYGAFAOOEZ W >[ hedbma RAGK
Scientific) were added and mixed by gently tapping. Following avikoy dzi0 S Ay Odzo F G A2y G
Superscript Il reverse transcriptase (Thermo Fisher Scientific) was added, the solution was then

incubated at 42 °C for 50 minutes with a subsegueattivation step of 70 °C for 15 minutes. The

purified cDNA concentration was quantified using a Nanodrop 8000 (Thermo Fisher Scientific) and used

for subsequent sermjuantitative PCR reactions. Seguantitative PCR reactions were carried out as

descriled in Section 2.2.1.

2.2.3Agarose gel electrophoresis

5b! TN} 3IYSyida 6SNB aSLINIGSR | O02NRAy3 G2 &A1 S Ay
bromide (SigmaAldrich) in 1x TriacetateEDTA buffer. Recipe for 50x Taietate

ethylenediaminetetraacetic acid (EDTA) stock buffer is provid@alie2.2.31. Samples were run and

separated at 130 V alongside a DNA gel marker which provided a reference for molecular weight.
Ethidiumbromide-stained DNA was visualised using a Uvitec Essential V6 UV visualiser (Uvitec,

Cambridge UK)
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Table2.2.31: Recipe for 50x Triacetate EDTA stock bufferStock buffer was diluted to 1x in distilled water §&H for
gel electrophoresis.

Reagent Quantity
Tris 242 g
Glacial Acetic acid 57.1 mL

0.5M EDTA solution (pH ¢ 100 mL

dHO Makeupto 1L

2.2.4Purification of PCR amplicon

Amplicons of target DNA were purified from PCR reaction using Wizard® SV Gel and RGR Clean

system (Promega). Briefly, PCR reaction was diluted 1:1 in membrane binding solution. The solution was
applied to a minicolumn and centrifuged at 16,000 xg fag arinute. Flowthrough was discarded and

TAan > 2F YSYONIYS ¢l aK az2ftdziaz2y o06AGK SGKFIy2fto o
a0SL) 61a NBLSIFGSR 6AGK pnn >[ 2F YSYONIYS 61 aK &z
and the column recentrifuged to dry the membrane. Bound DNA was eluted from minicolumn by

AyOdzo |l GA2Yy i NB2Y GSY LIS NieédwaeSollawadtbpafiaad 6 K pn >[ 27

centrifugation step.

2.2.5Plasmid purification

Propagated plasmid was purified from overnight culture using QIAprep® Spin Miniprep Kit (Qiagen, West
{dza2SE 'YO FOO2NRAY3I (2 GKS YIydzZFl Ol dzZNBNDRA Ay ad Nz
guantified using a Nanodrop 8000 (Thermo Fisher Séignti

2.2.6 Nucleotide sequencing and analysis
Sequencing was performed by Eurofins (Konstanz, Gernfanglied DNAvasR A f dzi SR *ang@ p y3I >
YAESR Ay F NIXidA2 2F mYmM 6AGK p >a F2NBIFNR 2N NBgJS

the sequencing results was performed using SnapGene (v7.0).
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2.3 Plasmids, bacteria and growth conditions

2.3.1Plasmids

Table2.3.11: Plasmids used within this researciihe plasmid, the antibiotic resistance conferred by the plasmid, the
antibiotic concentration required for efficient selection, and the source of the plasmid.

Plasmid Antibiotic Resistance Antibiotic Concentration Source

PMLBARDMGST Spectinomycin pn >3 Y] Bruce group stocks

2.3.2Bacterialstrains

Table2.3.21: Bacterial strains used within this researclihe bacterial species, the respective strain, the inherent
antibiotic resistance within the strain, the use of the bacterial strain within the research, and the source of the bacterial
strain.

Bacteria Strain Kno_vvn Purpose Source
Resistance

Plasmid preparation and long term storage as Bruce group

Escherichia coli DH3  None glycerol stock-0 °C) stocks

DSy il YROAY
1

GVv3101 ) Transformation of Arabidopsis by floral dipping
WA F I YLA OAY

Agrobacterium
tumefaciens

Denby group
stocks

2.3.3Plasmid propagation

TheEscherichia caditrain DHb was used to propagate the pMLBARMGST binary vector. Glycerol
stocks of transformed cells weneoculated onto lysogeniroth (LB; Invitrogen) solid agar containing

the appropriate antibiotic for plasmid selection and incubated overnight at 37 °C. Single colonies were
streaked onto new LB solid agar for colony PCR confirmation of pMUBARST binary vector.

Colonies positive for pMLBARMGST plasmid were transferred to 5 mL of LB media, containing the
appropriate antibiotic for plasmid selection, and incubated overnight. Propagated pMELBARST

binary vector was purified from overnight culture described in Section 2.2.5.

2.3.4Preparation of electrocompetenfAgrobacterium tumefaciens

| ANR O OGSNRAdZY &GN} Ay Dxowmnm 3If&OSNRt at20O| 41t &
gentamycin and incubated at 28 °C for three days. A single colony was inoculated into 5 mL of LB media
O2y (I Ay A ygntamycinsad in¥upated overnight (28 °C, 180 rpm agitation). The entire
2OSNYAIKG Odzf GdzZNB 61 & dzaSR G2 Ay 2'Qdatamyti® the nn Y[

culture was incubated until an OD between-Q.8vas reached (28 °C, 180 rpm agitation). The culture
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was chilled on ice for 20 minutes, then subsequently aliquoted into ten 50 mthilted centrifuge

tubes. Bacterial suspension underwent centrifugation at 4000 xg for 20 minutes at 4 °C, the resulting cell
pellet was washed vieesuspensiorin 50 mL of iceold dHO, followed by centrifugation. The resulting

cell pellets were resuspended in 10 mL ofécdd dHO and pooled into four, prehilled 50 mL falcon

tubes. Thesuspensions were made up to 50 mL with-doéd dHO, centrifuged, and pairs of cellular

pellets were pooled into two, prehilled 50 mL falcon tubes. This process was repeated, so that all
bacteria was contained within a single pellet. This pellet wesispended in 4.5 mL ia®ld 10%

3t & OS NE f of dugpéhsion aliqueted into prehilled 1.5 mL tubes. Aliquots were snap frozen in

liquid nitrogen and stored a0 °C.

2.3.5Transformation of electrocompetenAgrobacterium tumefaciens

I &AAy3tS yAtumefacidnd h § d# Kl 8$R | yR YAESRI o0& 38yidt S
! pMLBARDMGST binary vector. The mixture was incubated on ice for two minutes then transferred to

a prechilled, 2 mm electroporation cuvette (Flowgen Bioscience Ltd., London UK). A brief pulse of 1.8

kV was applied to the suspension using a micropulser (BioRad, ®V&kR ! YO X | & LISNJ GKS
AYyaiaNHzOGA2yas |y Rwaynadto 28 {C wasimnjediately Sd@ek to theuFette. The
cellsuspension was transferred to a 1.5 mL microcentrifuge tube and incubated for 3 hours (28 °C with
Myn NLIY F3AGFGA2Yy 0D C2fft26Ay 3T AyOdzol GA2YS on >]
the respective antibiotics for plasmid selection. Aftethreeday incubation at 28 °C, colony PCR was

performed to confirm the presence of the pMLBABRTGST binary vector.

2.4 Plant Methods

2.4.1Preparation of growth media
For all investigations plants were grown on ketlengthMurashigeSkoog basal medium (Y2MS).

Generation of liquid and solid ¥2aMS media are providethinle2.4.1.1.

Table2.4.11: Recipe for ¥2MS liquid and solid medium

Instructions

Step 1: Dissolve 2.15 g Murashiggkoog basal medium (SigmaAldrich) in 800 mL of distilled.&
Step 2: pH to 5.7 using 0.1M potassium hydroxide

Step 3: Make up to 1 L using distilled:®l

Optional step for solid media Add 8 g of agarose (Sigmaldrich)
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Instructions

Step 4: Autoclave at 121 °C for 15 minutes

2.4.2 Preparation of glufosinateammonium (Basta) soil
Finale 150 (Bayer Crop Science, Cambridge UK), 1 mL containing*kd®adta, was mixed with 1.5 L
of tap water and poured into the bottom of a tray. Following this, the solution was absorbed by the

addition of ~3 L Levington Seed & Modular F2+S soil to the tray.

2.4.3 Seedsterilisation

Seeds were surfaegterilised using vapotphase sterilisation in which seeds were incubated for three
hours in a sealed container containing chlorine gas. Chlorine gas was generated by the reaction of 3 mL
concentrated HCI with 100 mL sodium hypochlofResidual chlorine gas was removed post

sterilisation by venting the container in a furheod for ten minutes.

2.4.4 Stratification
Sterilised seeds were placed onto half strength Murashige and Skoog basal medium (%2 MS; Sigma

Aldrich) agar and were stratified for 2 days at 4 °C in the dark (wrapped in aluminium foil).

2.4.5Growth conditions forsoil

The following conditions refer to plants grown on soil for the purpose of floral dipping or seed
propagation. For these aims, naterile seed was sown in trays of Levington Seed & Modular F2+S (with
sand) compost (ICL, Suffolk UK). Plants were propagating Biology glasshouse facilities with regular
application of an alpurpose fertiliser. Pests were controlled with foliar application of

entomopathogenic nematod8&teinernema feltia@Koppert B.V., Berkel en Rodenrijs Netherlands) for

the control of tre larvae of the~rankliniella occidentalsnd sciarid fliesL{ycoriellaspp.,Bradysiaspp).

¢KS ¢SGGAY3a 38yl WIRRAGOQ 6Y2LIISNI . o+ ds bSGKSNI I
increased leaf coverage and adherence. The further daily operation (2 hours) of Sulfume sulphur
vapourisers (HotBox International, Hull UK), and the iitidg Systhane 20EW (Corteva Agriscience,
Cambridge UK) containing 200f(R0% w/w) myclobutanil and 103 g tyclohexanone was used to

stop growth of powdery mildeMErysiphe cruciferarujn

2.4.6 Growth conditions inhydroponic systems
Stratified seedlings were germinated and then grown on %2 MS solid agar within a growth rcbou(16

day/8K 2 dzNJ Yy A IK G LIK2 { 2 LIS NA 2 REsect, dagiight tehnpeia®rgsan 6GR28 mnn > )
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°C). At 14days postgermination seedlings were transferred to hydroponic cultures. Hydroponic cultures
contained ¥2 MS media within a TipdMenicropipette tip box with 5 plants placed in foam bungs

within polystyrene raft§Figure2.4.61). The boxes were placed in a Sanyo MLR Growth Cabinet (12
K2dzNJ RIF @k YA IKG LIK2 G2 LIS NABE&S day/night kemperatyrésS2f SCAEE)Y My n

for a further 21 days, replacement of liquid media every seven days.

Figure2.4.6.1: Hydroponic system used for investigations.

2.4.7 Genomic DNA extraction from plant material

The DNA was extracted from plant material using a DNeasy Plant Pro kit (Qiagen) according to

YIydzFl OlGdzNENDA AyadNHzOGA2yad . NASTFE&E mann Y3I 2F LI
(CD1) using a TissueLyser Il (Qiagen, Manchester UK) 2xitPdaadapter. TissueLyser settings were two
one-minute rounds at 25 Hz, with position of samples switched between rounds. Samples were

centrifuged at 12,000 xg for 2 minutes with the resulting supernatant being retained. Proteins were

precipitated from tle solution via the addition of solution CD2, which was followed by a second
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centrifugation with the resulting supernatant being retained. DNA was isolated from supernatant via

column purification in which the supernatant was loaded onto a Di&ing column followed by two

washing steps using wash buffers AW1 and AW2 respectivath of these steps was separated by a

round of centrifugation after which the supernatant was discarded. Bound DNA was eluted from the
O2fdzvy GKNRdzZZK GKS | RRAGAZ2Y 2F wmnn >[ 2F Stdzirazy

Eluted DNA was quantified using a Nanodrop 8000 (Thermo Fisher Scientific) and stafetiCatintil

required.

2.4.8 Total RNA extraction from plant material

Total RNA was extracted from plant material using a RNeasy Plant Kit (Qiagen), according to

YIydzF I OG§dZNBNDR&a AyaliNdHzOiGA2yad ¢2 adzYYINR&STI mnn Y3
liquid nitrogen within a prechilled pestle and mortar. Powder waransferred to a prehilled 2 ml
YAONROSYGNRTFAdAS (dzoSd . SF2NB (KS LRSRSNI OZdz R GKI
mercaptoethanol was added and the suspension mixed using a vortex mixer. The suspension was then
passed through a @shredder column to remove tissue debris and the resulting flowthrough mixed, via
pipetting, with 0.5 volumes of ethanol. The solution was then applied to a RNeasy mini spin column and
centrifuged at 12,000 xg for 15 seconds. Flowthrough was discardecodundn was washed three

GAYSas 2y0S 6AGK 1tnn > 2F 0dzZFFSNIw2m FyR (G6A0S 4
o0& Ay Odz:l (A yfeewater onfthe Béimbranke, follo®ed by centrifugation (12,000 xg for 1

min). The eluate was then passover the membrane again to obtain greater yield. No DNase

treatments were required during this process.

Eluted RNA was quantified using a Nanodrop 8000 and storéd® &CC until required.

2.5 Statisticalanalysis anddata visualisation

Unless stated otherwise statistical analysis was performed using R statistical software (v4.2.2) [156] and
Rstudio [157]. Studentest-statistic (FU SA G0 wmpy 8 ! yIfeaAra 2F I NAIyOS
Honest Significance Difference (Tukey HSD) [160] were performed utilising the rstatix package(v0.7.2)

[161].

Raw data waprocessednd figures generated utilising the tidyverse package (v2.0.0] [162
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Chapter 3:Compartmentalisation of TNT metabolites within

Arabidopsis root tissue: methodology optimisation

3.1 Introduction

Compartmentalisation is an importaaspect of eukaryotic organisms that allows a variety of chemical
environments to exist within a single cell. The separation of these chemical environments enables
multiple, conflicting, metabolic processes to occur simultaneously and at a high efficiency.
Compartmentalisation also provides a method of controlling the impact of endogenous compounds. An
example of this is the glycosylation of plant hormones which inactivate and target these signaling
molecules for vacuole sequestration, allowing their physgjadal impact to be tightly controlled [163

165]. Enhancing the understanding of the compartmentalised metabolome, and the mechanisms
involved in its generation, will aid in the development of more productive plant lines through synthetic

biology techniqus.

3.1.1 Compartmentalisation of detoxified xenobiotics

Compartmentalisation is important in plant detoxification responses, such as those for xenobiotic
compounds. The vacuole and the cell wall are believed to be the subcellular compartments to which
metabolites are sequestered [96]. Channeling metabolites these locations prevents them from
interfering with important cellular processes or being bioactivated within the cytosol [166]. Multiple
lines of evidence suggest that vacuole sequestration is a vital mechanism in detoxification. Firstly, in the
absenceof the required tonoplastic transporters, plants show an increased susceptibility to arsenic and
cadmium, despite chelating mechanisms within the plant being functional and active [130,167].
Secondly, in respect to xenobiotic conjugate sequestration, kmatdines of the tonoplastic transporter
ABCC2 show decreased tolerance to CDNB [168]. AsoBfsifjation of CDNB was not indicated to be
impaired within knockout lines, it suggests sequestration of conjugaesbiotics is important in
detoxification. Khwever, it is crucial to note in this case a direct link between lower CDNB tolerance and

an inability to sequester conjugated derivatives was not made.

Most evidence for the sequestration of xenobietionjugates to the vacuole has been obtaineditro.
Isolated vacuoles have been shown to uptake a variety of conjugataglicts generated during

xenobiotic metabolism which include glucesyhalonyl and glutathioneonjugates [111,112,169,170].
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This approach, alongside the use of vacumimbraneenriched vesicles, has also allowed the specific
transport activity of several tonoplastic transporters to be identified [L09¢174]. Whilst these various
in vitro studies have confirmed the xenobiotonjugate transport capability within the tonoplagt,

planta confirmation of sequestration is needed to understand its significance within cellular metabolism.

3.1.2Confocal microscopy

Currently, the only evidence for rapid compartmentalisation of conjugated xenobiotmantahas

been obtained using derivatives of the xenobiotic bimane. The fluorescent nature otthmiplgated
derivatives of bimane allowed the use of confocal microscopy to follow metabolite movement [175].
This revealed that following a brief accumulatiorttie cytosol, the majority of glutathioreonjugates

of bimane were sequestered to the vacuole of Arabidopsis root tissue after 30 minutes. However, as
most conjigates generated from xenobiotic detoxification do not fluoresce, including derivatives of TNT,
other techniques are required to confirm the significance of conjugate compartmentalisation within the

plant cell.

3.1.3Approaches for spatial metabolomics

Until recently spatial metabolomics has been achieved primarily through the isolation of organelles
however, this methodology has limitations. Firstly, metabolism is not arrested during the isolation
process. Continuation of metabolism may prevent metdabslof interest from being detected within
isolated organelles, despite their preserineviva Secondly, the high mobility of metabolites can limit
the strength of conclusions. Finally, analysing isolated organelles only confirms metabolite presence
within that organelle and does not provide context within the broader cellular metabolism. Newly
developed techniques that build on the advancementBaman spectrescopyand mass spectrometry
are avoiding the requirement of organelle isolation and allowing investigation of compartmentalised

metabolismin planta

3.1.3.1Stimulated Raman Scattering Microscropy

A labelfree alternative to confocal microscopy that can obtain below micrometer resolution is
Stimulated Raman Scattering Microscopy (SRSM). Raman scattering is the scattering of photons,
following contact with a molecule, with the energy of photons eitimereasing, decreasing or staying

the same depending on the molecular bonds present within the compound. The change in energy
resulting from Raman scattering is referred to as a Raman shift and can be quantified by comparing the

frequency of scattereddht to that of the original light source. By rastering laseanning microscopes
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across a biological specimen, and measuring the Raman shifts, SRSM can map the distribution of
chemical bonds within the sample acrdbsee-dimensionakpace and in real time at lateral resolutions

of 300400 nm (for a detailed description of this analytical technique see Hue, Shi and Mir[1Z6])9

The absence of chemical fixation is a particular strength of SRSM as it avoids metabolomic perturbations
that can result from this process. Further to this, by obtaining a hyperspectral image, in whighixegch
contains a Raman spectrum containing multiple Raman shifts, SRSM can distinguish between different
chemical constituents within a single samfl&7]. Thiscapability has allowed the use of SRSM to
investigate the compartmentalisation of differing metaboliteghin a variety of plant tissues including
Arabidopsis root and leaf tissii#78]. However, due to the overlappimgture ofpeakswithin Raman

shifts, SRSMan lack the specificity required to distinguish between molecules with high structural
similaritywithin the complex matrix of the plant c¢ll79], such as what could be expected with

xenobiotic conjugates and their metabolitgenerated during the detoxification process

3.1.3.2Imaging Mass Spectrometry

Imaging mass spectrometry (IMS) is a #t@rgeted metabolomic approach which can detect thousands

of metabolites across a range of metabolic species i.e., lipids, proteins and glycans. The variations of
IMS, which differ on the type of ionisation methodeds each have their respective strengths and
weaknesses in areas such as resolutiofz ranges and the variety of molecular species detected (for a
comprehensive review, see Buchbergeml (2018) [180]). The most used variation of IMS is matrix
assistel laser desorption ionisatioclMS (MALDIMS), due to the wide range of molecular weights and
species that can be detected [180]. Tissue analysed by MAMDIs flash frozen, lyophilised, and
sectioned before being coated in a crystalline matrix thatats metabolites enabling their ionisation

by a focused laser. By rastering the laser across the tissue surface, a spatial map of metabolite
distribution can be obtained. This information can be superimposed onto an image of the tissue section
as a heat mp, the resultant model allows intuitive understanding of results in the context of the

sample. In comparison to organelle isolation, the rapid freezing and subsequent lyophilisation involved
in MALDIIMS reduces metabolite diffusion and degradation, thusving a more representative
understanding of endogenous metabolism. Improvements in the methodology such as secondary
ionisation steps, MALEX [181], are allowing a greater breadth of molecules to be detected during
analysis. However, a current limitah of MALDIMS is the resolution that be obtained with most
experiments beingwithin2 @ n >Y oMy HB8 ® 2 KAfad GKAA Aa AdFFAOASY!

understanding across tissue sections, limited conclusions can be obtained at the subcellular level.
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3.1.3.3Live SingleCell Mass Spectrometry

An alternative to IMS, designed for the hig#solution investigation of cellular and s@bllular

metabolism is live singleell mass spectrometry (LSAS). This technique directly obtains extract from a
single cell, using a nanospray capillary, and &esljt using nanoelectrospragnisation (NaneESl)

mass spectrometry [183Figure3.1.3.31). Direct extraction has confirmed metabolic differences
between cell types [184], as well as allowing the analysis of organelle metabolomes [185], without the
requirement of extensive isolation procedures. As no prior treatment of tissue is required amedaitee

no experimental steps between extraction and analysis, the risk of metabolic profile perturbations is
reduced. Whilst there will be a metabolic response to the insertion of a capillary into the cell, the speed
at which extract is obtained should ngiate against severe changes. The inclusion of fluorescent
markers has aided the use of MG to extract from specific cell types [186], with multiple organelle
dyes now commercially available [187] this approach can aid the accuracy-BIS.BGubcelliar

sampling. A weakness of LBIS, like organelle isolation, is that extraction from single organelles only
confirms metabolite presence within the extracted organelle; therefore, it does not provide context with
regards to cellular metabolism. Extractifrom various sukcellular compartments offers a method to

mitigate this issue though requires substantial technical skill [188].

Suck by Nanospray
nanospray tip ionization

Trapping image Mass spectrum

T R W i

Videomicroscope

Figure3.1.3.31: Overview of the LS®IS technique Organelles or extract from a single aalé obtained by insertion of
a nanosprayip into a target cell using a micromanipulator. The manipulation of the nanodjpay respect to the cell
is achieved using a microscope. Once obtained the extract can be analysed b 8lavi8, either immediatedy after

cold-storage. Figure was taken from Fejial. (2015) [183].
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3.1.3.4Non-Aqueous Fractionation

Another technigue that provides subcellular resolution, in the context of metabolism at the tissue level,
is norraqueous fractionation (NAF). Using a density gradient comprising the organic solvents heptane
and tetrachloroethylene, NAF separates subcetlatampartments within a tissue sample. As the use of
organic solvents prevents polar metabolite diffusion and inhibits enzymatic activity, metabolites remain
associated with their compartment of origin at levels proportional to what is preseviva

Degadation of metabolites is further reduced by performing all experimental steps on ice or at 4 °C.
Marker enzyme and metabolite assays are used to calculate the compartmental distributions across the
density gradient, which is then used to localise othetabolites through distribution comparisons. The
result of this analysis is a relatrgeibcellular distribution of detected metabolites within plant tissue.

First applied to plant material in the 1980s [189], NAF has gained renewed interest within the past
decade due to the advancements in MS allowing for large scale metabolic analysis of obtained fractions.
Classical NAF protocols generate a linear density gradient and achieve separation through
ultracentrifugation. The use of a linear gradient and ultratcéugation requires large amounts of

starting material, >4 g fresh weight, which limits the types of tissue that this technique has been applied
to. Examples include Arabidopsis leaf tissue, potato tubers and apple fruitsl[@8 However, an

adapted potocol which uses an iterative fractionation process with a benchtop microcentrifuge,
benchtop nonaqueous fractionation (BNAF), has been described which generates distinct
compartmental distribution patterns using lyophilised material roughly equivate200-400 mg fresh
weight [193](Figure3.1.3.41). Through reduction in sample requirement, BNAF can allow metabolite
compartmentalisation to be investigated within a variety of tissues including Arabidopsis roots, the
location of TNAdetoxification. A limitation of NAF techniques is the compartmentablkgion that can

be achieved, with distinction between particular subcellular compartments being difficult due to their
similar density profiles, examples being the vacuole and apoplast [191,194]. However, the ability to
distinguish between cytosol and vaae or apoplast makes NAF techniques well suited to confirm the

compartmentalisation of xenobiotic conjugat@splanta
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Figure3.1.3.41: Overview of theBNARechnique.Figure was taken and modified from Furtaetral (2016) [193]. In this 7H refers to heptane and TCE refers to

tetrachloroethylene.
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This chapter describes the work undertaken to identify, and optimise, a technique that will test the
compartmentalisation of conjugates generated by metabolism of TNT within Arabidopsis root tissue.
This work focused on two methodologies i) IME and iiIBNAF. Investigations identified BNAF as the
most suitable and the technique described within the literature was optimised for use with Arabidopsis
root tissue. Success in this endeavour has provided theriggantaevidence for dominance of

compartmenalisation in the metabolism of xenobiotic glucesghjugates, within root tissue.

3.2 Materials and Methods

3.2.1Plant material
Arabidopsis (Col0) obtained from the Eurasian Arabidopsis Stock Centre (UNASC) was used for all

investigations.

3.2.2Plant preparation for LSMS

Fourday2 ft R ASSRf Ay3a ¢6SNBE GNIYyAaFSNNBR (G2 oya{ fAljdzAR
Hn K2dzZNE 6muAn NLIY | 3AGEGA 2 yhaur dayi8hourhglit photdperiodd b m  f A 3K
21/18 °C day/night temperature). Prior to extracti@lgsed plants were washed in %2MS liquid culture

(10 minutes, 120 rpm agitation) to reduce background levels of TNT originating from the root surface.

For extraction, the seedling root tissue was immobilized on a microscope slide usingelong point

agaiose (LMPA). Borosilicate glass 100 mm capillaries (World Precision Instruments, Hitchin UK) were

used to generate nanospraips using a Sutter model 97 micropipette puller (Sutter Instrument, Novato

CA) and an Inject man N12 migr@anipulator (EppendorfStevenage UK) was used for

micromanipulation. Nanospratjps containing cellular extract were kept-&0 °C until required for

downstream analysis.

3.2.3LSGMS analysis oplant extract

Metabolite analysis of plant extracts obtained within nanosglipg was performed on an Orbitrap

Fusion Trihyrbid Mass Spectrometer (Thermo Fisher Scientific, Oxford UK) following published guidance
oMy o8 GAGK YAY2N Y2RA FidnQdlvank (Acgtanitrile @A BeloinficdddAad > 2 F
(60: 40 v/v)) was pipetted into the nanospray, after which a clean copper electrode was inserted into

the tip. The nanospratip was placed within the ion source, and the source set to MS mode. An ion

source voltage of 1.4 kV was used for both positive and negative ionisation mode. Xcalibur Qual browser

software (Thermo Fisher Scientific, Oxford UK) was used to manually inspect the raw data, the criteria
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for peak identification were ion intensity of >1® parts per million (ppm) mass accuracy and the

presence of isotope peaks.

3.2.4Dosing of hydroponic plants with TNT

Plants were grown as described in Chapter 2 section 4.5. Once plants week®Id plants, spent

YSRALF 61 & NBLXLFFOSR 6AGK FNBaAK YSRALF O2yGFrAYyAy3d wup
volumes of DMSO only. After a-BOur incubation, the robtissue was washed in tap water, to reduce

background levels of TNT and DMSO originating from the root surface, momentarily blotted to remove

excess surface water, then flafifozen in liquid nitrogen.

3.2.5Benchtopnon-aqueousfractionation

The BNAF methodology described in Furtaeteal. (2016) [193] was followed for the fractionation of

plant material. Plant tissue, 26800 mg, was flash frozen using liquid nitrogen and ground to a fine

powder in a pestle and mortar prehilled using dryce. Ground samples were then lyophilised for 4

days €108 °C, <0.06 mbar). Lyophilised powdet07mg, was suspended in an-oeld solvent mixture

comprised of heptane and tetrachloroethylene (density £1.3 g crd) within a 15 mL borosilicate glass

test tube. Both solvents were stored over ¥.Bolecular sieves (Sigr#sdrich) prior to use, ensuring

the solvents had sufficiently low water content (<10 ppm). Suspended plant material was sonicated (45

KHz) in an ickath for a total of 20 minutes, aftes KA OK A G 61 & FAf GSNBR (KNPRdJzAK
OSYGNARFdASR G nnan E3 F2NIun YAydziSa Fd n c/ & ¢K
and the pellet was resuspended in 1 mL oféodd tetrachloroethylene and transferred to a 2 mL

microcentrifuge tube. Thus started an iterative process where the solution was sonicated inkathice

for a total of ten minutes and then centrifuged at 21,100 xg for ten minutes at 4 °C. The resulting

supernatant was transferred to a new microcentrifugbe and icecold heptane was added to obtain

the required density. The amount of heptane required was calculated using Equation 1, within which

W is the volume of heptanap is the volume of the supernatarit, is the density of the

supernatant,” is the desired density and 0.68 is the density of heptane.
Equation 1

d) ” ”

™y

The resulting pellet, obtained from centrifugation, waskelza LISy RS R A y -coldpheptare] 2 F | Y

tetrachloroethylene mixture for whichseuionis equal tad’ peiler. TO €nhance the concentration of
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conjugates within final fractionated material, pellets obtained at the same density from two separate

FNF OQlA2ylGA2ya 6SNB LI22f SR (23S0 KSradionsSAvadhihg 0 SAy 3
step was performed, within which 1 mL of heptane wdsled to each sufraction and the samples
OSYGNARFIdASR G wmImnn E3I F2N GKNBS YAydziSaed h¥ (K
remainder concentratedh vacuousing a Genevac EZElite (Scientific Products, Ipswich UK).

Concentrated gb-fractions were stored at70°C until required for enzyme assays and metabolite

analysis.

3.2.6 Measurement ofcompartmental marker enzymectivity

Initial assay conditions were as described in Furtated. (2016) [193]. Concentrated sditactions

were resuspended in 1 mL extraction buffer (50 mM HiSI (pH 7.3), 10 mM magnesium chloride
hexahydrate, 1 mM DTT). Following ariBute incubation on ice, which included vortexing every five
minutes, the suspnsion was centrifuged at 13,000 rpm for five minutes at 4 °C usingi&-EAl11

rotor (Eppendorf, Stevenage UK). The resulting supernatant was used for subsequent marker enzyme
assays, performeih microplate format with absorbance measured on a CLARIMStdate reader

(BMG Labtech, Aylesbury UK).

For the vacuolar marker, Acid phosphatase (APase), enzyme activity was measured following a modified
protocol originally outlined in Bollest al. (1979) [195]Figure3.2.61A). Briefly, protein extract was

incubated with reaction buffer (0.125 M sodium acetate (pH 4.8), 0.125 % (v/v)-Kito0) at 37 °C for

FADGS YAydziSaod ¢KS NBFOGAZ2Y ¢l & AYAGAIFGSR GKNRdJZAK
solution (1 mg mtin reaction buffer) and incubated in the dark at 37 °C for 25 minutes with agitation.

¢CKS NBIFIOlGA2Y ¢l & ad2LIISR o6& 0KS | RRA Uxigoghe®oF nnn >
by APase was quantified by measuring absorbance at 405 nm. Absenxnes obtained from

samples quenched with sodium carbonate, prior to sodium phenylphosphate addition, were used for

blank correction.

For the plastid marker, Alkaline pyrophosphatase (APPase), enzymatic activity was measured following a
modified protocol originally outlined in Jelitet al. (1992) [196]Figure3.2.61B)MH >[ 2F LINRGSA Y
SEGNI Ol 6F& YAESR 6A(GK y-HQ@, (pHB), N6BMéaghesiyim cbldd@ief SNJ 6 n o
hexahydrate, 1.1 mM tetrasodium pyrophosphate decahydrate) and incubated at RT for ten minutes.

2 KSy yrfeaarya FNIOGA2ya 206GFAYSR FTNRBY NR2(G GA3&adz
minutes due to lower activity of APPase in this tisReaction was stopped by a fimeinute incubation

at 95 °C. The release of inorganic phosphate by APPase was quantified by measuring absorbance of
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solution at 760 nm following a fouminute RT incubation with a molybdenum solution (1.25 N68,

4.86 mM ammonium molybdate, 30 mM ascorbic acid, 0.205 mM antimony potassium tartrate). Values

were blank corrected against extraction buffer controls.

For the cytosolic marker, UIglucosel-phosphate uridylyltransferase (UGPase), enzymatic activity was
measured following a modified protocol originally outlined in Zrereteal. (1993) [197]Figure

3261C)t N2GSAY SEGNIOGE tvn >[32 61 & YAHESEHSE2AMM mMnna >
YI 3y S&aAdzy OKt 2NARS KSElI KRN} GSsE noup-16a b! 5t H Y
phosphate, 2 mM UDBlucose, 3.4 U.miphosphoglucomutase, 6.65 U.rhilucose6-phosphate

dehydrogenase), within a Greiner tBfar® flat bottom 96vell microplate, and the reaction was
AYAUGALFGSR GKNRdAK GKS FRRAGAZ2Y 2F ¢ >[ wmnn Ya @GS
resulting from UGPase activity was quéietli by measuring change in absorbance at 340 nm over six

minutes. Values were blank corrected against extraction buffer controls.

Two technical replicates were performed for each sample. Enzyme activity within fractions was

normalised as a relative percentage of the total activity measured across all fractions.
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Figure3.2.6.1: Spectrophotometric marker enzyme assays usadBNAF A) Assay for vacuole marker enzyme APase
measures the release of releasemfitrophenol fromp-nitrophenyl phosphateB) Assay for plastid marker enzyme
APPase was quantified by measuring the enzymatic release of inorganic phosphate from pyrophosphate. Formation of
molybdenum inorganic phosphate levels were quantified using the molybdenum blue method@88kay for cytosol
marker enzyme UGPase was quantified by measuring the release of NADPH from the conversieglot&ieRo 6

phospheD-gluconolactone. Pyrophosphate is represented by PP

47



Chapter 5Compartmentalisation of TNT metabolites within Arabidopsis root tissue: methodology
optimisation

3.2.7 Quantification of TN¥conjugate relative distribution

Metabolites were extracted from sufvactions by resuspending the pellet in 1 mL of methanol.
Following a 18ninute incubation on ice, which included vortexing every-fiviautes, the suspension
was centrifuged at 13,000 rpm for fiareinutes at 4 °C. Thesulting supernatant was transferred to a
fresh microcentrifuge tube and concentrat@dvacuo Concentrated material was resuspended in 200
>[ 2F wun 22 YSOKI y2-phask Bidgh geifdrBayice bogdick ofirontatogrepiey SHRECS
analysiswas perfdf SR dz& Ay 3 nn  SHPLCXYsterf @Vatdtd 2695 sepafafor and Waters

Photodiode array detectogy A G K 'y 90 KefSyS . NARISR | &@806NRAR 0.

a flow rate of 1 mL mih Elution gradient was comprised of 0.1 % formic acid (Solvent A) and
acetonitrile (Solvent B). The HPLC conditions used for analysis -ofiidolite content are described
in Table3.2.7.1.Peak area at 250 nm was measured for known metabolites within each fraction and
normalised as a relative percentage of the total area measured for that respective peak across all

fractions within a sample batch.
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Table3.2.7.1: HPLC conditions optimised for WatersbXidge C18 column.

Sample temperature: 25 °C

Column temperature: 25 °C

LyeSoirzy @2fdrSy n.

Mobile phase A: acetonitrile

Mobile phase B: 0 (UPW)+ 0.1 % formic ac

HPLC gradient:

0 5% 95%

5 min 5% 95%

25min  40% 60 %

30min 100% 0%

35mn 5% 95%

3.2.8 Determination of metabolite compartmental associations

Metabolite associations with subcellular compartments were identified using a pairwise comparison
algorithm originally described in Furtauetrral. (2016) [193]. The process is summariseligure3.2.81

and is described here. This analysis used relative distributions of metabolites and marker enzymes
across a density gradient (Step 1). Marker enzyme distribution was assumed to be representative of the
respectively assigned subcellular compartments distion. Analysis was comprisedmfMetabolites

(x =1:m) and fractions (,j = 1:f,i<j). Slopes for the change of relative distribution for each metabolite

and marker enzyme between each fraction were generated. For each metabolite, slopes were compared
in a pairwise fashion to respective slopes obtained for each marker enzyme, and theatellsiberence

from each comparison was calculated (Step 2). The marker enzyme slope that generated the minimum
absolute difference when compared to the metabolitep@onas identified as a compartmental hit for

that set of comparisons (Step 3). Minimum absolute difference was then subtracted from absolute
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differences obtained for the other compartmental comparisons (Step 4). If values from these
calculations were within the 5 % errbound, then the corresponding compartment was also
considered a hit for that slope comparison. Metabolites that were onlgded within a single fraction
were labelled special cases, and only the marker enzyme with the highest activity in that fraction was
considered (Step 5). The number of hits for each compartment across all comparisons for each
metabolite is summed and callated as a percentage of the total number of compartmental hits to

provide a final relative compartmental association for each metabolite (Step 6).

/
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Figure3.2.8.1: Outline of algorithm used to calculate compartmental association of metabolitébreviations:
Metabolite - Met, Compartment Comp Relative metabolite distributionLG Relative marker enzyme distributiefeA
Plastid- Pla, Cytosol Cyt Vacuole Vag Minimum Absolute differenceMin. Figure was taken and modified from

Furtaueret al. (2016) [193].

3.2.9 Statisticalanalysis
Twoway ANOVA followed by a Tukey HSD test was performed to calculate the significance of

metabolites association between subcellular compartments.
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3.3 Results

3.3.1Live Single Cell Mass Spectrometry

3.3.1.1O0ptimisation of microextraction protocol to obtain viable extract

Preliminary work focused on developing a microextraction protocol that could reproducibly obtain cell
extract from Arabidopsis root tissue. The fragility of Arabidopsis root tissue made extraction difficult as
the tissue moved with the force of the nanoggtip. Prior published protocols had utilised double

sided tape to prevent sample movement [183]. However, in practice this was unsuitable as root hairs
became embedded within the adhesive. The fragility of root tissue also resulted in immediate
desiccaton (Figure3.3.1.11A),which invalidated any obtained extract. To overcome these issues,
embedding agents were investigated for their ability both to provide suitable resistance to tissue
movement as well as prevent tissue desiccation. Two agents were investigatedMCBpeltatus,
Loughborough UK) and LMPA (Sigm&drich). Both Cygef and LMPA have a gelling point within 5 °C
of RT, 21 °C and 28 °C respectively, allowing microscopy investigations into living organisms with
minimal stressnduced perturbations to endogenous metabolism [199,200]. CYgehs shown to be
unsuitable as, in the absence of a coverslip, it rapidly desiccated under obserfFitjare3.3.1.11B).

In contrast, LMPA retained the viability of the root tisgfegure3.3.1.11C)whilst its viscosity provided
suitable resistance to tissue movement. Therefore, root tissue was embedded within LMPA for

subsequent extractions.

Extractions were initially attempted using a system built around an Axiovert 200 inverted microscope
(Zeiss, Cambridge URigure3.3.1.11D). This system provided a high total magnification, 630x total,
which allowed clear visualisation of individual root hair cells. Incorporation of a camera attachment to
the microscope also aided nanosp#ily manipulation. However, the inverted viewpoint made
extractions highly laborious and error prone, with breakage of the nanodjgan the viewing slide

being a common problem which resulted from difficulty in gauging distance. For this reason extraction
equipment was transferred to a Leica MZ 16 F sterieooscope (Leica Microsystems, Milton Keynes UK;
Figure3.3.1.11E).This microscope system still provided a suitable level of magnification, 460x total
magnification, however the viewpoint of observation allowed for more intuitive manipulation of

nanospraytip thus reducing extraction error rate.
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Figure3.3.1.11: Optimisation of micraeextraction systemused in LS®S. A)Nonembedded Arabidopsis root tissue,
rapid desiccation occurs whilst under observation. Image taken at 630x total magnifi@)oygel™ embedded root
tissue, both Cygéf'and root tissue rapidly desiccate. Image taken at 200x total magnificahMPA embedded root
tissue, tissue integrity was retained. Image taken at 630x total magnificadvlicro-extraction system using an
Axiovert 200 inverted microscope. Image€£were obtained ugg this systemE)Micro-extraction system using a Leica

MZ 16 F stereomicroscope. Inset image shows the improved viewpoint for extraction this system provided.

3.3.1.2Unsuitability of LSE@S for detection of TNmetabolites within plant extracts

Optimisation of the microscopy system and embedding of root tissue with LMPA allowed extract to be
obtained from individual Arabidopsis root hair c€fsgure3.3.1.21A). NancESI analysis confirmed
successful extraction of cellular material as ion peaks corresponding-kjf [Miducts of fumarater(/z
=117.02), malatenf/z = 135.02),, -ketoglutarate (n/z = 147.03), and citraten{/z = 193.03) were

detected during extract analysis, these ion peaks were absent within ionisation solvent controls (Figure
3.3.1.21B).However, metabolites of TNT were not detected within extract obtained from dosed plants.

A possible cause for the inability to detect TiN&tabolites was interference by other compounds
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within the cellular extract. To investigate this, all three Fgiathione conjugates, at a final

O2y OSYyidNY GA2Y 27F w™mnn -ESlanZhe pr&eiEe of ajdericol fhaRt exiracts. For y 2
this analysis whole tissue methanol extracts were usael t a limited number of single calktracts

available. Conjugate standards diluted in 20 % methanol were used as corresponding controls.-The TNT
glutathione conjugate standards ionised efficiently when diluted in 20 % methanol; however, when
diluted within plant extract conjugates were not detect@éigure3.3.1.21C).These results confirmed

that TNTFglutathione conjugates, and most likely other TNT conjugates, were not ionising efficiently
when analysed in the presence of endogenous plant compounds. As conjugate concentration used in
this analysis was far greater th#éimat expected within a single cell, it was concluded-MS3vas not a

suitable technique for investigating T®njugate compartmentalisation. Therefore, further work on

the optimisation of the technique was stopped.
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Figure3.3.1.21: Optimised LC31Smicroextraction protocol can obtain and analyse extract from a single cell but is
unable to detect TNAglutathione conjugates. Apequential images showing the acquisition of root cell extract using
developed micreextraction system. The arrow indicates meniscus of extract within nanosjray) lon chromatograms
obtained by Nan€ESI analysis of plant extract and ionisation solvent control. Total lon Chromatogram (TIC) shows
timespan in which active sample analysis occurred. Extracted ion chromatografomérate ((MH]" = 117.02), malate
([M-HJ* = 135.03), -ketoglutarate ([MH]" = 147.03) and citrate ([NH]* =193.03) confirm successful extraction of
cellular contents. Analysis was performed in positive m@)&xtracted lon chromatograms ®NFglutathione

conjugate standards in the presence or absence of plant extract folloMaémg-ESI analysis In the presence of plant
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extract, TNIglutathione conjugates do not ionisEhem/z ranges used to generate these chromatograms wEi8.11

519.12 and 448:488.11 for Conjugates 1 & 2 and Conjugate 3 respectively. Analysis was performed in positive mode.
3.3.2Benchtop Noraqueous Fractionation

3.3.2.1Confirming ability of BMF to fractionate subcellular compartments

Conventional, notbenchtop, NAF methods specify that several grams of fresh tissue is required per
fractionation [191], this would be a substantial task to perform with Arabidopsis root tissue. It was for
this reason that the BNAF technique described irttier et al. (2016) [193] was used. The BNAF
technique was developed to remove the requirement of long periods of ultracentrifugation, transferring
the process to a benchtop centrifuge, this increased the throughput capacity of the technique and
reduced is tissue requirements. Whilst the developers of BNAF highlighted that the changes allowed a
greater range of tissues to be investigated, currently only Arabidopsis leaf tissue has been analysed with
the technique [193,201,202]. Initial experiments in tthigsis focused on repeating published work of
Furtaueret al. using leaf tissue obtained from threeeek-old ArabidopsisEnzymatic assays for the
vacuolar (APase), cytosolic (UGPase) and plastidial (APPase) marker extmfimasdsubcellular
compartmeris weresuccessfullgifferentially fractionatedacross a gradient comprising five densities
between” = 1.59 g cdand” = 1.3 g cni with the sixth fraction < 1.3 g cr, showing no enzymatic

activity (Figure3.3.2.11).
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Figure3.3.2.11: Successful fractionation of Arabidopsis leaf tissue using BN&#&f tissue from thregveekold
Arabidopsis grown on solid agar was analysed. Differential distribution patterns for plastid (APPase), cytosol (UGPase)
and vacuole (APase) compartmental marker enzymes confirm successful fractionation. Solid lines répeesean of

two technical replicates.

3.3.2.20ptimisation of BNAF technique for use with hydroponicatiyown root material

Successful application of BNAF with leaf tissue allowed for progression onto optimizing the technique

for hydroponically grown root tissue. A hydroponic system was used to expose roots to TNT as the faster
diffusion of TNT within liquid culture, comparem golid agar, allowed TN#etabolites to reach

detectable concentrations within fractionated material. The hydroponic system also allowed for

relatively quick and efficient harvesting of root material without damage. As there are no examples

within the literature of NAF being used with medjeown plant tissue, troubleshooting of the

fractionation procedure was required.

The use of organic solvents in BNAF to generate the density gradient makes the method extremely
sensitive to compounds that can form polar interactions with plant material. Introduction of such
compounds during the process results in plant material agdmeggpresenting as a mass at the top of

the solvent solution with a platéke consistencyFigure3.3.2.21A).This issue is acknowledged in the
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current literature with recommendations to ensure all equipment is kept dry and solvents stored over
molecular sieves [204]. The optimisation of this protocol has identified further precautions that need to

be followed for successful BNAF. Firstly, liquitcbgen was substituted for dry ice in the preparation of

plant material for lyophilisation. This substitution allowed effective lyophilisation, which is seen in the
cloudy consistency of ngpelleted material during the iterative fractionation procesg(ffe
3.3.2.21B).Residual detergents on the surface of glassware also prevented successful BNAF due to their
leaching into the solvent mixture during sonication of plant material. Washing glassware in distilled

water prior to use removed detergents preventing this isdoneorporation of these changes allowed
successful BNAF to be reliably achieved. Key observations that identify successful fractionation along the

process are described in Talde3.2.21.

A) B)

Figure3.3.2.21: Exposure of powdered plant material to liquid nitrogen prior to lyophilisation prevents successful
BNAF. APlant material fails to fractionate when liquid nitrogen is used togh#@ lyophilisation equipment and to
powder plant material. i) Seip used to prechill lyophilisation vessels. ii) Failure to fractionate leaf tissue confirmed by
plate-like aggregtes at the top of the solvent solutio®) Plant material successfully fractionates when dry ice is used to
pre-chill lyophilisation equipment anh powder plant material. i) Satp used to prechill lyophilisation vessels. ii)
Successful fractionation of leaf tissue confirmed by the fine clikedconsistency of plant material at the top of solvent

mixture. iii) Successful fractionation of rocssue.
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Table3.3.2.21: Observations thatidentify successful BNAR.isted are the experimental points which provide visual
confirmation on the success or failure of the fractionation process.

Observation Indication of successful fractionation  Indicator of failed fractionation
. Lyophilised powder should be easily Lyophilised powder does not become
Appearance of plant material : L . e .
o electrostatically charged under agitation, electrostatically charged under agitation, remain
after lyophilisation - - L .
resembling iron filings under a magnetic field. in a mound

Extensive sonication is required to break down
particles of material with mangemaining after the
20 minutes of sonication

Homogenisation of lyophilised Visibly large particles of material are broken dow
material in solvent mixture after a total of 20 minutes sonication

Resuspension of pellet
following 4400 x g

Pellet does not resuspend easily, showing a plat

Pellet should immediately be resuspended upon like consistency that requires micropipette

addition of 1 mL tetrachloroethylene

centrifugation aspiration to homogenise
Appegrance_ of r_lom)e_lleted Non-pelleted mate_znal should c_jlsplay a clolike Non-pelleted material has a platike
material during iterative appearance/consistency that is easily taken up b :

; ; HE appearance/consistency
fractionation process pipetting

Resuspension of fractions in
100 % methanol for Pellet suspends easily with minimal aspirations
metabolomic analysis

Pellet displays a platke consistency that does
not resuspend

Compartmental separation across the dengjtadient during BNAF requires compartmental integrity to
be maintained in the harvested tissue. Exposing plants to TNT generates oxidative stress which can
damage membrane integrity [93]. To test if compartmentadgrity was disrupted by TNT, root tissue
was grown in a hydroponic system with and without TNT exposure, then analysed by BNAF. All tissue
was blotted for 60 seconds prior to flafteezing to remove excess water. Resulting analysis of the
compartmentd distribution revealed an inability to differentially fractionate the subcellular
compartments irrespective of TNakposure(Figure3.3.2.22A). These results suggested compartmental
integrity was severely compromised; however, hydroponiegittywn plants did not show any signs of
stress. It was therefore hypothesised, that perturbation to compartmental integrity occurred after
harvesting of the @ot material. As extensive blotting of tissue may cause desiccation and mechanical
damage, both resulting in cell lysis and mixing of organelle contents, this was the first factor to be
investigated. Blotting time of harvested root tissue was reduced ftaminute to a momentary

placement (32 seconds) onto an absorbent surface prior to flglezing. Subsequent BNAF analysis
confirmed that reduction of blotting time enabled successful differential distributions of subcellular
compartments(Figure3.3.2.22B).However, the degree of compartmental separation was not sufficient
for subcellular localisation of metabolites. Therefore, these results confirmed organelle integrity was not
impacted by TNT exposure but was damaged by extelhdoreng; it also revealed that optimisation of

the density gradient was required for effective BNAF analysis of root tissue.
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Figure3.3.2.22: Excessive blotting ofiydroponically-grown tissue prevents successful BNAF.TAg distribution of

plastid (APPase), cytosol (UGPase), and vacuole (APase) compartments from root tissue that was blotted for 60 seconds.
All three subcellular compartments showed similar distribution patterns, the effect was independent @xXphiJure B)
Distribution of compartments for root tissue that was momentarily blottesferred to as unblottedSamples showed

trends towards differential distribution of compartmentenfirming successful fractionation.

Gradient optimisation focused on obtaining distinct distribution profiles for the vacuole and cytosol as
conjugated xenobiotics are hypothesised to move between these compartments. Prior investigations
during trouble shooting had shown that a starting diégnselow 1.5 g cmdwas required for vacuole

enrichment, and that no enzymatic activity was pelleted below a density of 1.3*gTdmerefore, all
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density gradients investigated comprised either 5 or 6 density steps that ranged between 12agadm
1.5 g cn?. Four gradients were investigated to identify compartmental distribution patterns so as to
discern suitable density steps for an optimised grad{&mure3.3.2.23). In respect to the vacuole, the
majority of marker enzyme activity pelleted between densities ofl14® g crr¥. Utilising a starting
density between 1.48.48 g cr¥, a second density df.42-1.45 g cri¥ and a third density of 1.4 g cin
provided suitably distinguishable vacuole and cytosol distribution patterns as seen in gradients 1 and 4.
Within these gradients, the vacuole was enriched within the first fraction and abundance decreased
with density, whilst the cytosdaistribution behaved in the inverse manner. Analysis of gradient 1
indicated that incorporation of equally distributed gradient steps between 1.4¢amd 1.3 cr¥ could
enrich the plastid without enriching the cytosoldimacuole; however, the inclusion of more than two
steps between these densities prevented plastid enrichment, as shown in gradient 2. Therefore, an
optimised gradient incorporating these findings was hypothesised to enrich the vacuole within the
densest faction, enrich the plastid in fractions of lower densities whilst maintaining a more equal

distribution for the cytosol across all fractions.
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Figure3.3.2.23: Optimisation of BNAF gradient for root tissu¥.acuole enrichment is achieved if gradient starts
between 1.451.48 g cn? (Gradients 1 and 4). Plastid enrichment is achieved if gradient starting density is greater than
1.45 cn? and no more than two gradient steps are incorporated below density of 1.4%@madients 1,2 and 3). With
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these parameters the cytosol shows a more dispersed distribution across the gradient (Grad@mnppartmental
distributions inferred from enzymatic analysis of vacuolar (APase), cytosolic (UGPase) and plastidial (APPase) marker

enzymes.

A sixstep, optimised gradient with density steps of <1.3, 1.3, 1.35, 1.4, 1.43, 1.47 @asrchosen for
analysis of metabolite distribution within TMiDsed hydroponically grown rodissue. Using this range,
a plastid enriched fraction was obtained at 1.35 g3¢figure3.3.2.24A),and a vacuole enriched
fraction at 1.47 g cmi(Figure3.3.2.24C)whilst the cytosol distribution showed little change between
densities of 1.38..47 g cri(Figure3.3.2.24B).When overlaying compartmental distributions with the
distribution of the known product of TNT metabolism HABjIcoside (HADNGIc) [104], obtained by
HPLC analysis of BNéé&rived fractions, a striking similarity in metabolite and vacuole distributi®ns i
clearly seen. Compartmental association analysis confirmed that HAINTad a significant association

with the vacuole (Tukey HSpadj< 0.0001)Figure3.3.2.24D).
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Figure3.3.2.24: Optimised BNAF density gradient confirms significant association of-iétabolite HADNTGIc with

the vacuole. ADistribution profile of the plastid (APPase) and HAEBTacross the density gradiefRelative

distribution of HADNTGIc inferred from peak area measured in each fraction at 250 nm as a proportion of peak area
measured across all fractions at 250 rB)Distribution profile of the cytosol (UGPase) and HAIGNEIC) Distribution
profile of the vacuole (APase) and HABGIE, striking similarities are sedd) Pairwisecomparison of metabolite and
compartmental distributions across the density gradient aonfhighly significant association of HADNIE with the

vacuole compartment (Tukey HSD, p <0.0001). n = 5, bar representative of biological mean, points representative of
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individual biological replicates. Statistically significant differences between compartmental associatiomss %7001,
*% p<0.0001.

3.4 Discussion

The research presented within this chapter has demonstrated the successful application of the BNAF
technique to confirm the compartmental fate of TNT metabolites within Arabidopsis root tissue.
Pairwise analysis of marker enzyme and metabolite distribstivas established the dominance of
glucosydconjugate sequestration during xenobiotic metabolisnplantafor the first time. These results
are the first example of utilising BNAF with Arabidopsis root tissue, demonstrating that it can be a

powerful platibrm for investigating the compartmentalised metabolome within this tissue.

3.4.1Practicalities relating to successful use of LS

CKAAd NBAaSIFNDODK KIFIa LINBaSyiSR GKS FTANRG RSY2yadNF da
analyzing Arabidopsis root cell extracts via-MSC with these results demonstrating the technique to

be unsuitable for TNTonjugate measurement. Desiccatiof root tissue was a problem that had to be
overcome to achieve successful extraction. Whilst drying of samples is mentioned in published protocols
[183], speed of extraction was the only stated mitigation method. This advice is limited, as it assumes a
certain level of efficiency in both the practitioner and extraction system, as well as the assumption that
tissue used for extraction can remain hydrated for several minutes during observation. The use of LMPA
to embed Arabidopsis seedlings was shown t@beffective alternative that maintained tissue viability

for extended periods of time, >20 minutes, thus allowing-egserienced practitioners to harvest cell
extract. Embedding within LMPA also provided sufficient resistance to tissue movement gltbwin
nanospraytip to pierce the cell wall. However, an issue identified with LMPA embedding was the uptake
of agar into the nanospratyp during extraction, which subsequently blocked the tip preventing

effective sample spraying during Na&&I. The diaeter and taper of the nanosprayp affected agar

uptake, therefore future LSMS studies using LMPA as an embedding agent should allocate time for
optimising nanosprayip design parameters. This work also confirmed that the use of a

stereomicroscope praded more intuitive control of the nanospraip in respect to the target cell.

These informative findings will be of benefit for research utilisingMS@or tissue types in which

sectioning via microtome is not suitable.

Whilst LS@AS was successful in detecting several organic acids within root cell extract, it was unable to

detect TNT metabolites. In respect to Fiyllitathione conjugates, there was a reduction in ionisation
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efficiency in the presence of eduting endogenous plant compounds, a phenomenon referred to as
matrix effects. Conventional tactics for eliminating or limiting matrix effects is the altering of
chromatography separation parameters to reduceetation ofcompounds [205]. Due to the nature of
LSEMS this option is not possible. A potential route to overcome this issue, that was not thoroughly
investigated due to resource restraints, is optimisation of the ionisation solvent and ionisation mode
used duringanalysis. Altering these parameters could impact the ionisation efficiencies of compounds;
however, preliminary analysis performed in negatimeisationmode failed to detect TNT metabolites.
Identifying matrix effects as an inherent weakness within-MSGhould encourage future studies to
check for this issue using plant extracts and authentic standards prior to optimising the microextraction

set-up.

3.4.2 Successful BNAF is dependent on several parameters

Optimisation of the BNAF protocol for hydroponicahlpwn root tissue identified multiple factors that

were important for successful implementation of the technique. The first, and most important, was
preventing interference from compounds that can formigr interactions with plant material. This

research has identified the presence of residual detergents on glassware and the contact of ground
plant material with liquid nitrogen as two potential sources of polar compounds. Residual detergents
weakly boundo glassware are hypothesised to be released during the sonication step of BNAF, which is
used to homogenise lyophilised material in organic solvents. Performing multiplevhasttes with

distilled water, rather than using machiweashing systems, enabld¢lde use of detergents as it ensured
sufficient removal of the compounds prior to drying. The presence of residual detergents on washed
glassware can be accessed via the use of a pH meter, an increase of wash solution pH by more than 0.2,
following washingf glassware, indicates insufficient detergent removal [206]. The inability to achieve
successful fractionation when liquid nitrogen was used tegir#l equipment, as well as grind plant
material, prior to lyophilisation is an interesting finding thewifficult to explain. Inefficient

Iyophilisation results in greater retention of moisture within samples [207]. As the use of dry ice enabled
successful fractionation, it indicates the temperature achieved by liquid nitro@€6,°C compared to

the -785 °C achieved by dry ice, prevents effective lyophilisation of plant material. Ashdrismenon

has not been reported for conventiondlAFprotocols, it may result from the smaller quantitiestizsue

used for BNAF which results in the effect impacting a greater propoofitime sample Electron

microscopy analysis into the macrostructure of lyophilised material prepared using dry ice vs liquid

nitrogen may provide insight into possible explanations for this phenomenon.
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Another factor critical for BNAF success is the time taken to blot the harvested tissue prior-to cryo
preservation. Blotting of harvested tissue was initially included within the protocol to remove excess
water, so a more accurate fresh weight could beaited. However, this step resulted in a loss of
compartmental integrity preventing successful fractionation. This result was most likely due to tissue
desiccation during blotting which led to organelle lysis. The sensitivity of hydroporgoaiiy tissugo
gentle blotting could be a result of growth within a static hydroponic system. Hyperhydricity is a
common effect associated with submersion of plant tissue and is a common issue iduritng

culturing of cuttings for planpropagation[208]. Anatomical alterations association with hyperhydricity
is hypolignification, reduction in cell wall thickness and damaged membranes and cell structures
[209,210]. Weaker structural integrity of hydroponicadisown root tissue may have resulteddreater
susceptbility to desiccation during the blotting process. This is supported by findings that root tissue
grown on solid medium did not show similar loss of compartmental integrity, despite undergoing
identical blotting (data not shown). However, this hypotheséswot investigated, as obtaining fresh
weight was not critical for analysis of results and removal of surface water was shown not to be
important prior to lyophilisation. Microscopic visualisation of cellular and subcellular structures, within
hydroponicdly-grown tissue and tissue grown on agar, is one way in which this hypothesis could be

investigated.

Optimisation of the density gradient was also required to obtain distinct distributions for the three
subcellular compartments of interest. The need for optimisation resulted from the starting density of
published gradients [193], optimised for leaf tissbeing too high to enrich the vacuole compartment

of root tissue, requiring a drop from ~1.55 g€t ~1.47 g cm. The decrease in vacuole density

between Arabidopsis leaf and root tissue suggests the composition of the tonoplast differs significantly
between these organs. This is likely to reflect the different demands placed on vacuoles within
photosynthetic and no#photosynthetic tissues. Whilst compositional analysis of both the lipid and
protein profiles of tonoplasts have been performed within Bidopsis [211,212], a comparison of

profiles between tissues is currently missing within the literature. Identifying how compartmental
membranes differ between tissues would deepen the understanding surrounding specification within

tissue types down to theub-cellular level.

3.4.3BNAF confirms sequestration of xenobiotic conjugates from the cytosol
The successful application of BNAF on Arabidopsis root tissue has confirmed the sequestration of

xenobiotic glucosytonjugates from the cytosah planta most likely to the vacuole, and shown it to be
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the dominant fate for these metabolites in the context of the compartmentalised metabolome. These
findings build on the discovery of tribromophergilicosyl conjugates within the vacuole and as bound
elements of the celvall fraction within rice cells [§7providing much needeth plantaevidence for

this fate. There are multiple, related explanations for the dominance of xenobiotic glucoside
compartmentalisation in cellular metabolism. The first is to prevent uncontrolled bioactivation by
cellularglucos R aSaT Syl evySa (KIFIi KIFE@gS 06SSy NBFSNNBR (2 |
[213]. Arabidopsis is within the phylogenetic ord&mpparalesmembers of which generate

glucosinolates. These compounds are strongly associated with defence responses, being activated
though hydrolysis of the glycosidic bondfbyglucosidases which releases an unstable aglycone that
spontaneously decomposes to form compounds of varying toxicity [213]. Compartmentalisation is used
to separate glucosinolates ahdglucosilases spatially, so that the toxic compounds are only released
when the plant is mechanically damaged i.e., through herbivory. A similar rationale could explain the
rapid compartmentalisation of xenobiotiglucosides, as the aglycones formed from the re¢eaf the
glucosyl moieties could be highly cytotoxic. The indefinite sequestration of gltmmguigates to the
vacuole is unlikely due to the evidence supporting TNT incorporation into the lignocellulosic material of
the cell wall [85,86,104]. Feasibieechanisms for the incorporation of monolignol glucosides into lignin
polymers have been proposed [214] and glycosylated lignin oligomers have been detected within
isolated vacuoles obtained from Arabidopsis leaves [113]. These findings support a giledsylation

in lignocellulosic incorporation, though the mechanisms for this remain to be elucidated. Taken
together, these findings provide a hypothesis that the vacuole acts as an intermediate storage
compartment which protects the sensitive biochemystf the cytosol whilst also ensuring the

controlled incorporation of glucosgonjugate into the cell wall.

An identified limitation of NAF is the inability to distinguish between the vacuole and apoplastic
compartments, due to their similar density profiles [191,194]. Therefore, in which of these two
compartments glucosydonjugates are localised cannot be idiied from the current experiment.
However, prior experiments were solely within leaf tissue of Arabidopsis [191,194]. The findings from
the current work show that vacuole material within the raspelleted at lower densities, than that of
leaves, offeing a possibility that apoplast and vacuole density profiles could be distinguishable within
this tissue. This possibility could be investigated through proteomic methods as it would allow multiple
protein markers to be utilised thus increasing the confice in the distribution profiles of the two

compartments [215].
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3.4.4 Applications of BNAF in characterising xenobiotic detoxificatiorplanta

The platform that BNAF provides when combined with transgenic and knockout plant populations offers
amethodology for elucidating the importance of compartmentalization in cellular functions. Current
uses of NAF have primarily focused on describing the compartmentalised metabolome and how it
changes in response to abiotic or developmental states [190,931194,203,216,217]. Only in recent
years has this powerful technique been used with knockout and overexpression lines to investigate
protein function within the wider context of cellular metabolism [194,201,202,217]. Using BNAF to
investigate knockout lies of putative transporters involved in xenobietjlticoside sequestratioroald
provide functional characterisation of transportansplanta This approach could also provide important
evidence to link the inability to compartmentalise xenobiatamjugated derivatives with any unique
physiological response specific to knockout lines. As glucoside transport across the tonoplast is driven by
transporters directly energised by Affdrolysis or proton gradients [112,218], protein families likely
involved ae ABCand Multidrug and toxic compound extrusion (MAT@nsporters. Several members

of these protein families are upregulated in response to TNT [104] and thus would be suitable
candidates to start investigations. Alongside xenobiotics, a variety afgembus compounds are also
glucosylated, examples being monolignols and plant hormoneg;[B&. Compartmentalisation is
assumed to have an important role in the physiological impact of these compounds Viub
compartmentalization within whole tissugas yet to be confirmed; the BNAF technique provides a

means with which to investigate the importance of this process in a variety of tissues.

3.4.5Conclusions

In conclusion, this chapter has demonstrated that the BNAF technique offers substantial promise in
characterising the compartmental metabolome of root tissue. The results presented here have built on
existing evidence of glucosgtbnjugate compartmentaligen, obtainedin vitro, by confirming this
compartmentalisationin plantaand establishing it to be the dominant fate of TNT glucosyjugates in

the context of cellular metabolism. Future research can build on these results by investigating the
transpaters responsible for conjugate sequestration, using BNAF to link the inability to

compartmentalise conjugates with physiological responses seen in respective knockout lines. As BNAF is
a highly versatile technique, it can aid in elucidating the role ofpartmentalisation in areas such as

hormonal regulation, biosynthetic pathways, and xenobiotic metabolism.

67



Chapter 5Characterising in planta metabolism of TNT glutathionylation product Conjugate 3

Chapter 4.Characterisingn planta metabolism of TNT

glutathionylation product Conjugate 3

4.1 Introduction

Glutathione conjugation during xenobiotic detoxification is a significant commitment due to the variety
of roles glutathione has in cellular processes [117,219]. To prevent dangerous depletion of the
glutathione pool, mechanisms have evolved to reclaimdbeponent glutathione residues past
conjugation. Reclaimed residues can then be recycled to replenish the glutathione pool. As the major
redox regulator within eukaryotic cells, an efficient glutathione recycling system may provide benefits
relating to stess tolerance within organisms. Whilst the characterisation of glutathione conjugate
metabolism within mammals has progressed substantially, for a review see Cooper & Hannigan. (2018)
[220], the understanding of the analogous pathway within plants i comprehensive with only a

few enzymes identified as being involved and the metabolicfatelremaining unknown [221F{gure

4.1.1). Obtaining a greater knowledge of the molecular mechanisms involved in glutathione conjugate

metabolism could aid the generation of plants with greater tolerance to xenobiotic stress.
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Figure4.1.1: Models for glutathione conjugate metabolism within mammalian and plant systerdéthin the

mammalian system, the sequential action of a GGT and a carboxypeptidase metabolises the glutathione conjugate to a
cysteinyl conjugate. Cysteinyl conjugates can then be acetylated to form a mercapturate derivative or metabolised by a
cysteine onjugatel -lyase to form a thieHerivative. Thicderivatives can then be methylated or conjugated to

glucoronic acid. All cysteinyl conjugate derivatives are excreted fhenorganism. Within the plant system, glutathione
conjugate metabolism to a cysteinyl conjugate can be initiated either by a GGT or a carboxypeptidase. Plants have been
shown to either directly glucosylate or malonylate the cystegonjugate, generatindyl-linked derivatives, or generate

thiol intermediates through an unknown cysteihelyase.Thiokintermediates can be methylated or glucosylated. All
cysteinyl conjugate derivatives are hypothesised to be sequestered to the vacuole or apoplast. Solid arrows represent
experimentally confirmed pathway, dashed arrows indicate hypothesised pathivayfigure was taken and modified

from Cooper & Hannigan. (2018) [220].

The model for xenobiotiglutathione conjugate metabolism within plants predicts sequestration to the
vacuole where conversion to a cysteinyl conjugate occurs [221]. Metabolism within the vacuole is
initiated through the GGTatalysed removal of glutamate a process analogous to that which occurs
within the mercapturic acid pathway within mammals and insects [114,121,220,222] (Bidure
reaction 1). However, a plasipecific secondary pathway initiated by a carboxypeptidase, which
removes the glycine residue generatingylutamylcysteine derivatives, has also been identified [170]

(Figure4.11, reaction 2). Intermediates of both pathways have been detected for a variety of
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xenobiotics in a range of plant species suggesting that glutathfiongugate fate may not be as uniform

as the model predicts [121,170,223,224,225,226]. Within Arabidopsis, both pathways are active, and the
initiating enzymes have been identified as tteeuvolar GGT4 (G@iitiated pathway) [115,222] and the
cytosolic PCS1 (carboxypeptidasiiated pathway) [114,227,228]. The function of these enzymes in
conjugate metabolism was elucidated using derivatives of the xenobiotic bimane, a compound that
fluoresces when conjugated to a thifninctional group. The fluorescence of conjugates allowed their
movement to be tracked by confocal microscopy within Arabidopsis leaf tissue and cell suspension
cultures, this confirmed the dominance of vacuole sequestrabieer cystosolic metabolism

[114,175,228]. These results were further supported by findings within Arabidopsis seedlings and root
tissue, in which the absence GIGT4expression significantly reduced bimaoenjugate metabolism
[115,222,228]. However, theetection of only -glutamylcysteine conjugates within cell extract,

obtained from cellsuspensions cultures exposed to herbiegddener fenclorim, questions the

universality of GGFiitiated metabolism being the dominant pathway [224]. The rapid metabolism of
cysteinylglgine derivatives, preventing their accumulation, could explains these results and is supported
by cysteinylglycingerivatives of bimane comprising a smaller portion of the conjugate pool despite
GGTinitiated metabolism being identifettas the dominant pathway [121,228]. However, the results

could also reflect a flexibility between the dominance of the GaBidl PChitiated pathways either in
response to plant developmental state or the xenobiotic parent structure of the conjugate.
Chaacterising the role of the GGifitiated pathway in TN-Glutathione conjugate metabolisin planta

will provide important information on this area, confirming whether this pathway is dominant in the

metabolism of glutathione conjugates derived from xerginis other than bimane.

Cysteinyl conjugates are the common product of both xenobigititathione conjugate metabolic

pathways within plants (Figuee 1.1, reactions3 & 4), and these compounds can undergo a variety of
metabolic reactions. Cysteinyl conjugate metabolism within both mammalian and plant systems can be
separated into two categories: i) conjugation of the cysteine residue ii) further metabolised by a cysteine
conjugatg -lyase to a thicktonjugate(XSH) which is subsequently conjugated [97,220]. Within

mammals cysteinytonjugates undergo {dcetylation to generate mercapturic acids whilst thiol

conjugates undergo methylation and glucoronylation [220]. All of these cotgagae readily excreted
through the urinary system [22231]. Similar reactions occur within plants with cysteityhjugates
undergoing either Nmalonylation or Nglucosylation with the former being the most common for a

variety of xenobiotic§224,225,232]. Similar to mammalian systems, within plants itoojugates also

undergo methylation, though glucosylation can also occur [224,226,233,234]. However, unlike in
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mammals the fate of these metabolites within plants is not well understood. All are hypothesised to be
the terminal metabolites of xenobiotiglutathione conjugate metabolism, due to the inability to detect
further downstream products, and are believedlie compartmentalised to either the vacuole or
apoplast. Howeveiin vivoevidence for this remains to be presented. Characterising the metabolism of
TNTcysteinyl conjugates within Arabidopsis would provide a greater understanding of their

bioavailabilitywithin plants.

The conjugate products of TNjlutathionylation are not detectable within wiltype (WT) root tissue,
thus their fate within the plant is also unknown as respective detvaam metabolite concentrations
are also below the threshold of detection. The looncentrations of TN-Glutathione conjugates is most
likely due to the dispersal of TNT across two detoxification pathways, redtintt@ied glucosylation
and glutathionylation. The flux of TNT into glutathionylation has been enhanced through the near
constitutive overexpression of the endogenoGSTU24nd GSTU2by the CaMV35S promoter [106].
Despite overexpression lines showing enhanced TNT uptake and tolerance, only Conjugate 3
accumulated to detectable levels within root tissue of lines with enhaf@8dU2&xpression; however,
this did not lead to detection of downstream derivatives of the metabolite. This result demonstrated
that glutathioneconjugate metabolism was unsaturated in the conditions tested; highlighting that
further increases in GST activityeaequired for the accumulation and detection of downstream
metabolites. Twdrosophila melanogast€eSTs from within the epsilon subfamily have -BNécific
activity that is magnitudes greater than GSTU24 and GSTU25 [235]. One of these enzymes, DMGSTE6
(DMGST), specifically generates Conjugaite\atro, and when expressed within plants enhances both
TNT uptake and tolerance [236]. The effect®oiGST expression on Tated plant traits is assumed
to be a result of enhanced Conjugate 3 production, though this remains to be confirmed through
analysis of the molecules concentration within plant tissue following-&@bdsure. However, the
increasedlux of TNT into Conjugate 3 production providedbyGST expression provides a platform

from which to chaacterise the metabolism of this conjugateplanta

The work in this chapter utilisd3mGST expression lines to characterise the fate of Conjugate 3 in
Arabidopsis. This novel approach allowed the identification of several downstream metabolites,
including previously undescribed products of malonylation. It also describes the work perfasmed t
confirm the dominant role of GGTs in initiating Conjugate 3 metabolism, and the level of redundancy for
this step in Arabidopsis. Finally, this chapter describes the first use of BNAF to confirm

compartmentalisation o€Conjugate 3 and downstream metabolitesplanta
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4.2 Materials and Methods

4.2.1Plant lines
TheDmMGST plants lines, derived from the Col0O genetic background, were obtained from T8aded
originally generated by Tzafestesal. (2017) [236].

Theggtlggtd doubleknockout line was originally described in Ohka®fatsuet al. (2007) [115], it is
the product of crossinggtl andggt4 single knockout lines obtained from tii@stransposon insertion

population [237].

4.2.2CDNB assay

CNBaK (AaadzsSz pn Y3IAI 4 lcald extrackod BuSey 10D BIR TERGT (p8),2 >[ 2 F
mM EDTA, 1 mM DTT and 5 % R¥@®Rusing a Tissuelyser I, then centrifuged for five minutes (10,000

Xg, 4 °C) with the resulting supernatant used fozymatic assays. Detectable GST activity was

YSI 8dzZNBR 6@ YAEAYy3 pn >f 2F LI Iyid SEGNIOG 6AGK nn
buffer (pH 6.5), 5 mM reduced glutathione) within a UV transparsitrocuvette (Brand GMBH,

Wertheim Germanyp wSIF OlA2ya 6SNB AyAlGAFGSR GKNRdAK (KS IR
concentration). The change in absorbance at 340 nm was measured over five minutes. The extinction
O2STFFAOASY U 27F [/ 50cm? wids usedto calgulaE enaydatio aptjvity pes mg of

freshweight from the change in absorbance.

4.2.3Liquidculture

Two-days posigermination, seedlings were transferred to 20 mL of sterilised ¥2MS (pH 5.7) plus 20 mM

sucrose and incubated for aperiodof-R8 € & 2y I NR Gl NBE & REUGNI o mun  NLIY:
intensity, 16hour day/ 8hour night photoperiod, 21 °C /18 °C day/night temperature). Atdagsold

L I yda 6SNB R2aSR ¢A0GK oya{ LI dza wn Ya adzONR&S Oz2y
corresponding volume of DMSO only. Media samples were takastersterile conditions, every four

hours. After 24 hours whelplant tissue was washed in tapater to reduce background TNT and DMSO

originating from the plant surface, blotted to remove surface water and the fresh mass recorded. Tissue

was flash frozen in liquid nitrogen and stored&b °C until required for domstream analysis.

4.2.4Dosing and harvesting of hydroponicallyrown root tissue
Dosing of hydroponicalgrown root tissue with TNT was performed in an identical mann#nao

described in Chapter 3 Section 2.4.
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In respect to the investigation of G@&gttivity in Conjugate 3 metabolism, after the initiat@6ur dosing
period, the root tissue of all samples was washed in tap water to remove surface bound TNT. For half of
the samples, the root tissue was harvestblhtted and the fresh mass recorded prior to flasbezing.
Non-harvested samples were placed in fresh %2MS media absent TNT and incubated for a further 24

hours after which root tissue was harvested in an identical manner.

4.2.5TNT quantification

The TNT content of media was quantifidd reversedphase HPL&ystem (Waters 2695 separator and

Waters Photodiode array detecto) A G K I - . NAR3IS .91 [/ my O2fdzyYy oép >Y
(WatersVs L NBf I yYRO® aSRALF al YLI Saz amuml mif WingasisteratiS  dzi SR
mobile phase comprised of acetonitrile and 0.1 % formic acid (60: 40, v: v). Sample and column

temperatures for analysis were set to RT. The concentration of TNT within media samples was

guantified from peak area absorptiort 230 nm through linear regression against TNT standards.

4.2.6 TN'Fconjugate quantification

Frozen tissue was ground in liquid nitrogen using aghiéed pestle and mortar. Powder was

suspended in 15 mL i@»old methanol and incubated for 40 minutes in the dark, to prevent any

potential photodegradation of metabolites, with two rounds of voiitex Insoluble material was

NEY2@PSR dzaAy3a || nonp >Y T infvaic®usingaGBnevakEZ2. 32 € dziA2y O
Concentrated material was +suspended in 1 mL 20 % methanol (v/v) per gram of fresh weight. For

metabolic investigations usirggt1ggt4-DmGST transformants and respective controls, concentrated

material was resuspended in a ratio of 2 mL per gram of fresh weight.

Initial HPLC analysis of metabolite profile used conditions identical to what is described in Chapter 3
section 2.7. A Conjugate 3 standard, verified using MS, was used to identify its retention time and thus

calculate its concentration within extracts ngilinear regression.

C2NJ YSilIo062fA0S ARSYGATAOILIGARZY LXIFyd SEGNI OGE mn >
spectrometry (L&1S/MS) datadependent acquisition analysis using a Waters Acquity URLZ34 with

.91 [/ my O2fdzYy 6p > a Tadiendwas identieaptothe grediedt usedf@& St dzi A 2
HPLC analysis. The eluent was analysed using a Orbitrap)Edsibridt (Thermo Fisher Scientific);

after electrospray ionisation (Negative ionisation mode, ionisation energy: 2.5 kV. Collision energy was

setto 40 % to ensure fragmentation.
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Metabolite identification was initially achieved through manual inspection of spectral traces.
Proteowizard [238] was used to process raw data to mzML format which was subsequently analysed
with Sirius 4 [239] to predict chemical formulas from MS1 and Bfe2tra. Relative abundance of
metabolites for the investigation of GGT function in Conjugate 3 metabolism were obtained using

CompoundDiscoveréf software (Thermo Fisher Scientific).

4.2.7 s-gluytamyl p-nitroaniline assay for GGT activity

Investigation of GGT activity in root tissue was achieved using a spectrophotometric assay outlined in
OhkamaOhtsuet al. (2007) [121]. Briefly, 200 mg of tissue was ground in achitbed pestle and

Y2NIFN YR GKS NBadzZ GAy3a LI 6 RSN g lcdld exircBoyi busfaiza LISY RS
(200 mM TrigHCI (pH 8), 1M sodium chloride, 0.1 % TritakOX, 0.25 % pgvinylpolypyrrolidone40)

for ten minutes. Homogenised samples were centrifuged for five minutes (10,000 xg, 4 °C) and the

resultingd dzLJISNY I G yi 61 & dzaSR F2NJ SyTevylFLdAO | adaléead DD
SEGNI OG 6AGK nnn >t 2-FACI NG MK didglygine, sontiafiitaBid- o mnn Ya ¢ N
nitroanilide) and measuring production ofrdtroaniline at 410 nm for ten minutes. The protein content

of extracts was quantified using the bicinchoninic acid (BCA) method (Thermo Fisher Scientific) following

the manufacturers protocol.

4.2.8 Agrobacteriummediated transformation of Arabidopsis lines

Agrobacterium strain GV3101 transformed with the pMLBBRIGST binary vector was generated as
described in Chapter 2 section 3.4. Colonies containindptheST gene were identified by colony PCR
and grown overnight in 5 mL of LB broth (28 °C, 180 rpm agitationrtuRtee was transferred to 500

mL of LB broth and incubated overnight. Bacterial suspensions were centrifuged and resulting pellets
were resuspeded in 5 % sucrose solution plus 0.05 % Silwat®(Generon, Slough UK). Theéek

old plants wee dipped in Agrobacterium suspension, ensuring all inflorescence were submerged, after
which plants were transferred to the growth room. The heterozygous T1 transformants were identified
by selection on Bastsoaked soil prepared as described in Chapt8egtion 4.2. Multipléransgene
insertion events introduce variation in transgene expression, and thus activity, as well as leading to
greater likelihood of transgensilencing in subsequent generations. For this reason, T2 lines with
segregation ratios micative of a single insertion event, and the resulting T3 homozygous progeny, were
ARSYUGAFTASR o0& &aS3INBIIFGAZ2Y NI BastdFgur@4?2.81)HE tedpkctth  § Sa O
DmMGST transformants derived from the WT(Ler) genetic background, no T2 lines showed segregation

ratios indicative of a single insertion event (all seedlings were Basta resistant); therefore, to prevent risk
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of genesilencing in subsequent T3 populations and due to thestraints, three independent lines from

the T2 population were used in described investigations.

Non-transformed Control Non-transformed Control Single Insertion Event Multiple Insertion Event

e e

TaTb Tatb taTb tath

t t t t TaTo
t|tt | tt tptt |t Tato

ii)
t | tt tt t e tt taTp
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Figure4.2.81: Identifying single transformation events using segregation ratigsGene cassette containing transgene
and selectable marker (BAR gene frBtneptomyces hygroscopic[&10], confering Bastaresistance) insert into the

plant genome during Agrobacterivmediated transformation. ii) Selfing of T1 population results in transgene
segregation within T2 according to Mendelian genetics. Single insertion events produce offspring eitheydmmdar
transgene (TT), heterozygous for transgene (Tt) or homozyigous transgene (tt), which segregate in classical
Mendelian ratios (1:2:1). Multiple insertion events generate complex segregation pattern e.g., double insertion events
generate one T2 line homozygous for no transgene insertign&(§) per 16 offspring. it 2 represents the first

transgenic allele andyE, represents the second. iii) Growth on solid agar containing Basta allows identification of
segregation ratios, and thus genotypes, in T2 population. Seedlings absent the BAR gengittipritave a small

chlorotic phenotype as Basta inhibits glutamine synthesis.

4.2.9PCR genotyping

The presence of-DNA insertions withiggtlggt4knockout lines andmGST transformants was
confirmed by PCR genotyping. In respeaggtlggtdknockout lines, the sequences for gene specific
primers and the IDNA specific primer (Dska) were obtained from Ohkarm@htsuet al. (2007) [115].

PCR amplicons from the reaction between dasand gene specific reverse strand primers
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(GGT1_reverse and GGT4_reverse) were sequenced to confirm correct localisatDNAAGGT1

andGGT4oding regions.

In respect taDmGST transformants, the presence of DGST transgene within the genome was

confirmed using genspecific primers obtained from Tzafesttsal. 2017 [236].

Primer sequences are provided in Ta$l2.91.

Table4.2.91: Primers used for genotyping of plants line&mplification of GGT1 with gene specific primers, gives a

product of 716 bp. Amplification of GGT4 with gene specific primers, gives a product of 500 bp. Amplification using GGT1
and GGT4 gene specific reverse primers with #ENR specific primer Dshg, gives products of ~750 bp and ~500 bp
respectively. Amplification of thBmGST transgene with gene specific primers gives a product of 500 bp.

Primer name Sequence (53"

GGT1_forward ATGTCGCTGGTTCGAACAGTGA

GGT1_reverse CGCTTCTAGTCGCGTTCATCT

GGT4_forward CGGACAGGTTTTGAAAACCG

GGT4_reverse  AGTACTCAGGTGGGAATGTCGTGT

Ds51a ACGGTCGGGAAACTAGCTCTAC

DmGST_forwarc ACCTATGAGTATGTTAACGTGGAT!/

DmGST _reverse TGTTCCAGCTTCTTGATCCAC

4.2.10Semiquantitative PCR oDmGST expression.

t dZNAFASR G201t  wbMGST tansforfants vas lused ty &$ess BUd@ful transgene
expressiorin planta® 5 dzLJt AOIF 0S wn >[ t/w NBIFIOGA2ya 6SNB LISNF
specific to thedmGST gene and the loading control Actin 2 gene. Primer sequences are provided in

Tabel4.2.101.

Table4.2.101: Primers used for semjuantitative PCR analysis @mGST expressiomplification of cDNA using
DmGST primer pair, give a product of 139 bp; whilst amplification of cDNA with ACT2 primer pair, give a product of 79

bp.

Primer name Sequence (53"

gDmGST_forwarc GGACGACGGTCACTACAT(

gqDMGST_reverse GCCGCTTTCAAAATGCAG#

gActin2_forward TACAGTGTCTGGATCGGTC

gActin2_reverse CGGCCTTGGAGATCCACA’
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4.2.11Nitrite production by plant extract

CNBaK (GAaadzsSz pn Y3 -goldaxtractoyifeSi0a aMRISCAGHSp 21 >t A O
mM EDTA, 1 mM DTT and 5% P¥®)P Following centrifugation, 10,000 xg for five minutes at 4 °C, the

resulting supernatant was used for enzymatic assaysn@asureDmD{ ¢ | QU A GA (& wmup >[ 2
6l & YAESR 6AGK ouwp >[ 2F NBIFIOGAZ2Y 0dZFFSNI 6ndm a LI
Jtdzit 6 KA2YS FYR pnn >a ¢b¢o YR AyOdzol 4§SR F2N FA QD
quantified usiig the Griess assay described in French @& al.copy 0 @OHNMB P . NASTFf &> ™o
methoxyphenazine methosulfate is added to each sample and incubated fonitautes at RT. This step

oxidises any remaining reduced glutathione that can interfere with the assay [242]. Following this, 150

>[ 2nigmiadz FLEyAtlF YARS Ay n ®c y!Ndl-naphttiy)ethyeRediamine>[ 2 F ™
(NED) was added to each sample and incubated for ten minutes at RT. In acidic conditions, free nitrite

reacts with sulfailamide to form a diazonium cation which couples with aromatic amine NED to form a
redqviolet coloured, wateisoluble azo dye that has an absorbance maxima of 540 nm (Figufd.1).

As azo dye concentration is directly proportional to nitrite concentration, and thus Conjugate 3

concentration, this provides a spectrophotometric assay for quantifpm®GST activity. Fresitrite

concentrations were quantified by linear regression of values obtained from serial dilution of sodium

nitrite standard.
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Nitrite

H,NO,S NH, + O,
i <\\/>> N=0

+ H'
-H.,0
Diazonium lon

+H*
u:\():xJ \ /7 NN | § > H_,\(LS—-@»N—\‘
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N NH,
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Figure4.2.111: Chemistry of Griess assaiazonium cation is formed from the reaction of free nitrite and the amine
group of sulfanilamide under acidic conditions. Azo dye formed from the subsequent coupling of the Diazonium cation in

the paraposition to NED. Modified figure taken from Tsikas. (2007) [243].
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4.2.12 Compartmental analysis of metabolite localisation
Compartmental association of metabolites was identified using the BNAF methodology developed and

described in Chapter 3 section 2.4.6.

4.2.13Statisticalanalysis

Two-sample Rest with a Bonferroni multiple comparison correction [244] was used to confirm the
statistical difference in media concentration of TNT between conditions within liquid culture studies.
Two-sample Rest was also used to confirm statisticafferences in the relative abundance of

Conjugate 3 metabolites detected by-MS/MS betweerDmGST transformants and respective controls.
The difference in nitrite production measured by the Griess assay was analysed using ANOVA with a
Tukey HSD test. Thlagnificance of association between identified metabolites and subcellular

compartments was measured using a FTway ANOVA with a Tukey HSD test.
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4.3 Results

4.3.1Investigating the impact oDMGST on TNT metabolism within Arabidopsis

The plant lines used in this investigation were T4 populations obtained from T3smzdgenerated for
previously published work [236], thus transgene activity within these plant lines needed to be
confirmed. The model GST substrate CDNB was used totagteanced GST activity, resulting from
transgene expression, within she@nd roottissue extract. Of the 24 lines investigated five showed a
significantly greater GST activity compared to the WT controls-6ample fest, p < 0.05; Figure
4.31.1A), only lines 2Hla and 3&ba showed significantly greater activity within both shoot and root
tissue. Three independent lines were taken forward for further investigation, and for clarification
purposes renamed as follows: Ala OMGST.C1), 32a OMGST.C2) and 1:5a OmMGST.C3). Selection
criteria for these lines was predominantly based on seedilability; however, level of variance

between replicates, and detected GST activity was also taken into consideration-diitjureé based
investigations were then used to tetste ability ofDmGSTexpression to enhance plant uptake of TNT,
an effect seen in the previously published work [236]. All three transgenic lines showed an increased
uptake of TNT over 24 hours compared to the Wiitimd with this being significant at T=10 hours for
DmMGST.C3 (Twsample Ttest, p.adj <0.05) and at T=15 hours fIMGST.C1 andmGST.C3 (Two
sample Ttest, p.adj <0.05) fFigure4.3.1.1B). These results confirmed successful enhancement of TNT
detoxification within transgenic plants, thus the impactdhGST activity on metabolite profile

following TN¥exposure was subsequently investigated.

The HPLC analysis of extract obtained from whole plant tissue exposed to TNT in a liquid culture system
revealedDmGSTexpression alters the metabolic profile following Tékposure(Figure4.3.1.1C).In

particular asubstantial accumulation of Conjugate 3, shown by the novel peak at ~21.8 min, as well as
the accumulation of multiple unknown metabolites which were present onmGST lines following

TNT exposure. These unidentified metabolites were presumed to be downstream products of Conjugate

3 metabolism.
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Figure4.3.1.1: Expression oDmGST removes the bottleneck for Conjugate 3 production resulting in significantly
enhanced TNAptake and accumulation of novel metabolites. Betectable GST activity in shoot and root extract of T4
transgenic lines expressimymGST enzyme measured using the CDNB assay. Tissue was obtained freneticokl

plants grown on ¥2MS solid agar. Points are representative of biological replicates, bars representative of biological
mean. n = 4 + standard deviation (SD). Statisticalhifigrt differences from wild type: *p < 0.05; **,p < 0.01.B)

Rates of TNT depletion from liquédilture over a 24our period by selected transgenic plant linBsnGST expression
lines 2bla OMGST.C1), 32a OPMGST.C2) and 1Za OmGST.C3) were included alongside the Wt(Col0) genetic
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background and no plant control (NPC). Concentrations of TNT were normalised to a percentage of concentration at 0
hours (T=0) for each replicate. Statistical differences from wild type were observed at T=10 hoursDaiGig&.C3 (FDR

< 0.05) and T=15 hours for linBsnGST.C1 andmGST.C3 (FDR < 0.05). Points representative of biological mean, n=5 +
standard error C)HPLC analysis of methanol extracts obtained from wjptdet tissue following 24 h exposure to TNT.
Arrows indicate retention times of noVpeaks withirDmGSTlines that are absent in Wt(Col0). Novel peaks were

confirmed to be absent in R@NT controls. Results are representative of five biological replicates.

4.3.2Identification of metabolites produced from Conjugate 3 metabolism

To identify the unknown metabolites detected in HPLC analysis, methanol extracbim@®T.C3 whole
plant tissue was analysed by-MS/MS. Previously published work had shown that Conjugate 3 had a
unique fragmentation pattern that generatedENFsulphur fragmentrh/z = 212.9987) [106]. Current
understanding of glutathione conjugate metabolism within plants suggested that thisstmgture

would be retained within metabolic products of Conjugate 3 [221], thus allowing their identification.
Generation ofan extractedion chromatogram confirmed that thBNTFsulfur fragment was detected at
ten different retention times during analygjBigure4.3.21A). The distribution of these retention times
corresponded strongly to the pattern observed for the novel peaks detected by HPLC analysis. This
result supported the hypothesis that these peaks represented products of Conjugate 3 metabolism. The
ion peaks cordining theDNFsulfur fragment within their MS2 spectra were identified by manual
inspection. Chemical formulas for these ions were generated based on their MS1 and MS2 spectra which
was used, alongside the current literature of glutathiesanjugate metabolism withinlpnts, to

generate putative metabolite identifications within two ppm mass accutaayure4.3.21B).This

process identified the cysteirsonjugate metabolite (®NTFCys) of Conjugate 3, alongside both the
glutamylcysteineand cysteinylglycineonjugate precursors {SNH EC and - ®NTFCG respectively).
Two fates for ONTFCys within Arabidopsis were also identified. The first beimgalbnylation to form

a malonylcysteine conjugate{3NF(Mal)Cys) whilst the second was ar@lonylglucose conjugate{S
DNTF(Mal)GlIc) generatefrom an Sglucose conjugate {8NFGIc).The MS2 spectra for the [M]

adducts of these putative metabolites are presented in Figure 4.3-2.@hilst a [MH] adduct for the
putative SDNF(Mal)Glc was not detected, the identification was generated from the presence of
corresponding [2WH] and [M-COOH]adductgFigure4.3.2.2F. The loss of COOH was a fragmentation
pattern that was also identified fahe [M-H} adductsof SDNF(Mal)CyqFigure4.3.2.2G). The thiot
intermediate between ONTFCys and BHNTFGIc was not identified. Alongside malomgnjugates
generated within Conjugate 3 metabolism, putative HARND-malonyl)glucoside (HADNWMal)Glc)

and ADNTO-(O-malonyl)glucoside (ADNMal)Glc) were diected at ~22.38 and ~23.28 minutes
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respectively, with both peaks generating an-BOOH]fragment in their MS2 spectra. Adducts detected
for each metabolite, the detectenh/z value and the accuracy to the predicteudz value are presented

in Table4.3.21.
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Figure4.3.21: Metabolites derived from the metabolism of Conjugate 3 within Arabidopsis. &Axtracted ion

chromatogram for the Conjugate 3 speciiibl Fsulfur fragmentm/z = 212.99213.00. The chromatogram was

generated from the L&MS/MS analysis of DMGST.C3 whole plant tissue methanol extract. The fragment was detected at

10 separate retention timed) Identities, chemical structures and the detected adduntg values of putative

metabolites generated from Conjugate 3 metabolism are shown alongside their corresponding peak numbers.
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Figure4.3.2.2: MS2 spectra of Conjugate 3 and respective downstream metabolitesMER spectra of [MH] adduct

for Conjugate 3, precursor ian/z = 486.0938B) M2 spectra of [MH] adduct for SDNFCG, precursor iom/z =

357.0505C)MS2 spectra of [MH] adduct for ©ONF 9/ X
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adduct for ©ONTFCys, precursor iom/z = 300.0294E)MS2 spectra of [MH] adduct for SDNFGIc, precursor iom/z =
375.0498F)[2M-H] adduct for SDNTF(Mal)Gl¢ precursor iomm/z = 923.11G)MS2 spectra of [MH] adduct for SDNTF

(Mal)Cys precursor iorm/z = 386.0296.

Table4.3.21: The majority of isotope peaks for adducts of Conjugate 3 and putative downstream metabolites were
detected to within 2 ppm of the calculatedh/z values.

Metabolite ~ Adduct  Predictedm/z value Detectedm/z value Accuracy (ppm)
%S = 486.0936 486.0937 0.21
%S = 487.097 487.0952 -3.7
[M-H}
¥S = 488.0894 488.0925 6.35
%S = 490.0937 490.0937 0
Conjugate 3
%S = 973.1951 973.195 0.47
%S = 974.1979 974.1976 -0.31
[2M-H}
S = 975.1903 975.196 5.85
%S = 977.1971 977.198 0.92
%S = 300.0295 300.0295 -0.33
%3 = 301.0329 301.0328 -0.33
[M-HT
¥S = 302.0254 302.0251 -0.99
%S = 304.0296 304.0606 10
SDNTCys
%S = 601.0664 601.0673 1.26
%S = 602.0698 602.0697 -0.17
[2M-H}
¥S = 603.0622 603.0660 6.3
%S = 605.0665 605.0662 -0.5
%S = 357.051 357.0506 1.19
S = 358.0544 358.0538 -1.68
[M-HT
¥S = 350.0468 359.0463 -1.39
%S = 361.0511 361.0536 6.92
SDNTFCG
%S = 715.1094 715.1093 0
®S =716.1127 716.1125 -0.28
[2M-H}
¥S = 717.1052 717.1045 -0.98
%S =719.1119 719.1105 -1.95
SDNFEC [M-HF %S = 429.0722 429.0721 -0.06
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Metabolite ~ Adduct  Predictedm/z value Detectedm/z value Accuracy (ppm)

%3S = 430.0755 430.0749 -1.4
%34S = 431.068 431.068 0
36S = 433.0722 433.0483 -10
%25 = 859.1516 859.152 0.55
%S = 860.1550 860.1562 14
[2M-H}
%S =861.1474 861.1474 0
36S = 863.1541 863.1693 10
325 = 375.0504 375.0499 -1.33
%S = 376.0537 376.0529 -2.13
[M-HT
84S = 377.0462 377.0458 -1.06
36S = 379.0504 379.051 1.58
%25 = 411.0265 411.0268 -0.68
33 =412.0299 412.0302 0.73
SDNTGlc [M+CI}
39S = 413.0236 413.0241 121
36S =415.0193 415.02 1.69
825 =751.1080 751.1084 0.43
385 =752.1114 752.1112 -0.27
[2M-H}
3S = 753.1038 753.1086 6.37
%63 = 755.1105 755.1047 -7.68
325 = 417.0609 417.0607 0.48
335 = 418.0643 418.0638 -1.2
[M-COOH]
39S =419.0567 419.0563 -0.95
%63 = 421.0610 421.0577 -7.84
SDNF(Mal)Glc
%25 = 923.1088 923.109 0.324
35 =924.1122 924.1122 -0.97
[2M-HT
3S = 925.1046 925.109 4.76
%S =927.1113 927.1114 0.11
%2S = 386.03 386.0295 -1
SDNF(Mal)Cys  [M-HJ 335 =387.0333 387.0328 -1.29
3S = 388.0258 388.0256 -0.52
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Metabolite ~ Adduct  Predictedm/z value Detectedm/z value Accuracy (ppm)

36S =390.03 390.0294 -1.54
825 = 342.0401 342.0397 0
%3S = 343.0435 343.0427 -2.33
[M-COOH]
3G = 344.0359 344.0354 -1.45
36S = 346.0402 346.0393 -2.6
825 =773.0672 773.0674 -1
%S = 774.0706 774.0706 0
[2M-H}
343 = 775.0630 775.0667 4.77
36S = 777.0697 777.0697 0
[M-H} 460.0843 460.0843 0
HADNTMal)Glc [M-COOH] 416.0945 416.0943 -0.48
[2M-H} 921.1763 921.1767 0.98
[M-COOH] 400.0992 400.0996 1
ADNF(Mal)Glc
[2M-H} 889.1865 889.1872 0.76

4.3.3Investigating the role of GGTs in Conjugatengtabolism

The currently accepted model for the metabolism of xenobiotic glutathicorgugates predicts their
metabolism to be initiated by a GGT, specifically the vacuolar GGT4 [221]. Whilst metabolic analysis of
DmMGST plant extract detected the product of this reacticBlNEFCG, it has also detectedlDINH EC

which is an intermediate of the competing P@@ifiated pathway. To test if GGTs are the dominant

route for Conjugate 3 metabolism,ggtlggtd doubleknockout line was transformed withmGST This
doubleknockout line was used to prevent potential redundancy between GGT1 and GGT4, both active
within Arabidopsis root tissue [115], which could mask effects on conjugate metabolism. Genotyping
PCR and subsequent amplicon sequencing confirmeddtiggt4line to have the IDNA insertions

within the 1st and 3rd exon @GTland GGT4espectively, as identified by Ohkar@tsuet al. (2007)

[115]. Enzymatic investigation established the absence of detectable GGT activityggittggt4 root

tissue, prior to Agrobeterium-mediated transformation (Figur4.3.31A). Following transformation,
transgenic lines that demonstrated suitable segregation ratios for BASTA resistance were assessed for
DmGST activityn plantaby measuring nitrite release from the plaektract catalysed nitreubstitution

reaction between TNT and glutathione. Within both the Wt (LBGST.L) anggtlggtd (DMGST
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gotlggtd) transformation populations all plant lines assessed showed substantially greater nitrite

release (Figure 4.3.3.1Bpmpared to untransformed controlsith three independent lines for which

this difference was significant being selected from both populations (Tukeyp-#2ips 0.05 Figure

4.3.3.1B inset figure). Enhanced Conjugate 3 production was further validated by HPLC analysis on plant
lines exposed to TNT within a liquid culture system. This analysis revealed that all transgenic lines
acamulated significantly greater levels of Conjugate 3 compared to untransformed controls, confirmed
by presence of the peak at ~21.8 minutes (FiguB231C). However, both-BNF(Mal)Glc and ®NF

(Mal)Cys were detected within tHemGSTggtlggtdlines, peaks at ~25.2 and ~26.8 minutes

respectively, confirming Conjugate 3 metabolism to putative-papht metabolites can occur in the

absence of GGactivity.
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Figure4.3.31: Absence ofGGTactivity within plant lines expressin®@mGST transgene does not arrest Conjugate 3

metabolism. A)GGT activity of root protein extracts obtained fronw@ekold plants grown on agaplates assayed

using the model GGT substrateglutamytp-nitroanilide. Results confirm thggtlggt4 genetic background does not

contain any detectable GGT activity, nB}DmGST activity within plant extract inferred from measuring nitrite release,
via the Griess assay, from the enzyoatalysed reaction between glutathione and TNT. Plant extract was obtained from
14-day-old seedlingsDmGST phenotype was confirmed betrelease of significantly more nitrite, n =3. Infigtire

showsstatistical analysisesults for three independent lindsom each genetic populatioselected for further analysis,
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letters identify which lines differed significantly in nitrite production, plant lines sharing the same letter showing no

statistical differenceC)HPLC analysis of methanol extracts obtained from whole plant methanol extract of liquid culture

ANRBgY LI yida SELRASR (2 wpn >a ¢b¢ F2N unreafh2andives t S| | &

metabolites, ~21.8, ~25.2 and 26.8 minutes, are preseBn@ST lines but absent in untransformed controls.

Chromatograms were generated from absorptior2&0 nm.

The detection of Conjugate 3 metabolites witldmGSTggtlggt4lines confirmed a level of redundancy
in the role of GGTs in glutathiorm®njugate metabolism. To test the currently existing model of GGT
dominance, turnover of Conjugate 3 within root tissue of transgenic lines was investigated.

HydoponicallygrownDmGST.L111 andmGSTggtlggtd.2D lines were dosed with TNT for 20 hours

and then incubated for a further 24 hours in fresh %2 MS without TNT. Enzymatic assays had shown these

plant lines to have netatistical difference iDmGST activity (Figude3.31B), thus any differences in
Conjugate 3 concentration will be a result of thexGS¥ggtlggt4.2D line being unable timitiate

conjugate metabolism through GGT acti(lyjgure4.3.3.2A). Levels of Conjugate 3 withbmGST.L111
and DmGSTggtlggtd.2D were compared at both the Ztour and 44hour time point. There was no
difference in Conjugate 3 content after the initial-B6ur dosing, confirming these plant lines to have
similar capabilities in thBmGSTcatalysed formation of the metabolite. However, after the further 24
hour incubation in which the TNfIux into Conjugate 3 production was stopped, Conjugate 3
concentration was significantly greater witlimGSTggtlggt4.2D compared t®OmGST.L111 (Tukey
HSDp.adj< 0.001Figure4.3.3.2B). As these results indicated a significant role of GGTs in Conjugate 3
metabolism within root tissue, relative levels of downstream metabolites withmGST.L111 and
DmGSTggtlggt4.2D were compared via EIS/MS analysis. For this analysis, root extract was
harvested at the end of the 28our dosing to ensure downstream metabolites were at detectable
concentrations. Relative tDmGST.L111, concentrations of Conjugate 3 downstream metabolites were
significantly lower ilDmGSTggtlggt4.2D (Twesample Rest, p < 0.05;Figure4.3.3.20), with SDNFCys
being undetectable. These results confirm the dominance of GGTs in Conjugate 3 metabolism within

Arabidopsis root tissue.
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Figure4.3.3.2: GGTsave a sigificant but partially reduindant role in initiating Conjugate 3 metabolism. A)
DmGST.L111 lines metabolise Conjugate 3 through the activity of either PCS1 or GGT4; in cordwaESan,
ggtlggtd.2D lines can only initiate Conjugate 3 metabolism via PCS1 a®)Myantification of Conjugate 3 content
within root tissue of plants after the initial 200ur dosing period and after the further Z¥bur incubation in ¥2 MS
media.C)Relative quantification of metabolites within root tissue of plants following initiah@0r dosing period.
Extracts were normalised according to fresh mass of tissue and ion peak areas, relBin@$3.L111 values, were
calculated for indicated adducts. Points are representative of biological replicates, n=4, and bars representative of

biological means. Statistically significant difference between transgenic lines: 6,05; ***, p <0.001.
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4.3.4 Confirming the Compartmentalisation of Conjugate 3 and downstream metabolites.

The dominant role of GGTs in the metabolism of Conjugate 3 supports the hypothesis that the
metabolite is sequestered from the cytosol, as neither GGT1 nor GGT4 are localised to that
compartment [121,222]. To further test this, BNAF was used to analyspartmental association of
metabolites. Alongside confirming Conjugate 3 sequestration, BNAF analysis would also provide
information on where dowrstream metabolites are localised within the cell. Root tissue from
DmMGST.C3, following Zfbur exposure to TNWwas used for this investigation. Examination of marker
enzyme distributions confirmed a suitable differential distribution of subcellular compartments (Figure
4.3.41A). The compartmental associations for Conjugate 3, and related downstream metabolites, were
investigated following HPLC analysis of Béfved fractions. This analysis revealed that all

investigated metabolites showed strikingly similar distributiontgmats to the vacuole (Figuee3.41B-

F). Paiwise comparison analysis of marker enzyme and metabolite distributions confirmed the vacuolar
association of Conjugate 3, and related downstream metabolites, was highly significant (Tukey HSD,
p.adj<0.001; Figurd.3.41G). These results confirm the compartmentalisation of Conjugate 3, and

related metabolites.
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Figure4.3.4.1: Conjugate 3 and related downstream metabolites have a sigant association with the vacuole. A)
Relative distribution of plastid (APPase), cytosol (UGPase), and vacuole (APase) marker enzymes across density gradient.
Points are representative of individual biological reps and the line represents the biological meaB) Rektive
distribution of organelle marker enzymes and Conjugate 3 across density gradetabolite relative distribution

inferred from peak area measured in each fractipnHPLC analysas 250 nm as a proportion of peak area measured
across all fractions at 250 ni@)Relatie distribution of organelle marker enzymes an®STFCys across density
gradient metabolite relative distribution inferred from HPLC analysis at 250D)fRelative distribution of organelle
marker enzymes and-BNF(Mal)Cys across density gradiemtetabolite relative distribution inferred from HPLC
analysis at 250 nri)Relative distribution of organelle marker enzymes aflaNSF(Mal)Cys across density gradient
metabolite relative distribution inferred from HPLC analysis at 250F)Relative distribubn of organelle marker
enzymes and-BNTFGIc across density gradiembetabolite relative distribution inferred from HPLC analysis at 250 nm.
G)Compartmental association of Conjugate 3 and downstream metabolites. Points are representative of individual
biological reps and bars are representative of biological means. Statistically significant differences between

compartmental associations: **1 < 0.001; **** p < 0.0001.

4.4 Discussion

The research presented within this chapter has provided a greater understanding of the glutathione
detoxification pathway for TNT, specifically for Conjugate 3. The enhanced flux of TNT into Conjugate 3
formation, viaDmGST expression, provides plants with significant enhancements in respect-to TNT
uptake, as well as allowing dovatream metabolites to accumulate to concentrations above the

threshold of detection. Putative identification of these downstream metabolitesgravided further
evidence for thggrominence of malonylation within plant detoxification pathways. Alongside this

finding, the production of these metabolites from Conjugate 3 within roots was shown to be controlled
predominantly by a GGdatalysed enzymatic reaction. Finally, these figdiprovide strong evidence

that compartmentalisation from the cytosol is a fate shared for xenobiotic conjugates, as predicted by

the current model for xenobiotic detoxification within plants.

4.4.1 Malonylation is a common fate in Conjugate 3 metabolism

Enhancing TNflux into Conjugate 3 formation, vmGST expression, allowed putative terminal
metabolites to accumulate to detectable concentrations within plant tissue. Detection of N
malonylcysteine and-§lucoside derivatives of Conjugate 3 supports previous findings that cysteinyl
conjugate metabolism ithin Arabidopsis can occur either through direct conjugation, or via the activity

of acysteineconjugatef @ F &S wHHNB P ¢KA& Aa 2yfeé GKS &aSO2yR

knowledge, of a-§luccside being generated during glutathione conjugate metabolism in plants [233]
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and the first within Arabidopsis. The inability to detect a thitermediate of the Slucoside could be
explained by its celution from the HPLC column with other products of Conjugate 3 metabolism. This
co-elution would result in an inability to diskjuish the [MH] adduct of the thiolconjugate from the
DNTsulfur fragment generated by Conjugate 3 related metabolites. Rapid glycoslyation of the thiol
conjugate in response to acute toxicity could also explain its absence from the detectable metapolom

as thiolcompounds have been shown to inhibit aerobic and oxidative enzymes [245].

The first documented identification of a(8&malonyl)glucoside confirms the commonality of
malonylation in ©NTFCys metabolism, suggesting an important role in xenobiotic detoxification, and
warranting further investigation. Whilst-Nalonylated conjugas are commonly described xenobiotic
metabolites within plants [224,225,232], the enzymes that catalyse this reaction have not been
identified. Two potential acyCoA Nacyltransferases candidates, adjacently encoded Ad2g32020&
At2g32030 Gene expresion response within wholplant tissue has identified upregulation of
At2g32020and At2g32030in response to TNT exposure [104]; &&d 17#fold respectively, with these
genes also upregulated in response to other stressors [246,247]. However, it is important to note that
At2g32020and At2g32030have only been identified as Thducible genes within this one study, with
other investigations using lower TNT concentrations or specifically investigating theeggression
response within Arabidopsis roostue, failing to detect upregulation of these genes [280]. This

may indicate that the sole example of TMifluced upregulation of these genes could be an artifact of
the system in which plants were exposed to TNT. Gaxmression analysis éft2932020and At2g32030

in leaf and root tissue, following exposure to a variety of TNT concentrations, would clarify whether
these genes are viable candidates for further investigatiorAt2g32020and At2g32030are

hypothesised to be products of tandem duplicatjsharing 69.6 % amino acid sequence simildrity,
vivoinvestigations of their activity would need to mitigate against functional redundancy; the
generation of doubléknockout lines through CRISPR methods would be the best approach to address
redundancy concerns. These lines could then be transformedRvitBST allowing the effects oflINF
(Mal)Cys production to be investigated. An enzymatic candidate for thalonylation of ONFGIc is
PMAT1 which is also upregulated overfdl in response to TNJL0O4]. Unlike Nmalonytransferase
candidates, a nomedundant function for PMAT1 in the-@alonylation of glucosides, including
conjugates of the xenobiotic naphthol, has been identifieglanta[251,252]. Therefore, preliminary
studies into the function of PMAT1 in HADNT metabolism could be investigated by measuring HADNT
(Mal)Glc and ADN{Mal)Glc production withipmatl knockout lines following TNT exposure. ldentical

studies could be performed within knockout lines transformed withEBmaGST transgern® investigate
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the role of PMAT1 in-BNTF(Mal)Glc production during Conjugate 3 metabolism. The inability to detect
products of malonyl conjugate metabolism supports the hypothesis that these are terminal metabolites
[253]. However, within chickpe&icer arietinuni.) a malonylestererase regulates the active isoflavone
pool through the release of glucosides from malegldcoside derivatives [254]. This opens the

possibility that malonylglucosides are intermediaries in the detoxification response from which dlucosy

conjugates are produced as efmtoducts.

4.4.2 Redundancy in the initiation of Conjugate 3 metabolism

Upstream intermediates of-BNFCys were detected alongside downstream metabolites wilhinGST
transformants derived from both ColO and Ler ecotype genetic backgrounds. The detection of both S
DNTCG and ®NF EC confirms that Conjugate 3 metabolism can be initiated by either of the
competing pathways identified for glutathione conjugates, vacuolar catalysed by GGT4 [115] and
cytosolic catalysed by PCS1 [227]. Expressim®@ST withirggtlggtd4knockout lines confirmed the
dominance of GGihitiated metabolism, with depletion of Conjugate 3 over 24 hours significantly
impaired within these plant lines. This result was further supported by the strong association of
Conjugate 3 with the vacuole in BNAF analysis. Replicating the findings of this invastigttithe
inclusion oDMGSTggt4 lines would be a useful addition as it would allow the identified effect to be

allocated to a single protein.

The finding thaDmGSTggtlggt4lines had significantly lower levels cDSI'H EC after the 2®our

exposure to TNT was surprising, due iDI$H EC being generated independently of GGT activity. No
significant difference in Conjugate 3 content measured by HPLC av&IMS confirms that this is not

a result of differences iIDMGST enzyme activity betwe®mGST.L anbmGSTggtlggtdlines. One

possible explanation could be the difference in the vacuole sequestration rate of Conjugate 3. Greater
sequestratbn would reduce substrate availability for the generation @I$F EC within the cytosol.

This hypothesis could be investigated by measuring Conjugate 3 uptake by isolated vacuoles obtained

from both plant lines [255,256].

The detection of both-®NF(Mal)Glc and ®NTF(Mal)Cys withiDmGSTggtlggt4 plants indicates that
Conjugate 3 is able to be fully metabolised in the absence of GGT activity. This finding disproves prior
assumptions that GGT1 was involved in metabolisfngiutamylcysteine derivatives generated from
PCS1 activity [224]. Possible candidates for the metabolism offN¢T5 EC is the GGP family. Whilst
GGP activity toward-glutamylcysteine conjugates has not been investigated, their cytosolic

localisaton, and role in metabolising glutathiorenjugates within glucosinolate and camalexin
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biosynthesis [126] makes them strong candidates. The detectiorDNBMal)Glc and ®NTF(Mal)Cys

also confirms that the enéhate of cysteinykconjugates within plants is not dictated by the pathway that
initiates glutathioneconjugate metabolism. Thigstovery implies overlap between the pathways occurs
at some point, most likely the cysteirgbnjugate pool. However, depletion of downstream metabolites
within DmGSTggtlggt4 knockout lines does confirm that initiation of Conjugate 3 metabolism by GGTs
is the ratelimiting-step for this pathway in endogenous metabolism. Understanding the physiological
importance of the GGtatalysed step in glutathione homeostasis during xeotdstress, could

identify factors that limit glutathionylation in the phytoremediation of TNT.

Prior investigations have shown the absence of GGT4 activity does not impact seedling tolerance to the
herbicide 2,4dichlorophenoxyacetic (2;B), despite a significant increase in gene expression [115], a
finding supported by unpublished results that falino phenotypic response BGTknockout lines

grown on agar, or in soil, contaminated with TNT (Dr Liz Rylott, University of York, pers comm). A
possible explanation for these results is the redundancy between glutathionylation and other plant
detoxificaion pathways. The involvement of multiple pathways in detoxifying xenobiotics limits the
depletion of cellular glutathione, whilst redundancy within glutathiamjugate metabolism pathways
ensures continued recycling even in the absence of GGT4 ac8Btiagming the recycling pathways for
xenobiotic glutathioneconjugates could generate a phenotypic responsggtd knockout linesPpmGST
expression in combination with TNT exposure offers a method to achieve this. The measurement of TNT
uptake, totalglutathione content, and the accumulation of stress markers withinGS¥ggt4 lines in
comparison tdDmGST lines, following prolonged TNT exposure, is one example of how the physiological
importance of GGT4 within xenobiotic tolerance could be discerned. This experiment could also be
complemented by assessing the impacG T4verexpression withiDmGST expression lines,

identifying whether this is sufficient to generate an enhanced recycling pathway or whether

downstream enzymatic reactions become ritaiting. These investigations would make valuable
contributions to the understanding of the glutathione detoxification pathway, for the purpose of

generating enhanced plants for phytoremediation of TNT.

4.4.3 Compartmentalisation of Conjugate 3 and related metabolites

The combination of BNAF abimGST expression lines has provided the first evidence that xenobiotic
conjugates derived from a variety of conjugation reactions are compartmentalised, most likely to the
vacuole,in planta The confirmation of this fate for Conjugate 3, supports the model of vacuole

sequestration as the dominant pathway for glutathione conjugates [114,115,222]. Vacuole import of
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glutathione-conjugates is thought to be carried out by AB&hsporters, with multiple members of the
Csubfamily being shown to have activityvitro[110]. Geneexpression analysis has identified two
members of this subfamilABCCand ABCCR2as potential candidates for this transport with both being
tonoplastic transporters upregulated in response to TNT [104]. As previously mentidBEL has

been linked to glutathioneonjugate transportn plantawith knockout lines showing reduced tolerance
to CINB; however, a direct link between lower tolerance and failure to sequester glutathione
conjugates was not established [168]. The combinatioDrGST expression withabcc2lines and

BNAF offers a platform to provide this evidence for -gNifathione conjugates.

The strong association of thelBNFCys conjugate with the vacuole supports the hypothesis that the
metabolism of glutathioneonjugate to cysteinytonjugate occurs within this compartment [221].
However, no enzymes capable of generating the glucosykatedmalonylated products ofBNFCys

have been identified within the vacuole. Whilst the existence of such proteins cannot be ruled out, the
formation of malonyl and glucosyl derivatives indicates that cyst@ogjugates can be transported out

of the vauole. However, no such activity has been described for a plant tonoplastic transporter.
Transport of cysteinyl conjugates has been identified within mammalian cells witype large neutral
amino acid transporter (LAT1) being responsible for transpgniethylmercuncysteine conjugates
across the plasma membrane [257]. Tonoplastic araicid transporters within plants that could
potentially perform this function are members of the amino acid/auxin permease (AAAP), PQloop and
amino acidpolyamineorgarocation (APC) superfamilies. The AAAP family has been shown to function
predominately as amino acid exporters wittBaccharomyces cerevisi@s8], the mammalian PQloop
protein cystinosin is the primary exporter of lysosomal oxidised cysteine into the cytosol [259] whilst the
APC family contains several tonophstalised cationic amino acithnsporters(CATSs) [260,261]. As
cysteinylconjugates are indicated to be generated by GGT4 in endogenous metabolism [122],
understanding the transport mechanismg these conjugates out of the compartment would translate

to research beyond xenobiotic metabolism.

The strong association of malorydnjugates with the vacuole provides the finstplantaevidence that
these conjugates are compartmentalised within plants. A functional role of malonylation to aid in
glucosydconjugate vacuole sequestration has been suggested, with a tondplzaised transporter
within Medicago truncatulareferentially transporting malonlyglucoside conjugates over the parent
glucosides [174]. This hypothesis is also supported by evidence from Arabidopsis, wherein the

elimination of MAT1 activity resulted in greater releasenafphtholglucosides into the culture
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medium, compared to WT controls. The use of BNAF Bitis STpmatl transgenic lines would allow
the mechanistic function of malonyation within compartmentatisn to be investigated within plant

tissue.

4.4.4Conclusions

In conclusion this chapter has provided a greater understanding of the glutatdieteification of TNT,
specifically relating to Conjugate 3, which is of high interest to phytoremediation studies due to the
further degradation and mineralization potentiaf the molecule in the environment. The work has
supported the currently accepted model of glutathione detoxification, confirming the dominance of GGT
activity in initiating metabolism of glutathionylated xenobiotics. It has also provided thénfipdnta
evidence for compartmentalisation of conjugated xenobiotics, as predicted by the accepted model for
xenobiotic detoxification. Future research can build on the platform that the combination of TNT,
DmGST expression and BNAF provides to gain a greater understanding of the physiological role of
compartmentalisation within xenobiotic detoxification, and to aid in the development of enhanced plant

lines for phytoremediation purposes.
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Chapter 5:Characterising the endogenous amdnGST

enhanced proteomic response to TNT within Arabidopsis rc

5.1 Introduction

The endfate of TNT within plants is incorporation into the lignocellulosic material of the root tissue
[85,86]. However, the proteins involved in this metabolic pathway, starting at transformation, and
ending at lignocellulosic incorporation, remain foetmost part unknown. The work described in
previous chapters has provided further information on this area through the identification of new
metabolic intermediates and their subcellular localisation. Combining this information with an
understanding of th proteomic response to TNT can provide a more targeted approach for identifying
putative proteins involved in its metabolism. At the time of writing, there have been several studies
investigating the response to TNT within Arabidopsis; however, thesedtldveen at the transcriptomic
level [104,248250]. Whilst transcriptomic profiles are valuable tools for investigating the response to
stimuli, these datasets can contain false positives in respect to functionality at the protein level due to
posttransaiptional and translational regulation. Another limitation of existing studies is their sole focus
on the response to TNT within WT lines. The focus on WT lines limits the further characterisation of
Conjugate 3 metabolism, as the significance of glutaiyliation in endogenous metabolism of TNT is
poorly understood. Due to the potential of Conjugate 3 to be subsequently mineralized, identifying the
proteins involved in its metabolism is important. Towards this aim, the proteomic response to TNT

within endagenous andmGSTenhanced systems is of high interest.

Alongside differential expression analysis, proteomics can be used to identify the spatial localisation of
putative candidates, allowing detailed metabolic models to be developed. Classical approaches to
identify protein localisation include GE&gging ad immunoblotting. These methods, though precise,

are highly laborious and thus are often only used to investigate a few proteins within a single study.
Highthroughput alternatives to these techniques utilize mass spectrometry (MS), due to its capabilities
in detecting thousands of proteins within a single analysis. Organelle isolation is a common approach
often combined with MS analysis and has provided an understanding of the proteomic profile of
individual subcellular compartments [211,2&54]. Whilst aalysis of isolated organelles theoretically

provides the greatest confidence in compartmental localisation, it is reliant on high organelle purity and
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thus can be a laborious process. Analysis of isolated organelles also only acquires information on a single
compartment, which can limit conclusions if investigating medtinpartmental, xenobiotic

detoxification pathways. Improvements in instrument prémisand accuracy, in combination with
advancements in machine learning techniques, are now allowing centrifugadised proteomics to

provide a multicompartmental understanding of cellular proteomes. Examples of such techniques are
Localization of Orgatie Proteins by Isotope Tagging (LOPIT) and the-fedx=Protein Correlation

Profiling [265,266]. These approaches separate cellular extract, via density gradients or differential
centrifugation, and then use machine learning algorithms to allocate apdentity to proteins through
comparative analysis against distribution profiles of known organelle marker proteins. As with all
proteomic technigues, these methods have benefited from advancements in MS resolution and
acquisition rates, which have alled greater numbers of proteins to be used in compartmental

analysis, thus increasing the resolution and confidence of spatial allocations [267]. The growing
capabilities of these techniques have also spurred the development of versatile, computational

paclages that reduce the knowledge/skills required to perform the associated complex spatial allocation
analysis [215]. These centrifugatibased proteomic techniques have been applied to Arabidopsis

whole root tissue [268], and rodtssuederived callus céd [269], to provide an understanding of the
organelle proteome within this tissue. However, as the aqueous gradient used in these studies could not
prevent diffusion of soluble organelle proteins during centrifugation, only the membaaseciated

proteins were investigated. Therefore, there is still substantial information to be acquired on the

organelle proteome within Arabidopsis root tissue.

Proteomic analysis of BNAF fractions offers the potential to allocate organelle identity to both
membraneassociated and free proteins, whilst also potentially improving resolution in respect to TNT
metabolite localisation. The use of organic solvents iitAFtechniques prevents the diffusion of

polar species, which includes free proteins, from their compartment. Therefore, the use of NAF
techniques, theoretically, offers an ability to provide spatial identity to a greater variety of root proteins
than what has previously been described [268,269]. Prior studies have used proteomic analysis of NAF
derived fractions to detect a greater number of marker proteins, than is available for
spectrophotometric marker enzyme assays, thus improving the compartmesstalution of the

analysis [191,194]. The combination of enhanced compartmental resolution, provided by proteomic
analysis, with the céractionation of metabolites and proteins in NABsed techniques, allows for a

more integrated approach in studying stéllular metabolism. This was demonstrated in Arabidopsis

leaf tissue, with proteins and metabolites within different aspects of central carbon metabolism forming
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distinct compartmental clusters [191]. The improved compartmental resolution provided by proteomic
analysis of BNAF fractions may also allow the distinction between vacuole and extracellular/apoplastic
localisation of TN-@lerived metabolites. Whilst a disction between these compartments was not
achieved within published examples [191,194], these results were obtained from analysing leaf tissue
with a linear density gradient. As BNAF uses alim@ar gradient, and the density profiles between leaf
and root tissue have been shown to differ (see Chapter 3 Section 3.2), the distinction between apoplast

and vacuole may be achieved.

This chapter describes the work performed to characterise the proteomic response to TNT within
Arabidopsis root tissue. The proteomic analysis of BNAF fractions identified that the currently optimised
technique can provide spatial information to a largemher of proteins, ~2389, based on a five
compartmentaicluster model. The use of this model to investigate -filkfabolite

compartmentalisation validated sequestration of these metabolites from the cytosol as identified by
colorimetric assays within previsichapters. The proteomic response to TNT iarqgantaDmGST

presence was investigated through the analysis of winote tissue. This analysis revealed key

biological processes inducedriesponse to TNT, as well as putative protein candidates involved in the
metabolism of TNT and Conjugate 3. The combination of these two proteomic datasets provides a

resource to develop detailed models on the pathways involved in TNT detoxification bAsed N2 G SA y Q a

response to TNT, molecular function, and localisation within the root cell.

5.2 Materials and Methods

5.2.1Plant material
DmGST.C3 root tissue was used for proteomic analysis of fractionated tissue. Whole root tissue from WT

andDmMGST.C3 plant lines was used for investigation of differential protein response to TNT.

Plant material used in proteomic analysis was obtained in a manner identical to that described in

Chapter 3 section 2.4.

5.2.2 Total protein extraction and LEMS/MS analysis

A modified version of the protocol outlined in Furtawstral. (2018) [217] was used for total protein
extraction and preparation from both whole and fractionated tissue. In respect to whole root tissue, this
required frozen material to be ground into a fine powder over dry ice and lyophilised oversigfiQ,

~005 mbar). Lyophilised material was homogenised in 8.5 mL extraction buffer (50 mM
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Hepes/potassium hyxide (pH 7.8), 8M urea) via 30 minutes sonication, broken intenfiveeite

oF 6OKS&asx gAGKAY || OKAffSR dzf GNIa2yAOlFGA2y oF GK 6n
nylon gauze and centrifuged for ten minutes (4400 xg at 4 °C). Solublénpnate then precipitated by

mixing the resulting supernatant with pighilled acetone plus 0.5 Pemercaptoethanol (1:4 v/v) and

leaving at20 °C overnight. The precipitated protein was then pelleted by anfimeite centrifugation

(4400 xg at 4 °C), and the supernatant discarded. The protein pellet was washed three times using 10 ml

of ice.cold methanol after which the pellet was resuspended in 5 mL etote acetone and allowed to

dry at RT within a fume hood. The dried proteinl@elvas then resolubilised in 1 mL of extraction

buffer, and the protein content of the solution was quantified using a microplate format of the Bradford
Faalte FOO2NRAY3I G2 GKS YIydzFlFI OGdzZNBENR& AyaidNdHzOGAz2Yy

Total protein was extracted from fractionated material in a similar process with some minor

modifications. Firstly, fractionated material was resuspended in 1 mL of extraction buffer and incubated

on ice for 20 minutes with vortexing every five minutesoluble material was pelleted by a fimginute
OSYGNRFdALFGA2Y omnInnn E3 G n ¢/ 00X I yRhiegdn >[ 27
acetone plus 0.5 %-mercaptoethanol (1:4 v/v). Following overnight incubationr2Q °C, the protein

pellet underwent three washing steps using 1 ml ofécdd methanol before being resuspended in 500

>[ -GXSR | OS2y Sd 5S5NASR LINRPGOSAY LIStfSia 6SNBE RAaazft
normalised by volume for digestion and loading stepeetain relative distributions of proteins within

fraction batches.

Purified proteins were digested byt@p digestion procedure (PROTIFI, NY USA)ribamalised by

a2t dziazy @2ftdzyS F2NJ . b!C FTNIXOGAZ2Y I ylrfteara | yR LN
whole tissue analysis. The manufacturers protocol for digestion was followed and is briefly described.

t NPGSAY & YL S &n il KS[ £ RRIA 3 A BN R @&@S8dexyehy)phdsphinrmH 1 Ya ¢
(aqueous) and incubated at 55 °C for 15 minutes. Samples were then cooled for five minutes, then
Ft1fteltGSR 08 FRRAGAR2Y 2F m >[ 2F pnn Ya YSGKef Y$
AyOdot GSR F2NJ GSY YAydzaida G we FFGSNI 6KAOK Hop >
mM tetraethylammonium bromide (TEAB) in 90 % methanol was added. The solution was vortexed

briefly and loaded onto-8ap micro-spin column held within @ mL collection tube. Samples were
OSYGNAFdASR F¥2NJon aS8S02yRa énnnn E3I G Hn c/ 02X GK
TEAB in 90% methanol added to the column. The samples were centrifuged again, and this step was

repeated a further fivgimes. Upon completion of the final iteration, samples were centrifuged for one
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minute (4000 xg at 20 °) to remove liquid residue, and each minicolumn was transferred to a new 2 mL

02ttt SOlGA2Y (dzoSd ¢2 SI/OKINE GYABEaSST WAE (>dgNFR T (ENElLBARAS/F
mM TEAB buffer (aqueous)) (Promega), and the samples were incubated at 47 °C for two hours.
cC2tt2Ay3a AyOdoml A2y nn >[ pn Ya ¢9! . o6l ljdzS2dza0
centrifugation for one minute (4000 xg at 20 °C). The elutant wasned and the elution step repeated

twice more, first with (2 % formic acid (aqueous) and secondly with 50 % acetonitrile (aqueous). The

resulting elutants from all three samples were combined and transferred to a LoBind tube (Eppendorf,
{0SPSyF3aS YO t SLIIARS a2t dzi A 2 y 8% téfiGoNaBecetR &K SR | Yy R
(aqueous). Samples were centrifuged for one minute (4000 xg at 20 °) and the resulting supernatant

analysed using RS/MS.

PostRAASAGA2yE H >3 SljdzA@FtSyid FtAljd2iSa 2F LISLIARS
whilst equal volumes of peptide solution were used for analysis of the fractionated sample. Introduction

to LCMS/MS system was achieved via a EvoSep tHufEvoSep Biosystems, Denmark) and separation

of peptides was achieved using an EvoSep One UPLC (EvoSep Biosystems, Denmark) with an 8 cm
Endurance C18 column and a 60 samypleisday elution method. Eluted peptides were detected using

a TimsTOF HT massectrometer (Bruker, Coventry UK) operated in data independent acquisition (DIA)

parallel accumulatiorserial fragmentation mode. A 50/z window between 40a1200m/z was used

with a total 1.1 s cycle time.

5.2.3Proteinidentification and quantification

Proteins were identified from raw data using tAeabidopsis thalianaubset of UniProt using the DIA

NN software [270]. The resulting silicospectral library was iterated against the acquired DIA data. The
target false discovery rate (FDR) set for peptide spectral matches was 1%. To allow statistical
comparison of relative protein abundance, processed results were transformed to a poetetic

format using an ifhouse Konstanz Information Mine (KNIME) pipeline (Technology Facility, University of
YorR. A minimum requirement of two unique peptides was applied for accepted proteins whilst missing

guantification values were filled using a minimum value imputation.

5.2.4Compartmental allocation of Arabidopsis root proteome
For the compartmental allocation of proteins, a bioinformatic workflow designed for hyperLOPIT
experiments was used [271]. This analysis used relative distribution of marker proteins as labelled input

for machinelearning classification of compartmentakictity using the Support Vector Machines (SVM)
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method. Marker enzymes were identified using the subcellular localisation database for Arabidopsis
proteins (SUBA, v5.0) [272]. Criterium for marker protein selection was the confirmed localisation of the
candidate to a specific compartment within a plaell system using fluorescence assays i.e.; GFP
tagging. Generated marker enzyme lists were verified manually. The marker protein set comprised 93
nuclear, 92 plastid, 28 endoplasmic reticulum (ER), 32 plesembrane, 38 mitochondrial,30

peroxisomal, 54ytosolic, 15 extracellular, 20 golgi and 14 vacuolar. The full lists of marker enzymes can
be found in Tabl®.2.41. For analysis at the fiveluster resolution these marker enzymes were labelled

with their respective cluster rather than their respective compartment.

The SVM method of compartmental/cluster prediction of unknown protein is briefly described. Each set

of marker protein profiles were separated into training and validation groups. The training group was
obtained by stratified sampling of 80 % of the p®fif each compartment without replacement, the
remainder became the validation group. Each training group underwenfdidecrossvalidation to

identify optimised SVM regularisation parameter (cost) @alissiatkernel width (sigma) pairs.

Performance o&ll cost and sigma pairs was assessed by testing their ability to train a classifier using
training groups and correctly allocate test groups. The output of this analysis gave macro F1 estimate
generalisation performance values. This process was ite@8dimes, and mean macro F1 scores for

each cost: sigma combination calculated. The cost: sigma pair that gave the highest F1 score was used to
develop the model for allocation of compartmental or cluster association. For both the ten

compartment and fivecluster analysis, the best performing cost: sigma pair was 16 and 0.1 respectively.

Table5.2.4.1: Subcellular compartments and their respective marker proteins used as inputs for SVM allocation of

compartmental identity.

Subcellular .
Marker Proteins
Compartment
NBR1, GSTU9, DHAR2, EXO70F1, CPK6, URHER,RB0], MS2, AAO3, REP, ASP2, ATEXO70D2, ABA2, UXS
Cviosol MAP1A, GSTF2, ACBP4, SAT5, UGE1, GLYR1, PIMT1, DPE2, LSM1B, TRX3, TPK1, LSM1A, ACT7, SDH,
vt ACBPS6, SOT16, GSTU7, RH6, STR18, MAP2B, BOBEGHIRHGP3, GRXC2, TFCB, SOT17Z2ELEIR],
UXS5, UXS6, BCAT4, GSTF9, ENGASE1, BCAT6, HPD, XK2
Endoplasmic ABCI20, DPL1, CYARSCK1, BIP3, SAC8, CYP73A5, BGLU23, CNX3, PDIL2, SAC7, STL2P, CYP98A3,
Reticulum CYP51G1, PSD3, PYD2, PRIKCR1, CRT2, CY-BBBIP1, ABCI21, ACA2, ACBP1, CYP83B1, SQS1, CYP83Al
Extracellular PME3, CRRSP1, CYS5, PER39, PER4, CuAOgammal, PER62, PER71, AGP31, FUC95A, PR1, SRPP, XTt
Golgi HLB1, GC6, COG6, UXS2, KEG, AGD7, AGD9, GC5, MTV1, AGD5, CASRAGPE1GGITITMNL, GAUTL,

RABA4B, VPS52, GUX3
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Subcellular

Marker Proteins
Compartment

ELM1, ETFQO, NDB2, D2HGDH, ISU1, ABCB25, HXK1, AAC1, PHB1, CYSC1, ICP55, CLPP2, FRO1, IVD,
Mitochondrion NDT2, VDAC1, MFDX2, PHB2, ORRM2, ADNT1, FUM1, SAT3, PHB6, GRXS15, VDAC2, EMB1467, VDAC:
TIM172, PECT1, PPR336, GFA2, NTR1, IMBHMTIL, PPT1

SPX2, CENH3, NUP107, XLG2, XLG3, TCP8, CAMTAS, PHYE, PP7, HDA19, CPL1, RH37, XPO1, XRN3, N
NUP1, VAL1, MOS1, ARP6, ALY3, AHL1, EMB3142, RAP74, HDC1, NUP133, LUG, NUA, RPA1A, AGO4, N
LUH, VIP2, MBD4, STIPL1, NUP160, MBD2, CRWNIIPSE, MOS4, PES, SR45, STA1, ALY4, SMU2, HMGA,

Nucleus EMB514, HIT4, HDT3, FIB2, NSN1, FIB1, NOP56, SUVH1, NRPB4, ESD4, MBD1, HDT2, PRORP3, SCL30,
ASIL1, FIE, HEN1, GRP23, DIM1A, NUP58, MAIL1, FEN1, NUP43, SR30, MBD11, RH36, DOT2, NREB5HD
HMGB1, SKIP, YAO, APC1, RH5, SC35, HDT4, NRPB3, HDT1, RS31, SR34, SCL30A

Peroxisome NADKS, CuAOzeta, APX3, OPR3, UP3, KAT1, AAE1, SDRA, ICL, ALDH10A9, PUMY, PGD2, SOX, AAE7, C

MFP2, PED1, AAES, GSTT1, LACS7, ECH2, ICDH, SCP2, GGAT1, ECI2, HINT4, DHNAT1, LACS6, ECHIA

CSI1, LYK4, At2g39360, ABCG37, AT1G51840, AHA2, ABCG34, HPCA1L, ACAS, 5 BEKIABULTRIL;2,
Plasma Membrane  SYP122, BCA4, GPA1, |0S1, RB&BOL4, MSL9, CPK21, HIR1, TTL, MSL10, ABCG40, FLOT1, ABCG36, GIL
ABCB19, BIR2, CPK9, NHL3

PAP2, ATHX, NHL10, PAP1, ADT3, STR16, HISN7, PAA2, GPX1, RIBA1, SFR2, FC1, FSD1, KIN11, CIPK2
PURS5, APS2, PYD1, CLPD, SIRB, DHAR3, PAAL, THF1, KEA2, PSAT1, CRB, ICS1, PSB33, PSP, UKL2, C
HONS5, CYP74A, ISPD, WHY3, ISA3, G\AEL, ADT2, TAAC, ASP5, DXR, BAM2, CBSX2, ADK, CLPR4, ABCI

Plastid CLPR1, KAS1, TPS08, QS, BCA5, APS4, MS3, PKP1, FD3, ADTS, ASE1, RIBA2, OMR1, EMB2360, PPAG,
BCATS3, WHY1, APS1, HSK, PKP2, OASB, LHCB5, SHM3, WIN1, GA2, LTO1, FZL, TED3RBBAIDBEGP1,
FTSZ2, FLN2, YLM@EL, ARC6, AO, FTSKE2

Vacuole VCL1, ALEU, RD19C, SCPL492ThR4g32940, ABCC1, GGT3, ABCC2, ACA11, ACA4, TPC1, BFRUCTS, AVI

5.2.5Assessment of compartmental/cluster resolution
The separation of clusters, the clustering resolution, was quantified using the QSep fiaradion

visualised througlPCA analysis vihe pRoloc R package [271].

5.2.6 Differential protein analysis in wholeroot tissue

Relative abundance of proteins within total protein extract obtained from whole root tissue was
compared using a pawise Ftest followed by a Benjamiilochberg procedure for multiple test

correction [273] to obtairan FDR value. Selection criteria for significantly altered abundance were an
FDR value below 0.05 and a Lfugd change > |1|. This analysis was achieved using the FragPipe analyst
package [274]. Principle component analysis (PCA) was performed on centered and scaled protein

abundance data.

5.2.7Hierarchicalanalysis
Hierarchical clustering of BNAF fractions considered the similarities in proteomic distribution profiles

between individual fractions, this analysis was performed within R. Normalized Mutual Information

105



Chapter 5Characterising the endogenous and Dm@&8Hianced proteomic response to TNT within
Arabidopsis roots

(NMI) scores for measuring quality of clustering were calculated using the dendextend [275] and aricode

[276] R packages. Dendrograms were visualised using the ggdendro R package [277].

Hierarchical clustering of subcellular compartments considered the similarities in marker enzyme

distribution profiles and was achieved using pRoloc R package [271].

Hierarchical clustering of logarithmic changes in protein abundance within whole tissue extracts

compared to WFINT) control was performed and visualised using the HeatmapR package [278].

5.2.8 Network analysis of whole root proteome

Network analysis of differentialgxpressed proteins was performed within Cytoscape (v3.10) [279]

using the clusterMaker2 package application [280]. Prepeotein interaction networks were imported

from the Search Tool for the Retrieval of Interactiren&s/Proteins (STRING) database (v12.0) [281],

with a STRING score of 0.4 being the threshold for interaction. Markov Clustering Algorithm (MCL) [282]
was used for clustering differentialxpressed proteins. Clustering parameters were an inflation value

of 2 and 1.8 and an edgrut-off score of 0.5.

5.2.9Biological pathway enrichment and molecular function analysis
The molecular function Gene Ontology (GO) terminology for each differentially expressed protein was
obtained using the AnnotationDbi package [283]. Molecular functions were binned according to broad

enzymatic activity terms.

Biological process GO terminology and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment was performed using the stringAPP application for Cytoscape [284] with enrichment analysis
have a 0.05 FDR threshold.
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5.3 Results

5.3.1Compartmental analysis of root proteome

5.3.1.1Confirming reproducibility of BNAmethodology

To enable machine learning techniques to be used to allocate compartmental identity to Conjugate 3
metabolites, BNAF fractions used in the proteomic analysis were generate Din®s fexpressiodine

root tissue exposed to TNT. Using fakfalysis, 5182 proteins were detected within all analysed

fractions. The ability of BNAF to reproducibly generate fractions with uniqgue compositions was assessed
by hierarchical cluster analysisrefative protein distributions, with clustering efficiency assessed using
NMI. The NMI score is a measurement of the efficiency in which labelled data can be grouped based on
a designated number of clusters. In respect to this analysis, samples were labelled according to the
density from which they were obtained, and the numbechfsters reflected the number of fractions
comprising the density gradient, which was six. An NMI score of 1 indicates perfect clustering of samples
into six clusters, with each cluster corresponding to a different fraction of the density gradient.

Therebre, the obtained NMI score of 0.871 confirmed a high efficiency of clustering samples based on
density, thus establishing that the optimised BNAF protocol could fractionate the root proteome in a
densitydependent, highlyreproducible mannefFigure5.3.1.11). This analysis also confirmed the

proteomic profile of fractions was density dependent, as clusters representative of lower densities

showed greater similarity to each other than to fractions obtained at greater densities.
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Figure5.3.1.11: Hierarchical clustering of BNAF fractiobased on similarities in proteomic profile#nalysis was

based on similarities in relative protein abundance between samples. Numeric labels correspond to the biological
replicate and the density the sample was acquired at respectively, with density 1 representihg7 g cmand

density 6 representing < 1.3 g cni. An NMI score of 0.871 confirmed highly efficient clustering of samples based on

density.

5.3.1.2Spatial allocation of root proteome

As proteomic profiles of replicate fractions were confirmed to be suitably si(figure5.3.1.11), the
distribution profiles of marker enzymes for each subcellular compartment were then compared. This
analysis aimed to identify whether the major subcellular compartments within the root cell showed
distinct distribution profiles across the density greli. Hierarchical cluster analysis identified that
subcellular compartments could be grouped into five clusters based on marker enzyme distribution
profiles (Figuré&.3.1.21A). Cluster 1 comprised the vacuole, plasma membrane, and the extracellular
space which includes the apoplast. This cluster showed an enrichment within the first fractidn47

g cm®) with a linearlike decrease in abundance with lowest levels detected within fractidn<61(.3 g
cm®) (Figures.3.1.21B). Cluster 2 represented the peroxisome, and exhibited a minor enrichment
within the first fraction with abundance decreasing marginally across the density gradient (Figure
5.3.1.21C). Cluster 3 comprised the cytosol, ER and the golgi, and was characterized by equal
distribution across the density gradient (Figir8.1.21D). Cluster 4 represented the nucleus, with
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protein abundance in this cluster presenting a linear increase with density peaking at fractisri (g
cm®) (Figures.3.1.21E). Finally, Cluster 5 comprised mitochondria and plastids. Similar to cluster 4, this
group of proteins had the lowest abundance within the first fraction but displayed an enrichment in

fraction 5 which washarperthan displayed for nuclear marker protei(iSigure5.3.1.21F).
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Figure5.3.1.21: Clustering of subcellular compartments based on denaitigtribution profiles of marker enzymes. Ajierarchical clustering of subcellular compartments based

on marker enzyme distributions across the density gradiBpDistribution profiles of the vacuole, plasma membrane and extracellular marker proteins. Solid lines represent mean

abundance of marker proteins whilst shaded regions represent + SD. The first number of fraction label refers to thelbEtigata whist the second number refers toaction
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density, with 1 representiny = 1.47 g cmand 6 representing < 1.3 g cni. C)Distribution profile of peroxisome marker proteiri3) Distributions profiles of cytosol, ER and golgi

marker proteinsE)Distribution of nuclear marker proteing)Distribution profiles of mitochondria and plastid marker proteins.
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As several subcellular compartments showed high similarity in distribution profiles, the impact of
reducing spatial resolution to five compartmental clusters, on spatial allocation by machine learning,
was investigated. This analysis compared thedkister model, with each cluster representing a single
subcellular compartment, against the faetuster model for their ability to obtain distinguishable

clusters from proteomic data. The resolution of clustering was quantified by calculating cluster
normalisel distances (CNDs), these represent the ratio of betwaaster to withircluster average
distances with larger CNDs indicative of greater distinction between clusters. The CND values obtained
from both models ranged between 0.85 and 2.0 (FiguB21.22A&C), indicative of large within cluster
average distances. This result was verified visually through the overlay of clusters onto PCA plots of
protein distributions (Figur&.3.1.22B&D). The use of a fixduster model, relative to the tenluster

model, resulted in a minor decrease in CND values that was shown not to be significant (Students T Test,
p > 0.05). Therefore, though the fauster model increased the size of individual clusters it did not

negatively impact the ability to distinguish between these clusters.

Following on from resolution analysis, the impact each model had on the confidence of protein spatial
allocation was assessed through comparison of SVM scores. The SVM scores are a measure of the
probability that the protein allocation to a cluster is cect. In respect to subcellular localisation, higher
SVM scores suggest that the protein is most likely found within that compartment, with marker proteins
having a SVM score of 1. Both the folaster and tercluster model allocated spatial identities 48.9

% of the unknown proteins detected, 2385 and 2389 proteins respectively. However, the SVM scores
obtained with the fivecluster model were significantly higher, with a median score of 0.62 compared to
0.39 obtained by the tesluster model (Mann Whitay U testp < 0.0001). It was also interesting to

note that when the tercluster model was used, no proteins were allocated to the ER, golgi or vacuole
(Figure5.3.1.23A). These were compartments that had highly similar distributions to other subcellular
compartments but were represented by fewer marker enzymes. A final point to note was that the use of
a fivecluster model resulted in allocation of proteins to differamimpartments, shown by the decrease

in the number of proteins allocated to the peroxisome and nucleus (Clusters 2 and 4 respectively) and
correspondingly, an increase within the vacuole, cytosol and plastid clusters (Clusters 1,3 and 5
respectively; Figer5.3.1.23B). These results confirmed that the use of a-tilkester model greatly

improved the confidence in cluster allocation of proteins with unknown spatial identity.

As the fivecluster model, when compared to the tariuster model, exhibited improved cluster

allocation confidence whilst not impacting clustering resolution, it was chosen as the most suitable way
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to present the spatial data obtained from the proteomic investigation. Therefore, the use of proteomics
has confirmed that the currently optimised BNAF technique is able to obtain a greater compartmental
resolution than identifiable with spectrophotometranzyme assay$fiowever, it is only able to obtain

uniquely distinct distributions for two of the ten major subcellular compartments.
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Figure5.3.1.22: Comparison of impact of tertluster and fivecluster models on cluster resolution using CNDs.TAk CND scores obtained for cluster generated using the ten
cluster model. The larger the ratio the more distinguishable the compartments, the greatest separation was seen betwgtadcbiudar and the nucleus/plastid compartments.
B) Variation of detected proteomes SVM scores for organelle classificdtimmsten-cluster modelprojected onto twoprincipalcomponents. Size of points are proportional to SVM

scores of proteins allocated classification. Uncoloured points did not pass the score threshablcster classificatiorC)The CND scores obtained for cluster generated using the
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five-cluster model. Whilst marginally lower ratios were obtained, there was no significant difference in the mean CND scoam@e/dt8st, p > 0.05). The greatest differences

were seen between Cluster 2 and clusters 4 and)3ariation of detected proteomes SVM scores for orgaralister classificationsom five-cluster modebprojected onto two

principalcomponents.
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Figure5.3.1.23: Comparison of tercluster and fivecluster models on confidence in spatial allocation of proteins.$\YM score distribution of proteins allocated using-tduster

model. The majority of compartmental allocations were of low confidence shown by a median SVM score of 0.39. No proteithsoate to the ER, golgi or vacuole

compartments.B) SVM score distribution of proteins allocated using the-ilrester model.
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Performing proteomic analysis on fractions obtained from BNAF allows spatial localisation of
metabolites to be inferred from the use of multiple compartmental markers. This analysis can provide a
deep understanding of the compartmentalised cell when congphaetabolomics is performed but can

still be useful when investigating only a handful of metabolites. The spatial allocation of TNT
metabolites, identified within previous chapters, was investigated using thecfuster model. All
metabolites were alloated to Cluster 1 which comprises the vacuole, plasma membrane and
extracellular space (FiguBe3.1.24). SVM scores for each metabolite are found in Tal8el.21. These
findings confirm those inferred from colorimetric enzyme assays i.e., that detoxified metabolites are

sequestered from the cytosol.
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Figure5.3.1.24: Compartmentalisation of detoxified TNmetabolites validated by machindearning techniquesAll
metabolites generated by TNIetoxification were allocated to Cluster 1 which comprises the vacuole, plasma

membrane and extracellular space.
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Table5.3.1.21: Spatial allocation of metabolites generated from TMIEtoxification using fivecluster SVM modelNumbers

within brackets are the SVM scores of spatial allocation for each metabolite.

Metabolite Cluster Prediction

Conjugate 3 Cluster 1 (0.56)

SDNTCys Cluster 1 (0.48)

SDNF(Mal)Cys Cluster 1 (0.36)

SDNTGlc Cluster 1 (0.70)

SDNF(Mal)Glc Cluster 1 (0.58)

HADNTGIc Cluster 1 (0.71)

HADNT(Mal)Glc Cluster 1 (0.68)
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5.3.2Proteomic response within whol&oot tissue to the presence dDmGST and TNT

exposure

5.3.2.1Investigating the interactions of proteomic responses

To identify proteins that were differentially expressed in response to TNT exposure and enhanced
Conjugate 3 production, a twby-two condition study was performed. This study comprised analysing
the root proteome from WT an®mGST plant lines following 202 dzNJ SE L} 4dzNB (2 SAGKSN
DMSO (+TNT) or to an equivalent volume of DMSO &rWrT{. In total, 6381 proteins were detected

within each sample and the changes in relative abundance of proteins between each cowdision
calculated. Hierarchi¢analysis of protein abundance changes compared to the control conditions WT (
TNT), revealed similarities between the endogenous@m&GSTenhanced response to TNT (Figure
5.3.2.11A). Interestingly, this analysis also revealed similarities between the responses to the presence
of DmGST and TNT exposure. The PCA of protein abundance confirmed TNT expoBung &iid

presence were responsible for the largest proportion of sample variation, 30% of the total variation,
with samples clusteriginto their respective conditions (Figue3.2.11B). The individual and additive
impacts oDMGST presence and TNT exposure was then investigated throughigaicomparison of
conditions at the individual protein level. Comparison between plant lines, VWM&ST, revealed that

the presence of TNT reduced the number of differentiakpressed proteins from 63 to 11 (Figure
5.3.2.11C&D). Comparison within plant line$NT vs +TNT, revealed a slightly greater response to TNT
within WT than withilDmGST, 87 compared to 73, though in both lines the majority of proteins were
induced (Figur®.3.2.11E&F). Interestingly, the greatest response was between-AWNT) vOMGST

(+TNT), with 237 proteins differentially expressed (FiguBe2.11G). As this response was larger than

the sum of individual responses to eithlemGST presence or TNT exposure, it is evidence for the

additive effect of these two factors on the root proteome.
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Figure5.3.2.11: DmGST presence and TNT exposure generate simpilateomic responses whilst also having an additive effect.Higrachical analysis of proteomic response to

DmGST presence, TNT exposure and the combination of both, measured fmddapange in respect to WIT(NT) controlB) PCA analysis of relative protein abundance within the

four experimental conditions. The four experimental conditions separate, mostly, into distinct g@)Rr®tein response to the presence @MGST in the absence of TNT. Dashed

lines indicate thresholds for both lefpld charge and FDR values. Red points represent significantly induced proteins, blue points represent significantly repressedprotein

Protein response to the presence DMGST in the copresence of TJEndogenous response to TNF)DmGSTenhanced response to TNG) Protein response to the

combination oDMGST presence and TNT exposure.
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To further understand the interactions between the proteomic responses to the preserme®@ET and
TNT exposure, the number of differentiaélpressed proteins shared across different yeise
comparisons was investigated. This analysis identified five categories of proteins and is shaunen

5.3.2.12 A & B for induced and repressed proteins respectively.

The first category consisted of proteins that were differentially expressed in response to TNT,
irrespective oDMGST presence, referred to BsGSTindependent TNTesponsive proteins. Overall,

51 proteins across the proteomic experiment fitted this description with 50 of these being found within
the induced population, the haloacid dehalogendike hydrolase AT3G62040 was the only repressed

member of this group.

The second category contained proteins that were only differentially expressed within th& NW){
WT(+TNT) comparison, indicating tEanGST activity reduces the induction/repression of these
proteins within the detoxification response, these were referred tassSTimpacted TNFesponsive

proteins. Only eight proteins matched this description, with five of this within the induced population.

The third category, referred to &3mGSTrelated TNIresponsive proteins, showed the overlap in
responses tdmGST presence and TNT exposure. These proteins were characterised by either being
differentially expressed to both TNT treatment and the presendero&ST, differentially expressed in
response to TNT but not when compared tDmGST{TNT) control or differentially expressed in

response tdmGST presence except when in combination with TNT exposure. These characteristics of
expression indicated that the proteins within this group wemgacted by both TNT exposure and

DmMGST presence but not in a manner that required their combination. This group contained 80 proteins,
which was 53% of the combined protein respons®toGST presence and TNT exposure, highlighting

the large overlap in the response to these two stimuli.

The fourth category of proteins were referred to BsxGSTdependent TN¥esponsive proteins and

were identified by only being differentially expressed in response to the combination of TNT exposure
and the presence ddmGST. These are the proteins that are most likely involved in the response to
enhanced Conjugate 3 production, as this was assumed to be the sole product of the combination of
TNTFexposure and the presence PIMGST within root tissue. There was a total of 120 proteins within
this category, vih 81 being found within the repressed population. The majoritpolGSTdependent
TNTFresponsive proteins, 99 of the 120, were identified within the VWN{T)DmGST(+TNT) comparison
only. As these 99 proteins were not differentially expressed within the WT(+DNGST(+TNT) and
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DMGST{TNT)DmGST(+TNT) comparisons, it suggests that they respond in a similar mabma® §T
presence and TNT exposure separately, and that the combination of these stimuli has a subtle, additive

effect.

The final category of proteins was labelBthGSTresponsive TNihdependent proteins as they were
differentially expressed in response to the presenc®ofsST, irrespective of TNT exposure. This was
the smallest group, containing just five proteins, with four of these being repressed. Overall, these
results confirm the extensive overlap between the proteomic respons&nBST presence and TNT
exposure, and through the identification BINGSTdependent TNFesponsive proteins, distinguished a

pool of canddates with putative involvement in Conjugate 3 metabolism.
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Figure5.3.2.12: Categorising proteins within induced and repressed populations by their response to the presence of
DmGST and TNT exposure. 4pset plot of the induced proteomic response identified across the experiment. Bars
represent the number of proteins whilst matrix indicates which comparisons those proteins were significantly induced in.
Letters indicate the identified category that tipeoteins belong toDmGSTindependent TNT responsive proteirag, (
DmGSTimpacted TN¥esponsive proteingd), DmGSTrelated TNTresponsive proteinscf, DmGSTdependent TNT

responsive proteinsl), andDmGSTresponsive TNindependent proteinsd). B) Upset plot of the repressed proteomic

response identified across the experiment.
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5.3.2.2Characterisinghe endogenous response to TNT exposure.

To aid in the generation of testable models, the biological processes enriched within the response to
TNT and the presence DIMGST were investigated, along with the molecular functions and spatial
localisation of the proteins comprised within these responses. Analysis of the endogenous response to
TNT focused on the 87 proteins differentially expressed within the-WNT(): WT (#NT) comparison.

Within this group of proteins, 50 were identified BenGSTindependent, 8 wer&mGSTimpacted and

29 wereDmGSTrelated TNIresponsive proteins.

Biological process enrichment was performed through cluster analysisudrsgquent KEGG pathway

and GO term enrichment. In total 57 proteins met the conditions of clustering, from which three clusters
with enrichment of biological processes/pathways were identifieigire5.3.22.1A). Both Cluster 1 and
Cluster 2 were enriched with tHiResponse to chemioc@0:004222) GO term igure5.3.22.1B).The

other terms enriched within these clusters suggest that they are involved in different aspects of the
response to chemical stress. Cluster 1 was also enriched with the molecular function GO term
Transferase activitfGO:001674Pand contained several GSTs and UGTs including GSTU24, GSTU25,
UGT73B4 and UGT74E2, enzymes known to directly conjugate TNT or its transformed derivatives
[104,106]. In comparison, Cluster 2 was enriched with GO terms associated with amino acid metabolism
and contained enzymes such as methionine gamma lyase (MGL), which functions within methionine
metabolism [285]. This analysis indicates that proteins within Cluster 2 are associated with the primary
metabolic response to TNT, which enables the detoxificadf the xenobiotic, and related oxidative

stress, through the activity of proteins within Cluster 1. Cluster 3 comprised seven proteins and was
enriched with theSuberin biosynthetic proce§s0:0010345GO term. These results imply that TNT
induces responses in both primary and secondary metabolism, as well as minor physiological alterations

to the root cell.
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Figure5.3.22.1: Analysis of biological pathways within the endogenous response to TN Ne&jvork analysis of

proteins differentially expressed in endogenous response to TNT. Protein clustering was based on STRING scores, with 57
of the 89 proteins passing the threshold for analysis. Three distinct clusters containing enriched biologicagsroce

and/or pathways were identified. Nodes represent individual proteins and are coloured in accordance withdog

change compared to WTINT) control, blue is repressed armdliis induced. Edges represent protein interactions; bold

edges represent interactions that were above the STRING score threshold Bf Ddp. 5 enriched biological process GO

terms within each cluster and the number of proteins to which they encompass.

An overview of the molecular functions was generated by grouping the GO terms of proteins into
functionallyrelated categories. Within the induced response, there were 14 proteins which did not have
an allocated molecular function. Of the remaining 65(48% of the total) were covered by eight
categories which in order of size wef@xidoreductases & Peroxidasb&Ts & GSTEransporters
Transcription/TranslatiorProtein inhibition/modificationAmino acid metabolispMethyl &
Acyltransferaseand GlycosylhydrolasegFigure5.3.2.22A). These allocations are consistent with the
results from biological process enrichment as the largest three categories correspond to the
transformation, conjugation, and compartmentalisation steps of xenobiotic detoxification (Cluster 1)
whilst the next thee correspond to gene expression and biological compound synthesis (Cluster 2). The

eight proteins comprising the downregulated population could be encompassed by four categories:
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Transcription/TranslatiofTransporter/lon ChanngHaloacid dehydrogenadike proteinand Cdomain

proteins(Figures.3.2.22B).

Proteins encompassed by ti@xidoreductases & Peroxidase&Ts & GSTEransportersMethyl &
Acyltransferaseand Glycosyl hydrolasesategories of the induced protein population are putative
candidates involved in metabolism of the Fhdlecule during detoxification. THexidoreductases &
Peroxidasesategory contained within it OPR1, a protein known to reduce TNT, as well as three
cytochrome P450 monooxygenases (CYPs) and four peroxidases. Whilst CYPs have been shown to be
involved in xenobiotic metadiesm within plants [286], they are also upregulated to a variety of abiotic
and biotic stresses [28289]. The CYPs upregulated in response to TNT have been identified to function
within oxidative stress response and glucosinolate metabolismd2%2] thusare most likely not

involved in directly modifying the TNiolecule. Peroxidases have been shown to function within lignin
biosynthesis [293] and are thus candidates for incorporation ofd@ived metabolites into the
lignocellulosic material. Of the @i peroxidases upregulated in response to TNT only PER52 has been
linked with lignin biosynthesis [294]. Proteins within ti&Ts & GSTategory, including GSTU24 and
UGT74E2, had been shown to be induced at the transcript level in previous serial analysis of gene
expression (SAGE) and microarray analyses [104,248,250]. In respect to the four GSTs induced in
response to TNT, all have beassesseih vitrofor their activity towards TNT which confirmed only
GSTU24 and GSTU25 were able to conjugate thebiatim[106]. Four of the five UGTs induced

belonged to the UGT73B subfamily, suggesting that this family has overlapping or integrated functions.
TheTransportercategory contained three proteins belonging to families with links to xenaobiotic
detoxification: ABCG6, ABCG40 and zinc induced facititkéot (ZIFL1). Of these three proteins, only

the major facilitator transporter ZIFL1 is localised to the tonophdstin Arabidopsis roots [295]. The
ABGCtransporters, ABCG6 and ABCG40aratedto the pasma membrane [296,297]. Proteins within

the Methyl- & Acyltransferasesategory could function within TNT metabolism, as this body of work has
detected putative malonytonjugates. The two induced acyltransferases upregulated were GPATS5 and
AT4G24160, both of which are involved in lipid metabolism [298,299] and thus umdiKahyction in

the malonylation of xenobiotic glucosides. The detected methyltransferase was uncharacterised. Finally,
due to the production of glucosglonjugates within TNdetoxification, glycosyl hydrolases may

function in the hydrolysis of the gluadgc bond found within these conjugates. The three proteins
allocated to theGlycosyl hydrolasestegory are all in the xyloglucan endotransglucosylase/hydrolase
(XTH) family. As this family of proteins function in the remodeling of cell wall hemicellulose [300], it is

unlikely they are involved in metabolism of small molecules such as xenobiatasigles.
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The spatial allocation of proteins, within categories that are potentially involved in TNT metabolism,

were then identified using the proteomic dataset generated from the analysis of BNAF frg&igumse
5.3.2.220). As xenobiotic metabolism is believed to occur within the cytosol, vacuole, and potentially

the apoplast, proteins localised to their corresponding clusters, Cluster 3 and Cluster 1 respectively, are
commented on here. Most proteins within tf@xidoreductases & Peroxidasesl UGTs & GSTs

categories fell within the cytosolic Cluster 3. These proteins included OPR1, GSTU24, and GSTU25 which
supports the current model that the identified transformation and conjugation reactions for TNT do

occur within the cytosol. The proteins localised e tvacuolar and apoplastic Cluster 1 were the

transporter ABCG40, the uncharacterised methyltransferase AT2G41380 and UGT73B3. As ABCG40 is a
known plasma membrankcalised transporter [297], it was used asoanpartmental marker and thus

had an SVM score of 1 for this allocation. However, the confidence of AT2G41380 and UGT73B3
allocations was low, with SVM scores of 0.32 and 0.35 respectively, suggesting their allocation to Cluster
1 most likely resulted frorfimited compartmental resolution and thus should not be included in

predictive metabolic models. As expected, the two glychgdrolases detected within this dataset,

XTH23 and XTH24, were also allocated to Cluster 1 which aligns with their functiogifyimgacell wall
hemicellulose. Five proteins with unknown molecular function were also allocated to Clusters 1 and 3

and are thus putative candidates to further investigate in the context of TNT metabolism, there were:
CRRSP55, AT3G27880, MAC9.6, M)é&htl. PELPK1.

The subcellulacluster allocations of proteins differentially expressed in the endogenous response to
TNT alongside their molecular function, the biological processes they are linked with, and their fold
change can be founith Tables.3.2.21-5.3.2.23. These tables list thBmGSTindependent TNT
responsive proteind)mGSTimpacted TNT responsive proteins dbohGS¥related TNT responsive

proteinsrespectively.
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Figure5.3.2.22: Endogenous Response to TNT requires a diversity of molecular functions though not all proteins with

PC1 (31.75%)

functions relating to TNT metabolism show the required suabllular localisation. AEight moleculafunction GGterm

categories represent 48 out of the 79 proteins induced in the endogenous response tB)R$lr moleculaffunction

GOterm categories represent the entirety of the repressed in the endogenous response t&€J3ihcellulaicluster

allocations of induced proteins within molecufamction categories with links to xenobiotic metabolism.
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Table5.3.2.21: DmGSTindependent TNIresponsive proteins within the endogenous response to TIRTotein UniProt identifiers and their Arabidopsis Gene I folyl change

and its significance level, the molecular function and biological processes GO terms allocated to the protein and thefspattbn obtained from proteomics on BNAF
fractions. FDR values represented by * < 0.05, ** < 0.01, *** <0.001.

Protein Arabidopsis - WTETNT) : Molecular Function  Biological Processes Compartmental  Cluster
Gene ID WT(+TNT) 9 Prediction Prediction
Response to abscisic acid. Abscisic-activated signalling pathway.
Transmembrane transport. Response to abiotic stress. Defence response to
ABCG40 At1g15520 7.36 *** ,aACBtS%/;etransporter oomycetes. Intercellular transport. Negative regulation of pastbryonic (F;Llaosor?a Membrane E?thé)s(;;e r
development. Abscisic acid transpdrport into cell. Lead ion transport. ' '
Terpenoid transport. Stomatal closure. Import across plasma membrane
ABCG6 At5g13580 4.45 * ABQ’_[ype transporter Response to nematod&uberin biosynthetic process. Organic acid transmembre Data not obtained Data_ not
activity transport obtained
L L . . Data not
GPATS5 At3g11430 4.88 *** Acyltransferase activity Suberin biosynthetic process Data not obtained obtained
AT4G24160 At4g24160 1.16* Acyltransferase activity Cellular response to hypoxia. Lipid homeostasis Peroxisome (0.35) g)hfzt;e r3
Asparagine synthase . . .
ASN1 At3g47340 2 56wk (glutaminehydrolyzing) Asparagine biosynthetic process. Response to sucrose. Re_quneedse. Nucleus (0.44) Cluster 4
activity Response to fructose. Cellular response to sucrose starvation (0.49)
ok : Cluster 4
CXE6 At1g68620 5.32 Carboxylesterase Cellular response to hypoxia Nucleus (0.32) (0.37)
SAP9 At4g22820 4,67 DNA binding Proteasomemediated ub_lqwtmdependent protein catabolic process. Defence Data not obtained Datq not
response to other organism obtained
AT2G40140 At2g40140 1.4 %o DNA binding Respons_e to abiotic stress. Defence response to other orgafishular response Data not obtained Datg not
to hypoxia obtained
Glutamine . . Cluster 4
*kk
GAT1_2.1 Atlgl5040 1.52 amidotransferase Regulation of secondary shoot formation Nucleus (0.32) (0.37)
GSTU4 At2g29460 6.19 *** S(l:f/?tt; ione transferase Positive regulation of defence response to insect Nucleus (0.30) 8%‘3;3 rs
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Protein Arabidopsis - WTETNT) : Molecular Function  Biological Processes Compartmental  Cluster
Gene ID WT(+TNT) 9 Prediction Prediction

GSTU25  Atlgl7180 375w Glutathione transferase ;4 ¢4initrotoluene catabolic process Cytosol (0.27) Cluster 3

activity (0.49)
Glutathione transferase - ) Cluster 3

*k%k

GSTU24 Atlgl7170 2.36 activity 2,4,6trinitrotoluene catabolic process Cytosol (0.31) (0.59)

Glutathione transferase _— . Cluster 3
*kk

GSTU7 At2929420 12 activity Response to salicylic acid Cytosol (1.00) (1.00)
- . Cluster 3

UGT73B4  At2915490 1.97 #** Glycosyltransferase activitt Response to other organism Cytosol (0.31) 0.72)
- . . Data not
UGT73B5  At2g15480 1.48 **=* Glycosyltransferase activitt Response to other organism Data not obtained obtained
UGT73B2  At4g34135 122~ Glycosyltransferase activitt Response to other organism. Flavonol biosynthetic process Cytosol (0.27) 8?;;3 r3
UGT73B3  At4g34131 1.1 Glycosyltransferase activity Cellular response to hypoxia. Response to other organism Peroxisome (0.21) 81;5;;9 ri
- . Cluster 4

PSK3 At3g49780 6.27 *** Growth factor activity Cellular response to hypoxia Nucleus (0.32) (0.38)
HSPRO2  At2g40000 1.49 * Heme binding Defence response to other organism. Response to oxidative stress. Cellular Cytosol (0.27) Cluster 3

response to hypoxia. Response to salicylic acid (0.51)
L Response to abiotic stress. Response to auxin. Cellular response to hypoxia. Plasma Membrane Cluster 1

*k%k

XTH23 At4g25810 597 Hydrolase activity Response to mechanical stimulus. Respondsassinosteroid (0.25) (0.52)
XTH24 At4g30270 1.81* Hydrolase activity Planttype cell wall organization or biogenesis E’Olazsgr?a Membrane (Collgs3t;a r
. . . Data not
AT3G62040 At3g62040 -4.36 ** Hydrolase activity Data notobtained Data not obtained obtained
MGL At1g64660 14% Me.th_lonlne gammédyase Response to qblo_tlc stress. Cellular response to sulfate starvation. Protein Nucleus (0.45) Cluster 4

activity homotetramerisation (0.52)
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Protein Arabidopsis - WTETNT) : Molecular Function  Biological Processes Compartmental  Cluster
Gene ID WT(+TNT) 9 Prediction Prediction
AT2G41380 At2g41380 2,12 Methyltransferase activity Data not obtained Plasma Membrane  Cluster 1
(0.20) (0.32)
. . N . Data not
AT2G36220 At2g36220 5.93 *** Unknown Cellular response to hypoxia. Anaerobic respiration Data not obtained obtained
. . Data not
C7A10.750 At4936610 5.45 *** Unknown Data not obtained Data not obtained obtained
) . Data not
VQ1 Atlgl7147 5.43 *** Unknown Data not obtained Data not obtained obtained
ATJ11 At4g36040 5.21 *+* Unknown Data not obtained Nucleus (0.31) 8%5(;;3 r4
i Cluster 1
AT3G27880 At3g27880 3.74 *xx Unknown Data not obtained Nucleus (0.23) (0.30)
. . Cluster 5
NHL10 At2g35980 1.95 **=* Unknown Leaf senescence. Defence response to virus Plastid (1.00) (1.00)
PELPK1 At5g09530 1.91 * Unknown Postenjbryonlodevelopmenp Regulation of photoperiodism, flowering. Positive Cytosol (0.16) Cluster 3
regulation of seed germination (0.34)
. Cluster 3
MXH1.3 At5g35690 1.16 ** Unknown Data not obtained Cytosol (0.27) (0.50)
Nicotianamine synthase Plasma Membrane Cluster 1
*
NAS1 At5g04950 1.24 activity Pollen development. Pollen tube growth. Phloem transport (0.32) (0.74)
o . . I . . Data not
NIT4 At5g22300 4.85 *** Nitrilase Cyanide metabolic process. Detoxification of nitrogen compound Data not obtained obtained
PERS52 At505340 6.76 *** Oxidoreductase activity ITlgr_un l:'nosynthe.uc process. Xylem development. Positive regulation of syringa Nucleus (0.30) Cluster 4
lignin biosynthetic process (0.34)
. . N Cluster 4
AER At5g16970 6.51 *** Oxidoreductase activity Response to oxidative stress Nucleus (0.30) (0.34)
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Protein Arabidopsis - WTETNT) : Molecular Function  Biological Processes Compartmental  Cluster
Gene ID WT(+TNT) 9 Prediction Prediction

. . . Cluster 3

PER11 At1g68850 6.03 *** Oxidoreductase activity Data not obtained Cytosol (0.30) (0.59)
. . . . Data not
CYP710A1 At2934500 5.08 *** Oxidoreductase activity Data not obtained Data notobtained obtained
OPR1 Atlg76680 2 26 ** Oxidoreductase activity Respo_nse to wm_mdmg. Cellular response to hypoxia. Response to salicylic aci Cytosol (0.33) Cluster 3

Oxylipin metabolic process (0.67)
AOXIA At3g22370 1,52 Oxidoreductase activity Respon_se to abiotic stress. Mitochondnacleus signalling pathway. Cellular Data not obtained Datq not
respiration obtained
. . . Cluster 3

AT5G22140 At5g22140 1.29 ** Oxidoreductase activity Data not obtained Cytosol (0.33) (0.66)
Regulation of defence response to fungus. Regulation of jasmonic acid mediat Cluster 4

JOX2 At5g05600 1.06 * Oxidoreductase activity signalling pathway. Cellular response to toxic substance. Negative regulation o Nucleug0.32) (0.37)

defence response to insect '

POX1 At3g30775 1 Oxidoreductase activity Re_qunse to abiotic stress. Defence response to other organism. Response to Cytosol (0.24) Cluster 3

oxidative stress. Cellular response to hypoxia (0.47)
. I - . . Cluster 5

UPI At5g43580 1.43 * Peptidase inhibitor activity Defence response to other organism Plastid (0.31) (0.39)
e Response to abiotic stress. Response to abscisic acid. Purine nucleoside catal Cluster 3

AT2G32150 At2g32150 1.17 Phosphatase process. Xanthosinkiosynthetic process Cytosol (0.27) (0.53)
s - . Cluster 5

T1N24.22  At5g25930 1.53 *** Protein kinase activity Data not obtained Nucleus (0.26) (0.30)
. . Cluster 3

AT4G01870 At4g01870 2.34 *** Proteolysis Data not obtained Cytosol (0.34) (0.69)
. - . ’ Cluster 4

THAL At1g08630 4,78 *** Threonine aldolase activity Threonine catabolic process Nucleus (0.32) (0.37)
Transferase activity, Cluster 3

PPDK At4g15530 1.16* transferring phosphorus Data not obtained Cytosol (0.33) (0.65)

containing groups
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Protein Arabidopsis - WTETNT) : Molecular Function  Biological Processes Compartmental  Cluster
Gene ID WT(+TNT) 9 Prediction Prediction

ZIFL1 At5g13750 4,53 ** Transmembraqe_ Response to abIOt'IC stress. Root development. Gravitropism. Basipetal auxin Data not obtained Dat; not

transporter activity transport. Regulation of stomatal closure obtained

ATL31 At5g27420 593 * Ubiquitinligase Respo_nse to abscisic acid. Def_ence response to other organism. Cellular respc Data not obtained Dat; not

hypoxia. Cellular response to nitrogen levels obtained
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Table5.3.2.22: DmGSTimpacted TNTresponsive proteins within the endogenous response to TRTotein UniProt identifiers and their Arabidopsis Gene I folyl change and
its significance level, the molecular function and biological processes GO terms allocated to the protein and the spatéidnfobtained from proteomics on BNAF fractions.
FDR values represented by * < 0.05, ** < 0.01, *** <0.001.

Protein Arabidopsis WTETNT) - Molecular Function Biological Processes Compartmental Cluster
Gene ID WT(+TNT) 9 Prediction Prediction
ATPaseoupled Data not
ALA1 At5g04930 1.05* intramembrane lipid Data not obtained Data not obtained .
- obtained
transporter activity
AT1G78830 Atlg78830 1.02 * Carbohydrate binding Data not obtained Cytosol (0.23) Cluster 3 (0.41)
GLR22  At2g24720 -3.66 * Ligandgated ion channel . 1ot obtained Data not obtained Data not
activity obtained
GH3.2 At4g37390 1.3* Ligase activity Data not obtained Plastid (0.21) Cluster 1 (0.38)
CRRSP55 At5g48540 1.12* Unknown Data notobtained (F:)IaZSSr;la Membrane Cluster 1 (0.62)
. . . . Data not
AT4G01920 At4g01920 -3.64 * CZdomain Protein Data not obtained Data not obtained obtained
WNK4 At5g58350 1.7* Protein kinase activity Protein autophosphorylation. Photoperiodisfigwering z)lfg; a Membrane Cluster 1 (0.78)
Response to water deprivation. Lateral root development. Data not
NPF6.3 Atlg12110 -1.01 * Symporter activity Photoperiodism, flowering. Response to nitrate. Basipetal auxin Data not obtained obtained

transport. Nitratetransmembrane transport
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Table5.3.2.23: DmGSTrelated TNFresponsive proteins within the endogenous response to TIRTotein UniProt identifiers and their Arabidopsis Gene II®, folyl change and
its significance level, the molecular function and biological processes GO terms allocated to the protein and the spatéidnfobtained from proteomics on BNAF fractions.
FDR values represented by * < 0.05, ** < 0.01, *** <0.001.

Arabidopsis  WTETNT) : Compartmental Cluster

Protein Molecular Function  Biological Processes O L
Gene ID WT(+TNT) 9 Prediction Prediction
ALPHACA?2 At2g28210 3.24 Carbonate dehydratase . 116t obtained Data not obtained Data not
activity obtained
- . . Data not
NACO001 At1g01010 4.15 ** DNA binding Data not obtained Data not obtained obtained
WRKY25 At2930250 290 % DNA binding Response to ablqtlc sFress. Response to salt stResponse to osmotic stress. Data not obtained Data_ not
Cellular heat acclimation. Cellular response to heat obtained
GAD4 At2g02010 451 * Glu_ta_mate decarboxylase Data not obtained Plasma Membrane Cluster 1 (0.43)
activity (0.17)
Cellular response to abscisic acid stimulus. Shoot system morphogenesis.
UGT74E2  Atlg05680 5.23 *** Glycosyltransferase activitt Response to abiotic stress. Indole butyric acid metabolic process. Cellular  Nucleus (0.25) Cluster 4 (0.29)
response to hydrogen peroxide. Cellutgperosmotic salinity response
XTH22 At5g57560 5.38 * Hydrolase activity Response to abiotic s_tress._Response to auxin. Cellulgr response to hypoxie Data notobtained Data_ not
Response to mechanical stimulus. Response to brassinosteroid obtained
ICL At3g21720 1.1* Isocitrate lyase activity Data not obtained Peroxisome (1.00) Cluster 2 (1.00)
GH3.3 At2g23170 5.6 *** Ligase activity Data not obtained Nucleus (0.26) Cluster 4 (0.30)
) . Data not
AT3G09925 At3g09925 5.06 *** Unknown Data not obtained Data not obtained obtained
) . Data not
AT2G37110 At2g37110 3.68 * Unknown Data not obtained Data not obtained obtained
. . Data not
AT1G22930 At1g22930 2.57* Unknown Data not obtained Data not obtained obtained
. - . . Data not
AT1G69890 At1g69890 2.54* Unknown Cellular response to hypoxia. Response to nitric oxide Data not obtained obtained
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Protein Arabidopsis - WTETNT) - Molecular Function  Biological Processes Compartmental Cluster
Gene ID WT(+TNT) Prediction Prediction
MAC9.6  At5g61820 1.48 ** Unknown Data not obtained (Po'fzn)‘a Membrane ) cier 1 (0.68)
Monosaccharide Response to abiotic stress. Response to salt stress. Response to abscisic a Data not
STP13 At5g26340 1.12 ** transmembrane P . : p ’ P Data not obtained .
o Monosaccharide transmembrane transport obtained
transporter activity
MORF9 At1g11430 -1.09 * mRNA binding Chloroplast RNA modification Plastid (0.37) Cluster 5 (0.57)
NAS2 At5g56080 1.21+* glé(t:i?lgsnamme synthase Pollen development. Pollen tube growth. Response to zinc ion. Phloem tran: (F;Ia%r;la Membrane Cluster 1 (0.67)
AT1G21400 Atlg21400 5.97 Oxidoreductase activity Response o sucrose. Brancheitain amino acid catabqllc process. Response Data not obtained Data_ not
absence of light. Cellular response to sucrose starvation obtained
Defence response to other organism. Response to bacterium. Cellular respc
CYPSIF2  A5g57220 3.99 * Oxidoreductase activity to hypoxia. Glucosinolate metabollc_procgss. Induced systemic re_5|stance. Data not obtained Data_ not
Defence response by callose deposition in cell wall. Indole glucosinolate obtained
biosynthetic process. Indolewglosinolate metabolic process
. L . . Data not
CYP81D8  At4g37370 3.06 * Oxidoreductase activity Data not obtained Data not obtained obtained
PER49 At4g36430 1.31* Oxidoreductase activity Data notobtained Plastid (0.21) Cluster 5 (0.43)
PER15 At2g18150 1.18* Oxidoreductase activity Data not obtained Plastid (0.39) Cluster 5 (0.55)
ACA2 At4g37640 3.24 ** P-type calcium transporter Calcium ion transmembrane transport Endoplasmic Reticulun Cluster 3 (1.00)
activity (1.00)
Lo . - . ) . Data not
PBL2 At1g14370 3.8* Protein kinase activity Positive regulation of defence response to bacterium Data not obtained obtained
RPS17C  At3g10610 6.73* Structural constituent of o 1 ioptained Nucleus (0.32) Cluster 4 (0.37)
Ribosome
RPS29A  At3g43980 -1.09 * Structural constituent of 1, ot gtained Nucleus (0.38) Cluster 4 (0.44)

Ribosome
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Protein Arabidopsis - WTETNT) : Molecular Function  Biological Processes Compartmental Cluster
Gene ID WT(+TNT) 9 Prediction Prediction
AT4G07950 At4g07950 4.41 Termination of RNA o 1ot obtained Datanot obtained Data not
polymerase Il transcriptior obtained
A . . Data not
AT1G72090 Atlg72090 -3.71* tRNA methylthiolation Data not obtained Data not obtained obtained
SEC1B At4g12120 3.1* Vesiclemediated transport Data not obtained Nucleus (0.32) Cluster 4 (0.37)
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5.3.2.3Characterising the response OmGST presence

To characterise the response to the presenc®pfsSTin planta the 63 proteins differentially

expressed within the WFINT)DmMGST-INT) comparison were analysed. Within this group of proteins
there were 58 (92% of the total) that were identifiedsGSTrelated TNIresponsive proteins,
highlighting the substantial overlap in the plant response to these stimuli. For cluster analysis and
biological pathway enrichment, 32 proteins passed the clustering criteria. This analysis generated two
distinct clusers(Figure5.3.2.31A).1n Cluster 1, the majority of proteins were repressed, and
enrichment analysis of biological process-t8fns revealed these proteins to be associated with gene
expression, with enriched terms includifiganslation(GO:000641pandNucleobase biosynthetic
procesgG0:0046112Figure5.3.2.31B). No GO terms were enriched within Cluster 2, however a KEGG
pathway corresponding to oxidative phosphorylation was enriched with four of the five proteins within
the cluster being mitochondrial membrane acyl carrier proteins or found within the cytoa@m
complex (Figur®.3.2.31C),all of which were repressed. From this analysis it can be concluded that a
substantial portion of the response to the presencdofiGSTin plantais related to diversion of

resources, evidenced by repression of processes related to gene expression and oxidative

phosphorylation.
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