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ABSTRACT OF THE DISSERTATION

A Multi-Omics Approach to Understand the Role of Leucine Aminopeptidase A in
Defense Signaling

by

Irma Ortiz
Doctor of Philosophy, Graduate Program in Plant Biology

University of California, Riverside, March 2022
Dr. Linda L. Walling, Chairperson

Plant leucine aminopeptidase A (LAP-A) modulates late wound responses and insect
defense. LAP-A is an aminopeptidase and chaperone in the chloroplast stroma. Based
on the ability of LAP-A to modulate transcripts in the wound-response pathway, we
postulated that LAP-A sends a retrograde signal(s) to the nucleus to regulate nuclear
gene expression in response to wounding and MeJA treatments. We use wild-type,
LapA-silenced and LapA-overexpressing plants to explore the global impact of LAP-A
deficiency or ectopic expression on the tomato metabolome. This dissertation has
revealed that LAP-A has multiple impacts on tomato metabolites by altering the levels of
amino acids and secondary metabolites involved in plant defense. Given the link to
sulfur metabolism and LAP-A’s ability to hydrolyze glutathione’s catabolic product Cys-
Gly, the role of LAP-A in GSH metabolism using targeted metabolomics and the three
genotypes was assessed. These wound-time course experiments were designed to
simultaneously measure H>O, levels. LAP-A did not regulate the levels of glutathione

(GSH), the redox status of GSH, nor the levels of Cys-Gly, Cys or y-Glu-Cys. In the
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absence of LAP-A, H;O; levels are elevated indicating that LAP-A is important for the
control of ROS. H20- is a known retrograde signal used in defense. To elucidate LAP-
A’s possible mechanism(s) of action, the proteins that bind to LAP-A, but not to the
highly related LAP-N, were identified. The 86 LAP-A-interacting proteins that reside in
the chloroplast suggests that LAP-A may exert its effects via the major chloroplast redox
hub associated with 2-Cys-peroxiredoxin. LAP-A binds to NADPH thioredoxin reductase-
C (NTRC1), which provides the reducing power to 2-Cys-peroxiredoxin for clearing H>O-
from the chloroplast; a model is presented. Additional LAP-A-interacting proteins
suggest a role for LAP-A in modulating the activity of the stromal Clp protease. Finally,
this dissertation reports the first tomato stromal proteome. The 1254 stromal proteins
identified were manually annotated. This is the first evidence for the chloroplast location
of 550 tomato proteins. This study is foundational for current initiatives to understand the
LAP-A- and MeJA-dependent changes in the tomato stromal proteome, which should
provide additional insights into the global impacts of LAP-A during plant stress

responses.
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Introduction
Plant- Pathogen/ Pest Interactions: PTI, EST and ETI

Plants are sessile organisms that are unable flee when challenged by pathogens
and pests or other environmental stresses. Plant pathogens are organisms that
complete their life cycles inside plant hosts with a negative effect to plant health. Plant
pests are insects, nematodes and mammals that consume plants. Pathogens and pests
have coevolved with plants. The zigzag plant defense response model describes the
highly conserved plant-defense response to pathogens (Jones and Dangl 2006).
Pattern-recognition receptors (PRRs) can recognize conserved external microbe-
associated molecular patterns (MAMPs) or pathogen-associated molecular patterns
(PAMPs), such as lipopolysaccharides, flagellin and chitin (Zhou and Zhang 2020). This
recognition activates pattern-triggered immunity (PTI) in the plant host. PTI responses
include plant cell wall fortification, induction of genes that encode antimicrobial proteins,
and reactive oxygen species (ROS) production. PTI is the first line of defense. It helps
control non-host responses and controls infection by non-adapted pathogens.

There is selective pressure on pathogens to produce proteins or effector molecules
to interfere with PTI responses and, in turn, result in effector-triggered susceptibility
(ETS). However, the pathogen-derived effectors also place selective pressure on plants
to recognize effectors to limit pathogen success. Plants have resistance (R) genes that
directly or indirectly recognize effector molecules or modifications caused by effectors.
Many pathogen effectors are recognized by the plant host intracellular nucleotide-
binding (NB)-leucine rich repeat (LRR) receptors to induce effector-triggered immunity
(ETI) (Erb and Reymond 2019). Pathogen effector-encoding genes that induce ETI are
called avirulence (avr) genes. The plant defense mechanisms activated during ETI
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overlap extensively with PTI, although distinctions exist (Hatsugai et al. 2017; Tsuda et
al. 2009); for example, during ETI hypersensitive cell death response (HR) can also
occur (Erb and Reymond 2019). For example, the Pseudomonas syringae’s AvrPto
effector causes an avirulent reaction (lack of disease) in Solanum lycopersicum (tomato)
that carry the Pto resistance gene (Pedley and Martin 2003); when pathogens lack an
avirulence gene that corresponds to a R gene a PTI response is deployed.

Plant perception of damage

In addition to perceiving pathogen-derived effectors/elicitors, plants can perceive
plant-derived molecules that are produced by pathogen attack, mechanical wounding or
herbivore-induced damage (Erb and Reymond 2019). Foundational studies beginning in
the 1970’s in Solanum lycopersicum (tomato) established many of the principles of
wound/herbivore-provoked signals and signal transduction (Green and Ryan 1972;
McFarland and Ryan 1974). More recently, the model Arabidopsis thaliana has further
elucidated the pathways that perceive cellular damage (Li et al. 2020a; Toyota et al.
2018).

Damage responses are induced when plant-derived damage-associated molecular
patterns (DAMPs) are released after plant tissue damage and perceived by PRRs.
These responses are local, as damaged plant cells signal to adjacent plant cells using a
mixture of DAMPs. Primary DAMPs include ATP, cell wall fragments and fragmented
DNA (Quintana-Rodriguez et al. 2018). Secondary DAMPs include plant host molecules
produced or modified after wounding or microbial infection. These DAMPs serve
exclusively as defense signals; the systemin peptides are one such example (Li et al.

2020b).



eATP: After wounding, extracellular ATP (eATP) is released immediately from the
cytoplasm to the extracellular environment. Initially identified and intensively studied in
Arabidopsis, eATP is sensed by the L-type lectin receptor kinase P2K1/DORN1 (DOES
NOT RESPOND TO NUCLEOTIDES 1) and P2K2 (Choi et al. 2014; Pham et al. 2020).
This induces membrane depolarization, Ca?* influx, ROS formation, expression of
defense-related genes, and enhanced plant defense (Chen et al. 2017; Chen et al. 2021;
Tripathi et al. 2018). Although, eATP receptors have not yet been identified in tomato,
eATP is an important part of damage signaling in this species. Wu et al. (2012) showed
that herbivores attempt to suppress eATP levels in tomato foliage. ATP-hydrolyzing
enzymes present in caterpillar saliva reduced foliar ATP levels and suppressed the
induction of JA- and ET-responsive genes; by reducing ATP levels, herbivore success
was enhanced (Wu et al. 2012a).

Oligogalacturonides (OGs): Plant cell wall fragments, OGs are also released after
wounding (Ferrari et al. 2013). OGs are derived from homogalacturonan, the main
component of pectin. Wall-Associated Kinase (WAK) proteins are receptors of OGs
(Kohorn and Kohorn 2012). The perception of OGs induces the Arabidopsis plant
defense responses including: reactive oxygen species (ROS) production (Bellincampi et
al. 2000), mitogen-activated protein kinase (MAPK) activation (Denoux et al. 2008), and
nitric oxide (NO) (Rasul et al. 2012). In tomato, OGs induce protease inhibitor proteins
(PINs), which directly antagonize insect gut metabolism (Moloshok et al. 1992; Ryan and
Jagendorf 1995; Doares et al. 1995b).

Plant host fragmented DNA: Upon cellular damage, host-plant DNA is released
into the apoplast to induce early plant defense responses (Quintana-Rodriguez et al.

2018). No DNA plant receptors that perceive these DNA fragments have been identified



to date. However, a recent study showed that adding plant host fragmented DNA to
tomato leaves induces Ca®" influx from the apoplastic space to the cytoplasm and ROS
production along with inducing expression of genes involved in plant immunity including
wound-induced proteinase inhibitor 1 (Pin1) (Barbero et al. 2021). Several heat shock
proteins and chaperones were downregulated (Barbero et al. 2021).

Systemin as a DAMP: Secondary DAMPs include the peptides involved in defense
signaling. The peptide systemin is the first reported bioactive peptide that induced plant
defense responses (Pearce et al. 1991) and systemin-like proteins are limited to
members of the Solanoideae (Constabel et al. 1998). Prosystemin (systemin’s 200
amino acid precursor) accumulates in the cytosol after wounding and herbivory
(Narvaez-Vasquez and Ryan 2004). Upon cellular damage, subtilisin-like proteases
(phytaspases) that are stored in the vacuole are released and prosystemin is processed
to release the bioactive 18-aa systemin peptide (Beloshistov et al. 2018).

Two receptor-like kinases (RLKs) bind systemin. SYSTEMIN RECEPTOR 1 (SYR1)
has high-binding affinity for systemin, while SYR2 has a lower affinity (Wang et al. 2018).
SYR1-dependent systemin perception results in plant defense responses including a
ROS burst, ethylene (ET) production and the expression of wound-induced proteinase
inhibitor genes (PINs) (Narvaez-Vasquez et al. 1999; O'Donnell et al. 1996; Wang et al.
2018). Wang et al. (2018) also demonstrated that local and systemic signaling after
mechanical damage can be SYR1 independent, which suggests that jasmonic acid (JA),
H202, hydraulic changes, or electrical waves may be important for these responses
(Farmer et al. 2014; Rhodes et al. 1996). Also, systemin-treated plants showed

enhanced resistance to the moth Spodoptera littoralis and pathogen Botrytis cinerea by



increased production of volatile organic compounds (VOCs) and induction of defense
genes such as PINs (Coppola et al. 2019).

Hydroxyproline-rich systemins (HypSys): A second class of defense-signaling
peptides first identified in the Solanaceae are the HypSys related peptides (Pearce
2011). HypSys are glycoproteins that are structurally unrelated to systemin, but they also
are important for defense signaling after wounding and herbivory (Pearce et al. 2001)
(Pearce and Ryan 2003). HypSys originates from pre-protein precursor (proHypSys)
with signal peptides for protein secretion. HypSys are now known to have roles in
defense such as induction of PINs (Pearce 2011).

Pep1 in Arabidopsis: The discovery of plant elicitor peptide, Pep1, in Arabidopsis
and its orthologs in other plants revolutionized our understanding of DAMP signaling
(Huffaker et al. 2006; Li et al. 2020b). AtPep1 is a 23-amino acid peptide that is derived
from the C-terminus of a 92-amino acid precursor protein encoded from PROPEP1 gene
(Huffaker et al. 2006). The Arabidopsis genome has eight PROPEP genes expressed in
roots and slightly in leaves (Bartels et al. 2013; Huffaker et al. 2006). PROPEP1 is
induced by wounding and MeJA (Huffaker and Ryan 2007). Exogenous treatments of
Peps induce ethylene production and suppress plant seedling growth (Bartels et al.
2013). Pep1 are perceived by two related LRR-RKs, Pep1 RECEPTOR 1 (PEPR1) and
PEPR?2 (ref 186, erf 2019) In addition, exogenous Peps affect plant defense by inducing
defense genes such as PDFs and WRKYs and inducing resistance to pathogens such
as Pseudomonas syringae (Huffaker and Ryan 2007; Yamaguchi et al. 2010).

Maize PEP3: Maize PEPs (ZmPEP), orthologues to Arabidopsis PEPs, also
regulate responses against herbivores. Spodoptera exigua (beet armyworm) oral

secretions induce ZmPROPEP3 precursor gene followed by production of JA, ethylene,



expression of defense genes, and VOCs to deter herbivory (Huffaker et al. 2013).
Benzoxazinoid, 2-hydroxy-4,7-dimethoxy- 1,4-benzoxazin-3-one glucoside (HDMBOA-
Glc), a well-known maize defense metabolite (Niemeyer 2009; Tzin et al. 2015), also
accumulated by treatment of ZmPEP3.

HAMPS: Insect-derived metabolites or proteins acting as elicitors, identified by a
plant receptor and inducing defense responses are designated as herbivore-associated
molecular patterns (HAMPs) and were recently reviewed (Erb and Reymond 2019). The
first HAMP was discovered in oral secretions of beet armyworm. This HAMP is a fatty
acid-amino acid (aa) conjugate, N-(17-hydroxylinolenoyl)-L-glutamine (volicitin), found to
induce VOCs in maize (Alborn et al. 2000). N-linolenoyl-L-glutamine (GIn-18:3) elicited
defense responses against beet armyworm and overlap with the defense responses
elicited by ZmPep3, such as JA accumulation 2 h after treatments (Huffaker et al. 2013;
Poretsky et al. 2021).

The HAMP inceptin is a disulfide-bridged peptide (ICDINGVCVDA) derived from a
plant ATPase y subunit and was first identified in Spodoptera frugipera oral secretions
(Schmelz et al. 2006). Recently the inceptin receptor was identified. This leucine-rich
repeat inceptin receptor (INR) triggers inceptin-induced responses and enhanced
defense against beet armyworms in tobacco (Steinbrenner et al. 2020).

Responses to different HAMPs can be species specific. For example, Schmelz et al.
(2009) showed tomato and Arabidopsis plants do not elicit a plant defense response to
the following HAMPSs: volicitin, GIn-18:3, inceptin, and caeliferin A16:0. However,
tomatoes do respond to the HAMP glucose oxidase by inducing defense responses

(Louis et al. 2013). In contrast, in tobacco glucose oxidase suppresses defense



responses suggesting that plants within the same family can have distinct responses to
HAMPs (Diezel et al. 2009).
JA Biosynthesis, Perception, and Mediator Interactions with MYCs

JA production via the octadecanoid pathway and perception of bioactive form JA-
Isoleucine (JA-lle) is critical for the induction of damage- and herbivore feeding-induced
responses in plants (Wasternack and Feussner 2018). The octadecanoid pathway is
activated after tissue damage (e.g., mechanical wounding or herbivory) and after
perception of DAMPS and HAMPs. As a result, oxygenated lipids such as 12-oxo-cCis-
10,15-phytodienoic acid (OPDA) and JA are generated (Howe 2018). JA biosynthesis
initiates in the chloroplast membrane when phospholipases (PLD, PLA;) release a-
linolenic acid, which is converted to 13-hydroperoxylinolenic acid by 13-lipoxygenases
(LOX) (Hause et al. 2003). The allene oxide synthase (AOS) enzyme uses 13-
hydroperoxylinolenic acid to produce 12,13(S)-epoxylinolenic acid and allene oxide
cyclase (AOC) converts 12,13(S)-epoxylinolenic acid into cis-(+) OPDA. JASSY exports
OPDA to the outer chloroplast membrane (Guan et al. 2019).

JA biosynthesis in the peroxisome: Subsequent metabolic reactions to generate
the bioactive form of JA occur in the peroxisome. OPDA is transported into the
peroxisome by an ATP-transporter Comatose (COMATOSE) (Theodoulou et al. 2005).
OPDA is reduced by OPDA reductases 2 and 3 (OPR2 and OPR3) to yield 3-oxo-2-(cis-
2’-pentenyl) cyclopentane-1-octanoic acid (OPC-8:0) (Schaller and Stintzi 2009). OPC-
8:0 is converted to (+)-7-isojasmonic acid by three rounds of oxidation. The JA-resistant
1 (JAR1) enzyme conjugates lle to JA resulting in the bioactive jasmonoyl-isoleucine
(JA-lle) (Suza and Staswick 2008; Suza et al. 2010). An alternative pathway for JA

biosynthesis has also been suggested in which OPDA directly enters oxidation to yield



4,5-didehydro-JA (ddh-JA) (Howe 2018; Chini et al. 2018). Subsequently OPR2 reduces
ddh-JA to JA and conjugated to lle by JAR1. More recently, 12-hydroxy-jasmonoyl-
isoleucine (120H-JA-lle) was identified as a bioactive derivative of JA-lle (Poudel et al.
2019). Other identified bioactive conjugates of JA include: JA-Leu, JA-Val, JA-Met, and
JA-Ala; these conjugates are less active and not as well studied as JA-lle (Yan et al.
2016; Thines et al. 2007; Katsir et al. 2008).

Bioactive conjugates of JA transported to the nucleus: To activate JA-
dependent genes, JA-lle must be transported to the nucleus. AtJAT1 (AtABCG16) is a
nuclear- and plasma-membrane ABC transporter that translocates JA-lle to the nucleus
and mediates cellular export of JA (Li et al. 2017; Nguyen et al. 2017). By controlling
cellular JA levels and levels of JA-lle in the nucleus, JAT1 can regulate the critical JA
concentration required for JA-mediated signaling in defense and development.

JA-regulated transcriptional reprogramming: In the nucleus, the JA ZIM domain
(JAZ) proteins act as transcriptional repressors of JA-regulated genes (Howe et al.
2018). JAZ proteins and their co-receptors, NINJA and TOPLESS (TPL), bind to the
master regulator MYC2 when JA-lle levels are low (Howe et al. 2018). This repressive
complex sequesters the transcription factors in tomato (MYC2) and Arabidopsis (MYC2,
MYC3, MYC4), which are needed for activating many JA-responsive genes (Chini et al.
2007; Wang et al. 2021; Du et al. 2017; Major et al. 2017). When the levels of JA-lle rise
in the nucleus, JA-lle is bound by the JA receptor CORONATINE-INSENSITIVE 1
(COI1), an F-box protein that associates with other proteins to make up the SCF-COI1
ubiquitin ligase-complex (Thines et al. 2007). This SCF-COI1 complex recruits and
ubiquitinates JAZs, thereby facilitating their degradation by the 26S proteasome

(Wasternack and Song 2017). In the absence of JAZ repressors, MYC2 binds to



promoters to activate JA-dependent signaling. Recently, JA perception by COI1 was
found to be important at the interface of defense and high temperature stress (Havko et
al. 2020). Tomato plants exposed to moderate heat stress resulted in heat shock
proteins (HSP90) stabilizing COI1 proteins and in enhanced JA responses. In addition,
plants exposed to moderate heat temperatures resulted in negative ramifications for
plant defense and plant fitness such as enhanced susceptibility to herbivores, reduced
plant photosynthesis, and inhibited plant growth (Havko et al. 2020).

The JA-regulated transcriptional reprogramming up-regulates JA-response genes
such as MYC2 and genes that encode enzymes in the biosynthesis of secondary
metabolites involved in plant immunity, such as terpenes, glucosinolates, alkaloids, and
phenolics (Hickman et al. 2017; Zander et al. 2020). JA is also converted to volatile
methyl jasmonate (MeJA) by SAM-dependent carboxyl methyltransferase (Wasternack
and Song 2017). MeJA is an airborne signal in interplant communication to activate plant
defense responses (Farmer and Ryan 1990).

JA-regulated wound signaling in tomato: In tomato, JA-regulated wound signaling
is biphasic (Orozco-Cardenas et al. 2001). During the early phase of wound responses
(0.5 to 2 h after wounding), gene products (LOX, AOS, AOC, prosystemin) that amplify
wound signaling are activated. During the late phase of wound responses (4-24 hr post
wounding), a volatile blend and anti-nutritive proteins, such as polyphenol oxidases
(PPOs) and proteinase inhibitors (Pin1 and Pin2) accumulate (Fowler et al. 2009; Howe
2004; Degenhardt et al. 2010; Dicke and Baldwin 2010). While MeJA controls both early
and late wound responses in tomato, hydrogen peroxide (H20-), nitric oxide (NO) and
Leucine aminopeptidase (LAP) modulate the late branch of the wound response

(Orozco-Cardenas et al. 2001; Orozco-Cardenas and Ryan 2002; Fowler et al. 2009;



Chao et al. 1999). These modulators act downstream from JA biosynthesis and
perception, with H.O, and LAP activating and NO repressing the late wound response
(Orozco-Cardenas and Ryan 2002; Fowler et al. 2009; Chao et al. 1999). In tomato, NO
represses H>O, accumulation and H>O,-dependent resistance to the necrotrophic fungal
pathogen Botrytis cinerea negatively affecting JA-induced gene expression (Matolepsza
and Rozalska 2005). The mechanism of LAP action is unknown and is the focus of this
dissertation. In contrast, NO works synergistically with H.O, to promote disease

resistance in Arabidopsis (Torres et al. 2006).

Hormone Crosstalk During the Plant Wound Response

To finely tune plant responses to damage, pathogen and pest attack, hormone
signaling pathways communicate (crosstalk). The JA-signaling pathway crosstalks with
pathways regulated by salicylic acid (SA), abscisic acid (ABA), ET, gibberellic acid (GA),
brassinosteroid (BR), cytokinin (CK), and auxin (indole acetic acid, IAA) (Meldau et al.
2012). The current dogma is that JA and ET regulate defenses against necrotrophic
pathogens and herbivores, while SA is primarily involved in defense against biotrophic
pathogens (Glazebrook 2005). The interactions between SA and ET and JA signaling
are best studied (Li et al. 2019).

SA and JA crosstalk: SA and JA response pathways act antagonistically or in
collaboration to trigger plant defenses and it is plant-species specific. JA blocks the
accumulation of SA by modulating the interaction between MYC2 and three NAC
transcription factor (TF) family genes (ANAC019, ANACO055, and ANACO072). NAC TFs
regulate the expression of SA biosynthesis genes (Zheng et al. 2012). Phloem-feeding

insects may induce both SA- and JA-dependent pathways (Walling 2000). During aphid
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feeding, SA and JA pathways are simultaneously expressed in the Mi-gene mediated
resistance in tomato (Martinez de llarduya et al. 2003). During whitefly nymph feeding,
SA-regulated RNAs increase, while JA- and ET-regulated RNAs are unresponsive or
decline due to JA-SA crosstalk (Zarate et al. 2007; Kempema et al. 2007); however, the
JA-regulated defenses are critical for curtailing whitefly success on Arabidopsis plants
(Zarate et al. 2007).

SA acts on multiple sites in the wound-signaling pathway. It inhibits AOS activity to
down regulate the octadecanoid pathway (Pena-Cortés et al. 1993). Surprisingly, SA
treatment does not affect 12-OPDA levels, but JA levels decrease. This suggests that
SA may also negatively affect the release or transport of 12-OPDA in the peroxisome
(Felton et al. 1989; Green and Ryan 1972; Doherty et al. 1988). SA also suppresses JA
responses downstream of the SCF-COI1-JAZ complex (Van der Does et al. 2013).
Several players that mediate crosstalk between the SA and the JA-dependent defense-
signaling pathways include: the signaling protein MAP KINASE 4 (MPK4) and the
transcription factors WRKY70 and NONEXPRESSOR OF PATHOGENESIS-RELATED
PROTEIN 1 (NPR1). NPR1 is SA receptor and master regulator mediating the
antagonistic crosstalk between SA and JA. NRP1 is required for SA-induction of
WRKY70, which represses the ET/JA-signaling pathway (Ding et al. 2018; Li et al. 2004;
Wu et al. 2012b). In npr1 mutants, the repressive effect of SA on JA-induced defense
gene (e.g., PDF1.2) expression is eliminated (Spoel et al. 2003). The reciprocity of SA
and JA crosstalk is not seen in regulation of all SA- and JA-responsive genes and may
be species specific (Irigoyen et al. 2020). In addition, whether SA and JA are
antagonistic, synergistic or additive is dependent on relative SA and JA levels (Mur et al.

2006).
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ET and JA crosstalk: ET is known for its role in abiotic and biotic stresses, as well
as in plant development including fruit ripening (Pattyn et al. 2021). The JA-signaling
pathway in Arabidopsis has two branches. One which is solely JA dependent and a
second that is dependent on both ET and JA (Lorenzo and Solano 2005) that cross-
communicate with other hormonal pathways, such as the ET and ABA pathways via
transcription factors. The transcription factor ORA59 is a main hub of the JA- and ET-
signaling pathways that interacts with ERF1 and RAP2.3 (Lorenzo et al. 2003; Pré et al.
2008; Kim et al. 2018). The ethylene response factor 1 (ERF1) acts as a positive
regulator of JA and ET signaling and in Arabidopsis ERF1 activates defense responses
(Lorenzo et al. 2003). JA accumulation leads to de-repression of ET transcription factors
(EIN3/EIL1) and induction of ET-JA responsive genes such as PDFs (Lorenzo et al.
2003; Pré et al. 2008; Zhu et al. 2011; Penninckx et al. 1998). ORA59 and RAP2.3
interaction positively regulate plant defense responses (Kim et al. 2018).

In tomato, following leaf injury or application of oligogalacturonides, systemin, or JA,
PINs accumulate, and ET becomes detectable within 30 min (O'Donnell et al. 1996).
This increase in ET accumulation is attributed to transcriptional upregulation of genes
encoding the rate-limiting biosynthetic enzyme 1-aminocyclopropane-1-carboxylate
synthase (ACS) and 1-aminocylopropane-1-carboxylate oxidase (ACO) (Vanderstraeten
and Van Der Straeten 2017).

The use of loss-of-function or gain-of-function mutants was used to explore the roles
of ET and JA in plant and herbivore interactions. Tian et al. (2014) studied the never-ripe
(Nr) tomato mutant, which exhibits a partial block in ET perception and the defenseless
(def1) tomato mutant that is deficient in JA biosynthesis. Partial blocking of ET

perception did not show enhanced plant susceptibility as they had expected. In contrast,
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blocking ET perception and synthesis in maize resulted in enhanced plant susceptibility
to caterpillar feeding (Harfouche et al. 2006). In addition, ET and JA can negatively
interact. For example, in tobacco, ET negatively regulated JA-induced nicotine
biosynthesis (Kahl et al. 2000). Finally, the use of ET-signaling mutants in Arabidopsis
showed differences in plant resistance. ET-signaling mutants elevated Arabidopsis
resistance to a generalist herbivore, Egyptian cotton worm and had undetectable effects
to herbivore, diamondback (Stotz et al. 2000).

ABA and JA interactions: ABA is “the drought-stress” plant hormone (Takahashi
and Shinozaki 2019). In tomato, ABA accumulates 24 h after wounding or systemin
treatment and analysis of ABA mutants demonstrated ABA is required for increases in
PIN2 RNAs (Dammann et al. 1997; PenaCortes et al. 1996). The MYC2 transcription
factor is the main integrator of JA- and ABA-signaling suggesting that wound and
dehydration responses regulate some of the same genes (Boter et al. 2004; Dombrecht
et al. 2007; Reymond et al. 2000). The tomato orthologs JAMYC2 and JAMYC10 of A.
thaliana’s MYC2 regulate wound-responsive genes (e.g., LAP and Pins) in tomato (Boter
et al. 2004). These studies show ABA plays a synergistic role in amplifying a wound
response in desiccated tomatoes. However, in some pathogen-plant interactions, ABA
enhances plant susceptibility. This has been attributed to ABA interactions with the two
JA-dependent branches of defense signaling, which has been best studied in
Arabidopsis (Anderson et al. 2004). ABA negatively regulates the JA/ET-dependent
defense pathway via MYC2. In response to herbivores, an upregulation of ABA signaling
facilitated pea aphid feeding in Arabidopsis (Guo et al. 2016). In addition, induction of
ABA signals decreased the accumulation of Arabidopsis defense compounds and was

beneficial for green peach aphids (Hillwig et al. 2016).
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The interactions of JA and ABA are also emphasized in mechanisms that regulate
stomatal closure. For example, recently the GUARD CELL OUTWARD-RECTIFYING K*
(GORK) channel was identified as a K*-efflux channel that is essential for JA- and ABA-
mediated stomatal closure (Forster et al. 2019). Stomatal closure is important in plant
defense because stomata are an important portal for pathogen entry into the leaf interior
(Xin and He 2013).

GA and JA crosstalk: GA is known to stimulate plant growth and delay tomato fruit
ripening (Gupta and Chakrabarty 2013; Dostal and Leopold 1967). Crosstalk between
JA and GA regulates the growth inhibition of whole plants that typically occurs during
defense responses. This has been best characterized in Arabidopsis. The GA and JA
pathways interact via DELLA proteins to fine tune the JA signaling controlled by MYC2.
The GA-signaling repressor, DELLA, binds to JAZ proteins. The DELLA-JAZ protein
interaction liberates JA-signaling transcription factors, such as MYC2, to up-regulate JA-
response genes (Gao et al. 2011; Hou et al. 2010). In the presence of GA, DELLAs are
degraded and can no longer sequester JAZ proteins, resulting in the predominance of
the repressive MYC2-JAZ-corepressor complex. This leads to repression of JA-response
genes and GA-mediated plant growth. GA and JA signaling antagonistic crosstalk during
defense against necrotrophs reinforces the premise that plant defense occurs at the
expense of growth (Meldau et al. 2012); this growth/defense reciprocity is also clearly
demonstrated in SA and JA interactions and is linked to the circadian rhythm (Zhou et al.
2015).

BRs, CK and JA crosstalk: BRs promote developmental processes in plants,
including cell division and growth (Peres et al. 2019). BRs also influence plant defense

to several pathogens (Nakashita et al. 2003) and recruit systemin to plasma membranes
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(Malinowski et al. 2009). BR receptors such as BRI1-associated receptor kinase 1 (BAK)
are important for basal resistance against pathogens (Yamada et al. 2016). Furthermore,
BRs interact with the JA pathway. The first evidence for this was provided by the
isolation of a suppressor mutant (psc1) that partially restored the JA-insensitivity of root
growth and failed to restore anthocyanin production in the coi1 mutant of Arabidopsis
(Ren et al. 2009). psc1 is a leaky mutation in the BR biosynthetic gene DWF4.
Subsequent studies using additional BR mutants, as well as brassinolide and BR
biosynthesis inhibitor treatments, confirmed the influence of BRs in the regulation of
anthocyanin biosynthesis genes, which are JA-dependent (Peng et al. 2011). There are
also links between CK levels and the accumulation of secondary metabolites associated
with plant immunity). In poplar, CK treatments induced genes that encode enzymes in
JA-biosynthesis genes, increased JA levels and antagonized insect performance
(Dervinis et al. 2010). Links between BRs and CKs are less well studied.

Auxin and JA crosstalk: Positive crosstalk exists between JA and auxin. The
master regulator of JA responses, MYC2, cross-regulates auxin by activation of Auxin
Response Factor (ARF18) (Zander et al. 2020). The co-chaperone SGT1b (Suppressor
of G2 allele of skp1) is required for JA and IAA responses in both tomatoes and
Arabidopsis after pathogen infection (Uppalapati et al. 2011). In Arabidopsis, SGT1b
maintains steady state levels of COI1 for JA signaling and TIR1 F-box proteins important
in auxin signaling (Zhang et al. 2015). Finally, auxin accumulation after wounding serves
to repair or protect the wound sites and regenerate lost tissue. In Arabidopsis, auxin
accumulates at the wound site within a day and the gene encoding WUSHCHEL-related
homeobox 11 (WOX11) transcription factor is induced for tissue repair (Hu and Xu 2016;

Liu et al. 2014).
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Chloroplast Retrograde Signaling

The chloroplast is the plant cell's metabolic hub. There is a bidirectional
communication between the nucleus-to-plastid (anterograde) and plastid-to-nucleus
(retrograde) signaling important for plastid functionality (de Souza et al. 2017; Jiang and
Dehesh 2021). The first retrograde signaling discovery was discovered on two barley
(Hordeum vulgare) chloroplast ribosome-deficient mutants, whose defects in plastid
functions led to downregulation of nuclear-encoded plastid proteins,
phosphoribulokinase and glyceraldehyde-phosphate dehydrogenase (Bradbeer et al.
1979). This study began the robust, yet still emerging, field of retrograde signaling.
Initially, the focus was on plastid biogenesis and its coordination with chlorophyll
biosynthesis that is controlled by nuclear genes in young seedlings of barley, mustard,
pea, or Arabidopsis (Oelmuller et al. 1986; Sullivan and Gray 1999; Susek et al. 1993).

Today, it is clear that there are two forms of retrograde signaling: biogenic and
operational signaling. Biogenic signals act during the initial stages of plastid
development and regulate photosynthesis-associated nuclear gene expression during
light-regulated development and after disruption of plastid protein synthesis. Operational
signals are generated in response to biotic and abiotic stresses (Pogson et al. 2008).
Below | highlight key regulators of plant retrograde signaling. The vast majority of these
studies have been conducted in Arabidopsis with the exception of the foundational
studies noted above.

Genomes uncoupled 1 (GUN1): The genomes uncoupled (gun) mutants provided
deep insights into the biogenic retrograde signals used in Arabidopsis (Koussevitzky et

al. 2007). Initial genetic screens in Arabidopsis using an inhibitor of chloroplast-specific
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protein translation, lincomycin, and photooxidative stress treatment, norflurazon (NF),
resulted in repressed expression of photosynthesis-associated nuclear genes (PhANGs)
and led to the discovery of six GUNs (Cottage et al. 2008; Zhao et al. 2018). All six
GUNSs, except for GUN1, encode enzymes in the tetrapyrrole biosynthesis or metabolism
(Shimizu and Masuda 2021). GUN1 encodes a pentatricopeptide repeat protein that
functions in both biogenic and operational retrograde signaling (Zhao et al. 2018);
isolation of GUN1 interacting proteins is providing insights into its many modes of
regulating retrograde signaling (Huang et al. 2021; Jia et al. 2019).

The Clp proteolytic complex of the chloroplast stroma keeps GUN1 levels low under
non-stress conditions (Tadini et al. 2020). By binding the CIpC1 chaperone, GUN1 is
kept at low levels in plants. However, GUN1 accumulates during early steps of
chloroplast biogenesis and under stress including high light, heat, drought, and ROS
(Wu et al. 2018). GUN1 binds to porphyrins reducing protochlorophyllide synthesis and,
thereby, lessens the tetrapyrrole biosynthetic pathway flux in chloroplasts (Shimizu and
Masuda 2021; Susek et al. 1993). Porphyrin rings possess photodynamic properties that
can generate ROS during light stress, primarily singlet oxygen leading to photooxidative
damage and cell death (op den Camp et al. 2003). Therefore, it is important for plants to
regulate tetrapyrrole biosynthesis, as lower levels of protochlorophyllide curtail the
production of ROS that damage cellular macromolecules.

GUN1 has a big impact on the transcription and editing of plastid-genome encoded
genes in Arabidopsis (Tadini et al. 2020). In chloroplasts, two different RNA polymerases
transcribe different sets of chloroplast genes: Nuclear-encoded RNA polymerase (NEP)
and plastid-encoded polymerase (PEP) (Borner et al. 2015). NEP transcribes

housekeeping genes and PEP transcribes over 80% of the plastid genes, predominately
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those associated with photosynthesis (Hajdukiewicz et al. 1997). Lincomycin treatments
result in suppression of PEP-dependent transcription. To compensate for the loss of
PEP-dependent transcription, GUN1 interacts with NEP to deploy the A-rpo adaptive
response, which encompasses an accumulation of NEP-dependent transcripts (Tadini et
al. 2020). The impaired PEP dependent proteins are classified in several categories:
plastid transcription regulation, plastid transcripts maturation, plastid translation, and
plastid proteostasis maintenance.

In addition, GUN1 accumulation during stress conditions and early stages of
chloroplast biogenesis leads to GUN1 interactions with Multiple Organellar RNA-editing
factor 2 (MORF2), a member of plastid RNA editosome, which is a collection of three
RNA-editing factors in the plastid (Zhao et al. 2019). The MORF2 targets are NEP-
dependent transcripts. The MORF2-GUN1 interactions negatively regulates RNA-editing
efficiencies (Zhao et al. 2019; Zhao et al. 2020).

The GUN1-dependent suppression of PhRANGs may contribute to protection from
oxidative stress (Zhang et al. 2011). In addition, GUN1-dependent upregulation of NEP-
dependent transcripts upon suppression of PEP activity may maintain the housekeeping
functions of plastids and reducing oxidative damage to photosynthesis.

Methylerythritol cyclodiphosphate (MEcPP): MEcCPP is synthesized via the
plastidial methylerythritol phosphate (MEP) pathway (Zhou and Pichersky 2020). This
pathway produces the precursors of a wide variety of isoprenoids and MEcCPP regulates
chloroplast-nuclear communication functioning as an operational signal (Xiao et al.
2012). As MECPP influences JA-SA crosstalk and my project focuses on the role of JA-
induced LAP-A in regulated defenses, this section in expanded relative to other

retrograde signal sections (see below).
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MEcPP’s role in retrograde signaling was revealed in Arabidopsis through a
forward-genetic screen to identify regulators of HYDROGENPEROXIDE LYASE (HPL).
The ceh1 (CONSTITUTIVELY EXPRESSING HPL, hsd-4) expresses HPL transcripts
constitutively. CEH1 encodes hydroxymethylbutenyl diphosphate synthase (HDS) a key
enzyme of the MEP pathway. The ceh1 mutant caused the metabolite MEcCPP to
accumulate resulting in a stunted growth phenotype (Xiao et al. 2012). MEcPP
accumulates in response to numerous stresses including high light, oxidative stress,
high temperatures, heavy metals, and aphid feeding (Li and Sharkey 2013; Ostrovsky et
al. 1998; Wang et al. 2017; Xiao et al. 2012; Kimura et al. 2003).

Accumulation of MECPP in the plastid induces selected nuclear-encoded, stress-
response genes classifying MECPP as a retrograde signal (Lemos et al. 2016; Walley et
al. 2015; Wang et al. 2017; Xiao et al. 2012). These MEcPP- response genes are
activated in a Ca?*-dependent manner via the calmodulin-binding transcription activator
3 (CAMTA3) (Benn et al. 2016). CAMTAS3 regulates general stress-response genes in
the nucleus by binding to the rapid stress-response element (RSRE). MEcPP
coordinates light and hormonal signaling, specifically through PHYB protein abundance
and by suppressing the expression of nuclear transcription factors phytochrome-
interacting factor 4/5 (PIF4/5), which are responsible for the induction of auxin and
ethylene biosynthetic genes (Jiang et al. 2020). In this manner, MEcPP leads to
reduction of auxin and ET levels to regulate plant growth in response to high light
environments (Jiang et al. 2020). In addition, MEcPP decreases the abundance of the
auxin transporter protein PIN1 and thereby affects auxin distribution; this further
increases PHYB abundance and modulates ET-auxin levels to regulate plant growth

(Jiang et al. 2018).
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MECPP also impacts plant defense. High levels of MEcPP induce the expression of
the SA biosynthetic enzyme gene ISOCHORISMATE SYNTHASE 1 (ICS1) and, not
surprisingly, the ceh1 mutant accumulates high levels of SA and confers enhanced
resistance to the biotrophic pathogen Pseudomonas syringae (Xiao et al. 2012).
Transcriptome profiling of the ceh1 mutant revealed that MEcPP regulates SA-JA
crosstalk (Lemos et al. 2016). When MECPP levels are elevated JA-response genes are
activated despite the presence of high SA levels (Lemos et al. 2016). In addition,
different alleles of the HDS gene (cbl4-2, cbs3, hds3) also accumulated high levels of
MEcPP, ME-glycosides, and SA constitutively and conferred resistance to biotrophs
(Hyalperonospera arabidopsis and P. syringae) but did not influence resistance to
necrotrophs (Plectosphaerella cucumerina or Botryis cinerea) (Gil et al. 2005). In all
studies the accumulation of SA and resistance was dependent on known regulators of
the SA-signaling pathway. In addition, the response to MECPP may be dependent on a
plant’s developmental stage (Gonzalez-Cabanelas et al. 2015).

MECcPP also modulates defenses to herbivory. Arabidopsis hds-3 and ceh1 mutants
are more resistant to the cabbage aphid (Onkokesung et al. 2019; Gonzalez-Cabanelas
et al. 2015). However, plant resistance to cabbage white caterpillars were not enhanced
(Onkokesung et al. 2019). The analysis of primary and secondary metabolites in non-
infested and infested hds3 mutants showed lower levels of glucosinolates and
isoprenoid metabolites compared to non-infested and infested wild-type plants. As a
result, it affected the metabolic flux whereby the plants are more resistant to aphid
attack. There is evidence that glucosinolate levels are regulated in response to biotic

stress including wounding, herbivory, and SA treatments (Bidart-Bouzat and
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Kliebenstein 2008; Kim and Jander 2007; Mewis et al. 2006; Brown et al. 2003;
Kliebenstein et al. 2002).

Nucleotide phosphatase (SAL1) and 3’-phosphoadenosine 5’-phosphate
(PAP): The SAL1-PAP chloroplast retrograde signal functions in response to drought
and high light in Arabidopsis classifying it as an operational signal (Estavillo et al. 2011;
Chan et al. 2016a; Chan et al. 2016b). In non-stress conditions, the nucleotide
phosphatase SAL1 dephosphorylates PAP to produce adenosine monophosphate in the
chloroplast. High light and drought repress SAL1, which leads to overaccumulation of
PAP. High light stress generates ROS such as singlet oxygen ('02) at photosystem ||
(PSIl) and superoxide (O2) at photosystem I, which is catabolized to H2O: in
photosystem | (PSI) (Asada 2000). ROS accumulation results in the inactivation of SAL1
in the chloroplast and allowing accumulation of the substrate, PAP (Chan et al. 2016a).

PAP moves from the chloroplast to the nucleus via a bidirectional transporter
ADP/ATP carrier of the thylakoid membrane, TAAC/ PAPST1 (Zhao et al. 2019; Estavillo
et al. 2011; Chan et al. 2016a; Gigolashvili et al. 2012). PAP inhibits RNA-degrading
activity of the 5’ to 3’ exoribonuclease (XRN) altering posttranscriptional gene silencing,
mRNA turnover, and transcription. Nuclear XRN2 and XRN3 act on uncapped RNAs
(e.g., excised hairpin loops form part of precursor microRNA transcripts) (Liu and Chen
2016). Gy et al. (2007) showed uncapped RNAs accumulate in sal1 mutants.

PAP indirectly regulates stomatal closure as an avoidance response to drought
stress (Pornsiriwong et al. 2017). The PAP-XRN interaction in the nucleus activates the
anion channel SLOW ANION CHANNEL-ASSOCIATED 1 (SLAC1) leading to stomatal
closure as a response to abiotic stress (Pornsiriwong et al. 2017). PAP also influences

JA and IAA signaling to impair plant growth as a response to perceived high light and
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drought. PAP induction of LOX2 enhances JA levels and regulation of leaf development
(Rodriguez et al. 2010). PAP induction of auxin and phyB degradation downregulates
hypocotyl growth (Ishiga et al. 2017; Jiang et al. 2020).

SAL1-PAP retrograde signaling also affects defense by regulating the glucosinolate
biosynthetic pathway and hormone signaling (Ishiga et al. 2017). Arabidopsis sal1
mutants (fry1-2 and alx8) are hypersusceptible to the pathogens Pseudomonas syringae
pv. tomato DC3000 (a hemibiotroph) and Pectobacterium carotovorum subsp.
carotovorum EC1 (a nectrotroph) compared to wild-type Col-0 and SAL1-overexpression
plants (Ishiga et al. 2017). Mutations in sal1 also compromise ETI. This correlates with
down regulation of the SA- and JA-signaling pathways, as evidenced by expression of
sentinel genes, as well as decreased levels of glucosinolates.

Apocarotenoids and B-cyclocitral: Carotenoids are MEP pathway-derived
isoprenoid compounds synthesized in plastids (Cazzonelli and Pogson 2010).
Apocarotenoids and B-cyclocitra are important for the light-harvesting apparatus; acting
as ROS scavengers, they protect the photosynthetic machinery from ROS that is
generated during photosynthesis and stress (Cazzonelli and Pogson 2010).
Apocarotenoids include the phytohormones ABA and strigolactones (SLs). In addition,
cis-carotene-derived apocarotenoids and [-cyclocitral are retrograde signals.
Apocarotenoids are formed enzymatically or spontaneously and they stimulate
expression of nuclear-genome-encoded genes including: ELONGATED HYPOCOTYL5
(HY5), PHYTOCHROME-INTERACTING FACTOR3 (PIF3) and many photosynthesis-
associated nuclear genes (PhANGs) (Cazzonelli et al. 2020).

B-cyclocitral, a B-carotene oxidation by-product, is generated in chloroplasts under

high light and activates B-cyclocitral transcription of ICS1, which is responsible for the
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production of SA (D'Alessandro et al. 2018). The rise in SA and changes in redox state
promotes the translocation of SA receptor, NPR1, from the cytosol to the nucleus acting
as a transcriptional activator of SA and SA-response genes. Plants with high levels of (3-
cyclocitral display resistance to high light and have enhanced resistance to bacterial
pathogens (D'Alessandro et al. 2018; Lv et al. 2015; Liu et al. 2020). B-cyclocitral also
induces SCARECROW-LIKE14 (SCL14) and ABA-responsive NAC (ANAC) transcription
factor transcripts, which enhances plant growth and results in a phenotype of acclimation
to high light (D'Alessandro et al. 2018). Application of B-cyclocitral enhances root growth
and branching in Arabidopsis, rice, and tomato (Dickinson et al. 2019). Whereas the role
of B-cyclocitral in plant defense is understudied, its role in increasing SA levels and
promoting NPR1 translocation suggests a possible role in defense. In accordance, -
cyclocitral treatments protects African spider plants from two-spotted spider mites and
grapevines from the oomycete Plasmopara viticola causing downy mildew (Nyalala et al.
2013; Lazazzara et al. 2018).

Transcription factor mobility between plastid and nucleus: Chloroplast
development requires communication with the nucleus; dual-localized proteins and
transcription factors may also facilitate chloroplast-to-nucleus communication.
Transcription factors such as the PHD TYPE TRANSCRIPTION FACTOR WITH
TRANSMEMBRANE DOMAINS (PTM) and WHIRLY1 are putative retrograde signals;
they are able to translocate from the chloroplast to the nucleus (Foyer et al. 2014;
Isemer et al. 2012; Sun et al. 2011). PTM is a chloroplast envelope-bound plant
homeodomain (PHD) transcription factor that is cleaved in response to photooxidative
stress and its truncated product moves to the nucleus to regulate photosynthetic gene

expression (Sun et al. 2011). However, the role of PTM in retrograde signaling was
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recently challenged (Page et al. 2017) and it has been suggested that PTM be removed
from the retrograde signal list (Mielecki et al. 2020).

WHIRLY1 moves from the chloroplast to the nucleus after perception of redox
changes in the photosynthetic apparatus that convert the WHIRLY1 oligomer to a
monomer (Ren et al. 2017; Foyer et al. 2014). The monomeric WHIRLY1 is folded to
reveal a nuclear localization signal motif that allows its relocation to the nucleus similarly
to the SA receptor, NRP1 where it interacts with TGACG-sequence-specific protein-
binding (TGA) transcription factors (Rochon et al. 2006). Once in the nucleus, WHIRLY1
induces PR and WRKY53 gene expression.

The transcription factor ABSCISIC ACID INSENSITIVE4 (ABI4) is not mobile but
may be involved in retrograde signaling. ABI4 appears to have a role in mitochondria-to-
nucleus signaling as evidenced by its role in regulating the mitochondrial ALTERNATIVE
OXIDASE gene (Giraud et al. 2009). The role of ABI4 in chloroplast-to-nucleus
retrograde signaling has remained more controversial; with some groups implicating
ABI4 and GUN1 in the same signaling pathway, others concluding ABI4 and GUN1 may
regulate independent pathways, and others that could not generate a gun1 phenotype
from four different abi4 alleles (Mielecki et al. 2020).

ROS and Redox Hubs in the Chloroplast: Aside from their potential toxicity to
plants, low levels of ROS and their associated redox networks serve as cellular signals.
ROS is created in several cellular locations including the apoplast (via the plasma
membrane bound NADPH oxidases), chloroplast, mitochondrion, and peroxisome (Foyer
and Noctor 2016). In the chloroplast, ROS is generated in as byproducts of
photosynthetic light reactions: 'O, at PSIl and O, at PSI (Asada 2000). Superoxide

anion (O27) s the short-lived precursor of H20., as O is rapidly dismutated by
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superoxide dismutases (SODs) to form H»O.. Most research regarding ROS as
retrograde signals is done in Arabidopsis (Cejudo et al. 2020).

H20: is longer lived than the other ROS and can move from the chloroplast to alter
cytosolic and nuclear redox states and regulate nuclear gene expression (Exposito-
Rodriguez et al. 2017; Vogel et al. 2014). H.O, movement may be facilitated by
aquaporins (Bienert and Chaumont 2014). In addition, stromules (stroma-filled tubules)
that physical connect chloroplasts with the nucleus may also facilitate for H>O-
translocation (Dietz et al. 2016). To demonstrate that H.O- is a retrograde signal, cells
expressing a genetically encoded H20. sensor were exposed to high light, which
elevates ROS levels. These studies showed that H20- originating from the chloroplast is
transferred to the nucleus (Exposito-Rodriguez et al. 2017). These data suggested a
close association between the chloroplast and nuclei avoiding the need to translocate
through the cytoplasm (Exposito-Rodriguez et al. 2017).

'0, is another retrograde signal, despite its short half-life (200 ns) that was revealed
by studies on the Arabidopsis Fluorescent In Blue Light (FLU) gene, which is a negative
regulator of tetrapyrrole biosynthesis (Kauss et al. 2012; Meskauskiene et al. 2001).
When dark-adapted flu plants are transferred to light, the photosensitizing
protochlorophyllide molecules generate 'O,,, which cause bleaching of young seedlings
and growth inhibition in mature plants (Wagner et al. 2004) due to oxidation of (-
carotene (see section above) or damage to D1 protein necessitating turnover and
replacement (Krieger-Liszkay et al. 2008; Ramel et al. 2012). The light induced flu
phenotype is suppressed by inactivation of EXECUTER1 (EX1) and EX2 (Lee et al.
2007). executer mutants block the transmission of the 'O.-generated signal to the

nucleus that reprograms expression of ~5% of the genome. Recent data indicate, 'O
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generated in thylakoids oxidizes a Trp residue of EX1. FtsH2-dependent cleavage of the
oxidized EX1 protein is necessary for induction of this signaling pathway (Dogra et al.
2017; Dogra et al. 2019; Wang et al. 2016). More stable second messengers derived
from 'O, in the plastid activate a signaling pathway to regulate nuclear gene expression.
The 'O, induces expression of nuclear-encoded SA- and JA-response genes, including
PR1 and several WRKY's (Danon et al. 2005).

Recently, a new 'O2-induced retrograde signaling pathway has been discovered: the
'0,-SAFEGUARD1 (SAFE1) pathway independent of EX1 (Wang et al. 2020). SAFE1 is
localized in the chloroplast stroma and is degraded after induction of 'O>. In the absence
of SAFE1, grana margins of chloroplast thylakoids are targets of 'O, and damaged grana
margins results in stress signaling independent of EX1. Plant phenotypes are cell death
of young seedlings and growth inhibition of mature plants. Therefore, SAFE1 protects
grana margins from damage caused by 'O».

Treatments in Arabidopsis seedlings with methyl viologen (MV), a O>" propagator,
show an upregulation of nuclear genes in microarray data. These data suggest that
changes in Oz levels can be perceived (directly or indirectly) and, therefore, O»™ can be
considered a retrograde signal (Scarpeci et al. 2008; Laloi et al. 2007). As a short-lived
ROS, O is not likely to move to the nucleus to execute its control, therefore a mobile
secondary signal is needed. ROS signaling depends on the post-translational
modification of ROS targets (Mock and Dietz 2016; Liebthal and Dietz 2017). The targets
are often enzymes of metabolic pathways or stress-associated metabolites. In addition,
O2" can act on redox-mediated regulation of enzymes in metabolite biosynthetic
pathways. For example, Oz~ acts on carotenoids to oxidize and generate a retrograde

signals such as B-cyclocitral as previously discussed (Ramel et al. 2012).
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To limit damage to cellular components and to assure ROS-generated retrograde
signals are transient, ROS levels are controlled by the action of ROS scavenging
systems/antioxidants (Hasanuzzaman et al. 2020). Non-enzymatic ROS scavenging
systems include carotenoids, ascorbate, and glutathione (Pinnola and Bassi 2018).
Enzymatic ROS scavenging systems include: Cu/Zn-and Fe-superoxide dismutases
(SODs), ascorbate peroxidase (APX), and 2-Cys Peroxiredoxin (2-Cys Prx) (Pilon et al.
2011; Serrato et al. 2004) (Puerto-Galan et al. 2015). SODs act on O3 to produce H>O-,
which can then generate hydroxyl radicals (*OH-) by the Fenton reaction (Asada 2000;
Khorobrykh et al. 2020)

The NADP-dependent Thioredoxin Reductase C (NTRC) and 2-Cys-peroxiredoxin
(2-Cys-Prx) is a key redox regulatory system in chloroplasts. NTRC acts as the primary
reductant of 2-Cys Prxs, the most abundant chloroplast thiol-dependent peroxidases that
scavenge H2O. (Nikkanen and Rintamaki 2019). 2-CysPrx interactors have been
identified (Muthuramalingam et al. 2009). Together NTRC and 2-CysPrx regulate
metabolic enzymes, such as FBPase (Konig et al. 2002; Collin et al. 2003; Broin and
Rey 2003; Laxa et al. 2007; Rey et al. 2005; Muthuramalingam et al. 2009), and
molecules that are associated with retrograde signaling. For example, this redox system
regulates the stability of tetrapyrrole biosynthetic enzymes [eg., GIUTR, Mg-
protoporphyrin IX methyltransferase (CHLM), the CHLI subunit of Mg-chelatase, and the
Mg-protoporphyrin IX methylester cyclase (CYC)] that produce the photosensitizing
tetrapyrroles critical of signaling by EX1 and EX2 and ultimately produce chlorophyll as
the end-product (Stenbaek et al. 2008; Richter et al. 2013; Richter et al. 2018; Pérez-
Ruiz et al. 2014). The NTRC/2-Cys-Prx redox system may also modulate the redox state

of phosphatase SAL1, which activates the retrograde signal PAP (Chan et al. 2016a). It
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has also recently been proposed that 2-Cys-Prxs and its substrate H,O2, may regulate
transcription of HSP70-4, HSP90-1, and other stress-response genes (Ojeda et al. 2021;
Pérez-Ruiz et al. 2017).

GSH is an essential non-enzymatic antioxidant and metabolite that regulates redox
status in plant cells among other cellular roles (Noctor et al. 2012). GSH is a tripeptide
composed of Glu, Cys, and Gly in which the Glu attaches to the Cys at the y—carboxyl
group of Glu (Noctor et al. 2012). GSH is synthesized by two enzymatic reactions. First,
the y-EC synthase (y-ECS; GSH1) forms the y-Glu-Cys bond. Second, the GSH
synthase (GSH-S; GSH2) joins Gly to the y-Glu-Cys dipeptide (Meister 1988; Mullineaux
and Rausch 2005; Rennenberg 1980). GSH1 and GSH2 transcripts accumulate in
response to JA and H;O: treatments (Queval et al. 2009; Xiang and Oliver 1998).
Glutathione degradation is not as well characterized as its biosynthesis (Bachhawat and
Kaur 2017). This dissertation will explore further glutathione catabolism in tomato wild-

type and mutant plants by our protein of interest, Leucine aminopeptidase A.

Leucyl aminopeptidases — A potential defense regulatory hub

As noted in the JA signaling section of this Introduction, the tomato leucyl
aminopeptidase (LAP-A) is a regulator of the tomato defense response. The over-
arching goal of Walling lab is to understand the full spectrum of LAP-A-dependent
changes at the transcriptome, proteome and metabolome levels. To provide context for
the goals of my dissertation, an overview of LAPs in plants, animals and microbes is
provided. | also review our current understanding of the tomato LAPs and their role in

defense.
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Overview of aminopeptidases in plants, animals, and microbes: Peptidases
hydrolyze internal peptide bonds (endoprotease) or bonds the amino (N) or carboxyl (C)
terminus (aminopeptidase or carboxypeptidase) or proteins and peptides (Rawlings and
Barrett 2013). In addition, postranslational modifications of target proteins (such as
phosphorylation, oxidation of residues, and ubiquitination) can tag a protein for
degradation (Ling et al. 2019). Proteolysis is essential for protein turnover and nitrogen
recycling during seed germination, plant growth, development, and leaf senescence
(Kelley and Estelle 2012; Van der Hoorn 2008). Proteolysis occurs in all stages of plant
development from embryogenesis, inflorescence development, programmed cell death,
circadian rhythms to phytohormone signaling and stress responses (Sharma and Gayen
2021).

Aminopeptidases cleave N-terminal residues from peptides and proteins (Walling
2013). Aminopeptidases are important for protein turnover, maturation, and peptide
catabolism (van Endert 2011; Meinnel et al. 2006). In addition, aminopeptidases may
expose the penultimate residue that affects a protein’s half-life as predicted by the N-
degron pathway (Walling 2006; Graciet and Wellmer 2010; Varshavsky 2011). Plant
aminopeptidases regulate diverse processes such as meiotic recombination (Sanchez-
Moran et al. 2004), cell cycle progression (Peer et al. 2009), seedling development (Peer
et al. 2009), and defense (Fowler et al. 2009).

LAPs are conserved in plants, animals, and microbes (Straeter and Lipscomb 2013;
Colloms 2013; Matsui et al. 2006; Nandan and Nampoothiri 2017; Panpetch and
Sirikantaramas 2021; Mathew et al. 2021; Wanat et al. 2019). The ~55-kDa LAP
subunits assemble into homo-hexamers. Animal LAPs are important for turnover of

oxidatively damaged proteins in the eye lens and Cys-Gly catabolism (a product of
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glutathione catabolism) and for antigen presentation (Taylor 1985; Cappiello et al. 2004;
Josch et al. 2003). The microbial LAPs (PepA) are aminopeptidases, as well as DNA-
binding proteins; they are responsible for site-specific recombination and function as a
transcription factors that modulate several operons (Stirling et al. 1989; Charlier et al.
1995). In tomato, LAP modulates wound signaling (Fowler et al. 2009).

Plant LAPs and LAP-A History: In tomato, there are two classes of LAPs that are
distinguished by their isoelectric point; LAP-A is acidic and LAP-N is neutral. Plastid
import and immunolocalization studies indicate that LAP-A and LAP-N are localized in
the chloroplast stroma (Narvaez-Vasquez et al. 2008; Tu et al. 2003). In tomato, LAP-N
is encoded by a single gene. LAP-N and LAP-N-like proteins are conserved in all plants
and accumulate in all organs (Chao et al. 2000; Gu et al. 1999; Tu et al. 2003; Chao et
al. 1999; Milligan and Gasser 1995). LAP-N proteins are constitutively expressed within
the plant and unresponsive to stress (Tu et al. 2003; Chao et al. 2000). The tomato LAP-
A protein is encoded by two highly related genes LapA1 and LapA2. These genes are
regulated during plant development and in response to abiotic and biotic stress. LAP-A
is discussed in greater detail below.

Arabidopsis LAP: Arabidopsis has three LAP genes (LAP1-3) that are most similar
to tomato’s LAP-N (Walling 2013). None of the Arabidopsis LAP genes are induced by
wounding (Bartling and Nosek 1994; Bartling and Weiler 1992; Waditee-Sirisattha et al.
2011a). LAP2 and LAP3 are chloroplast localized, and LAP1 resides within the cytosol
(Bartling and Weiler 1992). Like the tomato LAPs, the Arabidopsis LAPs possess both
aminopeptidases (Bartling and Nosek 1994; Waditee-Sirisattha et al. 2011b) and
chaperone activities (Scranton et al. 2012; Waditee-Sirisattha et al. 2011b). The

Arabidopsis LAP2 preferentially hydrolyzing N-terminal Leu, Met and Phe residues and
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is a regulator of cell growth, photosynthesis and nitrogen metabolism (Waditee-Sirisattha
et al. 2011a; Waditee-Sirisattha et al. 2011b). In contrast, The Arabidopsis LAP1
catabolizes cytosolic Cys-Gly (Kumar et al. 2015).

LAP-A subcellular localization and biochemical functions: In contrast to the
ubiquitous LAPs of Arabidopsis and tomato LAP-N proteins, LAP-A is present only in a
subset of Solanaceae (Chao et al. 2000; Hartl et al. 2008; Herbers et al. 1994;
Dammann et al. 1997). In tomato, there are two highly related genes that encode LAP-A
(LapA1 and LapA2) (Gu et al. 1996b). LapA RNAs accumulate during floral and fruit
development and at high levels in mature flowers (Tu et al. 2003; Pautot et al. 1993;
Chao et al. 1999). LapA RNAs do not accumulate or are at low levels in foliage from
healthy plants (Chao et al. 1999).

LapA has also been studied in potato. LapA RNAs accumulate in potato (Solanum
tuberosum) tubers after wounding and in response exogenous ABA and JA (Hildmann et
al. 1992). Similar to potato, tomato LAP-A mRNA, proteins, and activity are induced after
mechanical wounding (Pautot et al. 1993; Gu et al. 1996a; Gu et al. 1996b; Pautot et al.
1991).

The tomato LAP-A is well characterized biochemically (Gu et al. 1999; Gu and
Walling 2000; Walling 2013; Gu and Walling 2002; Duprez et al. 2014). In vitro studies
on synthetic peptides showed LAP-A preferably hydrolyzes substrates with basic (Arg)
and nonpolar (Leu, Val, lle and Ala) residues at the N-terminal and penultimate residues
(Gu and Walling 2000; Gu et al. 1999). The N-terminus (+1) and penultimate residue
(+2) residues of peptides influence both the substrate affinity (Kn) and the catalytic ability
(Vmax and kcat) of LAP-A (Gu and Walling 2000; Gu et al. 1999; Gu and Walling 2002).

One of the goals of discovering the X-ray crystal structure of LAP-A was to define LAP-
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A’s central cavity to identify the rest of the preferential residues for a putative substrate.
However, the hexamer LAP-A central cavity formed by the substrate-binding channels is
wider than expected (Duprez et al. 2014). LAP-A can bind and hydrolyze peptide
substrates larger than six residues indicating the LAP-A may have a role in the turnover
of small peptides and the hydrolysis of the termini of full length proteins (Duprez et al.
2014).

In addition, LAP-A is a molecular chaperone that prevents protein unfolding and
aggregation and promotes protein refolding (Scranton et al. 2012; Walling 2013). Three
assays (thermal restriction enzyme protection, thermal citrate synthase aggregation, and
luciferase refolding assays) were used to monitor protein protection from heat-induced
damage (Scranton et al. 2012). LAP-A’s chaperone activity may be important for plant
immune responses against insects. LAP-A may maintain the protein conformation and
activity of defense proteins such as threonine deaminase and arginase, which function
as anti-nutritive proteins in insects by depleting amino acids in herbivore’s midgut (Chen
et al. 2005).

Cell fractionation studies and immunoblot analyses of chloroplasts and total proteins
showed wound-induced LAP-A is localized in plastids (Gu et al. 1996b). An in vitro-
transport study with pea chloroplasts showed transit peptides from LAP-A and LAP-N
precursor proteins functioned as targeting signals into leaf chloroplasts (Narvaez-
Vasquez et al. 2008). Finally, an immunocytochemical assay using LAP-polyclonal and a
LAP-A-specific antiserum showed low levels of LAPs in healthy leaves, and levels
accumulated within chloroplasts of leaf mesophyll cells after wounding or MeJA

treatment of tomato plants (Narvaez-Vasquez et al. 2008).
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The chloroplast-localized LAP-A is critical for a robust wound response (Fowler et al.
2009). LapA RNA levels increase 4 to 24 h after mechanical wounding (Chao et al.
1999). LapA RNAs and proteins increase in response to biotic (Manduca sexta,
Spodoptera littoralis, Phytophtora parasitica, and Pseudomonas syringae) and abiotic
stresses (water deficit and salinity), systemin, MeJA, ET, and ABA (Chao et al. 1999;
Pautot et al. 2001; Pautot et al. 1993; Bottin et al. 1994; Jwa and Walling 2001;
Dammann et al. 1997).

Transgenic tomato plants to study LAP-A: The genetic analysis of plants with
altered LAP-A levels in tomato was performed by Pautot et al. (2001) using a LapA-
antisense construct 35S:asLapA1 (LapA-AS). While these plants had lower levels of
LapA RNAs in healthy and wounded leaves, the levels of LAP-A proteins from healthy
and wounded leaves from control and LapA-AS were not significantly different. In
addition, no negative effects on caterpillar (Manduca sexta) and P. syringae pv. tomato
growth were observed.

In Fowler et al. (2009), transgenic tomato lines that ectopically express LAP-A using
a 35S promoter, P35S:LapA1 (LapA-OX) were constructed and tested for resistance to
herbivory. LapA-OX plants display no fitness costs. LapA-OX are more resistant to M.
sexta feeding as measure by reduced foliage consumption and reduced larval masses
relative to wild-type (wild-type) plants. Some of the P35S:LapA1 lines silenced the
transgene (LapA-Sl). LapA-SI are more susceptible to insect feeding than wild-type
plants. More LapA-SlI foliage was consumed and masses of larvae fed on LapA-SI were
x-fold larger than those that fed on wild-type plants. These mutant plants provide a route

to study LAP-A’s role in plant immunity (Fowler et al. 2009).

33



LAP-A exerts its control by upregulating late wound-response nuclear genes (e.g.,
PPO, Pin1, Pin2) and by downregulating pathogenesis-related 1 (PR-1c and PR-1a2)
and two dehydrin (TAS14 and Dhn3) genes (Fowler et al. 2009; Scranton et al. 2013).
The late-wound response transcripts accumulate to lower levels in LapA-Sl in
comparison to wild-type plants. Reciprocally, the late-wound response transcripts
accumulate to higher levels in LapA-OX plants. LAP-A does not influence early wound-
response genes (LOX-D, AOS, Prosystemin). LAP-A acts downstream of JA
biosynthesis as shown by the inability of JA to restore the late wound response transcript
accumulation in LapA-SI and LapA-AS plants (Fowler et al. 2009). The late branch of
tomato wound signaling is positively modulated by H20. and negatively modulated by
nitric oxide (Orozco-Cardenas et al. 2001; Orozco-Cardenas and Ryan 2002).

What is the LAP-dependent retrograde signal?

Since LAP-A resides in the stroma and controls nuclear gene expression, it must
produce or modulate a retrograde signal (Fowler et al. 2009; Jung and Chory 2010;
Jiang and Dehesh 2021; de Souza et al. 2017). Several defense regulators begin their
synthesis within the plastid including: H.O2, NO, JA, SA, GA, BR, and ABA (Fowler et al.
2009; Orozco-Cardenas et al. 2001; Orozco-Cardenas and Ryan 2002; Doares et al.
1995a; Chao et al. 1999; Pena-Cortes et al. 1996). LAP-A does not alter JA, JA-lle, SA,
SA-glucoside, ABA, or ABA-glucoside levels after wounding (Scranton and Walling,
unpublished) and therefore it is likely to regulate a novel retrograde signal. As retrograde
signals can be mobile proteins, peptides, chemicals, or metabolites that perceive and
dissipate ROS, the LAP-dependent retrograde signal(s) is hard to guess. The use of

tomato wild-type (cultivar), LapA-SI, and LapA-OX plants should help us identify the
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targets and the mechanism of LAP-A action and the identity of the LAP-A dependent
signal(s).

The Walling lab applies a multi-omics approach to understand the mechanisms of
LAP-A-dependent signaling to identify LAP-A substrates. Using MeJA time courses and
wild-type, LapA-SI and LapA-OX plants, we are defining the magnitude of transcriptome
reprogramming in response to MeJA and will identify genes whose expression are LAP-
A dependent (Roche and Walling, unpublished results). Using MeJA treatments of wild-
type, LapA-SI and LapA-OX plants, we have explored the MeJA and LAP-A dependent
proteome and N-terminal proteome (Bhattacharya, Ortiz and Walling, unpublished
results). | have contributed to both proteomics and metabolomics studies of wild-type
and LAP mutant plants.

My Dissertation has four goals:

Goal 1. Leverage a tomato Chloroplast Proteome (Atlas) to predict putative LAP-A

substrates.

Goal 2. Chapter 1: The tomato chloroplast Atlas and defining the tomato stromal

proteome.

Goal 3. Chapter 2: LAP-A and MeJA regulate primary and secondary metabolites in

an array of biochemical pathways.

Goal 4. Chapter 3: LAP-A’s role in redox homeostasis and sulfur assimilation.

Goal 1. Leveraging a tomato Chloroplast Stromal Proteome Atlas to predict
putative LAP-A substrates.

My initial goal was to identify putative LAP-A biological substrates based on two sets
of data. First, | was to use our biochemical studies that identified the residues at the N-

terminus (+1) and penultimate residue (+2) that promoted or inhibited peptide hydrolysis
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by LAP-A (Gu and Walling 2000, 2002), (see Section “Plant LAPs and LAP-A History”).
Second, | was to use an X-ray crystal structure of LAP-A to predict the residues of
putative LAP-A substrates. Based on the size of the LAP-A substrate-binding pocket, |
was to predict the residues at the +1 to +4 positions of putative substrates.

In anticipation of the X-ray crystal structures, | used five different subcellular
localization algorithms to identify the tomato proteins that were in silico predicted to
reside within the tomato chloroplast. This collection of proteins (the Chloroplast
Proteome Atlas) is described in Chapter 1. The Atlas provided a subset of tomato
proteins be interrogated for their likelihood of being hydrolyzed by LAP-A. While | was
developing the Atlas, our first tomato LAP-A crystal structure was completed (Duprez et
al. 2014). We showed that the substrate-binding pocket of each LAP-A protomer was
relatively large and predicting the residues at the +2, +3 and +4 positions was not
feasible. While my plans to identify putative substrates in silico were dashed, the Atlas
has been a useful tool for our proteomics studies.

Goal 2: Defining the tomato stromal proteome subset of the chloroplast proteome
Atlas.

To identify putative LAP-A substrates, it was critical to define the tomato stromal
proteome. In Chapter 1, | describe an collaborative project with Oindrila Bhattacharya
(UC Riverside PhD candidate in the CMDB program) to delineate the tomato stromal
proteome; we have contributed equally to the work in this chapter and when published,
we will be co-first authors. To date, only the stromal proteomes of Arabidopsis (Olinares
et al. 2010; Peltier et al. 2006; Lundquist et al. 2017) and maize (Huang et al. 2013) are
described. With recent advances in the accuracy and depth of proteome coverage, this

work is a significant contribution to the chloroplast proteome field and bioinformatics field
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for proteins’ subcellular predictions. | describe the methods used to construct a
theoretical tomato chloroplast proteome (the Atlas). Along with resources from
Arabidopsis, the Atlas was used to enable our identification of the tomato stromal
protecome and to identify a set of proteins that co-purified with tomato chloroplasts
(Bhattacharya, Ortiz and Walling 2020). Our extensive manual curation of the tomato
stromal proteome allowed functions to be assigned to all but 88 of the 1254 stromal
proteome.

Goal 3. Leucine aminopeptidase A and MeJA regulate primary and secondary
metabolites in an array of biochemical pathways.

In Chapter 2, | used targeted and untargeted metabolomics to discover the
metabolites regulated by LAP-A and MeJA. Wild-type, LapA-Sl, and LapA-OX plants
were treated with MeJA. These time-course experiments defined the temporal response
of metabolites regulated by MeJA and the metabolites that accumulated in a LAP-A
dependent manner. | identified both primary and secondary metabolites that were
regulated by LAP-A and/ or MeJA. A more in-depth analysis of selected metabolites was
performed on four amino acid pathways (lle, Leu, Met and Thr) and three secondary
metabolite pathways with roles in defense including flavonoids, pipecolic acid and
steroidal glycoalkaloids. For pipecolic acid and steroidal glycoalkaloids, | correlated
metabolites with the levels of the respective biosynthetic enzymes from proteomics data
sets. In addition, | performed qRT-PCR to correlate temporal changes in these
metabolites with transcript levels of key biosynthetic enzymes. For these studies, |
focused on Met, Thr, and Lys biosynthesis pathways and two groups of secondary

metabolites (pseudoalkaloids and flavonoids).

37



Goal 4: Leucine aminopeptidase A in redox homeostasis and sulfur assimilation

In Chapter 3, | sought to identify putative LAP-A substrates. | performed wounding
time-course experiments with wild-type, LapA-SI and LapA-OX plants. My hypothesis
was that LAP-A controlled glutathione levels or glutathione redox status. This was based
on the observation that bovine lens, Arabidopsis and tomato LAPs hydrolyze Cys-Gly (a
catabolic product of glutathione) (Cappiello et al. 2004; Kumar et al. 2015; Scranton et
al. 2012; Bachhawat and Kaur 2017). | used targeted metabolomics to monitor
glutathione and its catabolites over time. Using biochemical assays, | also measured
GSH:GSSG ratios. Second, based on knowledge that H>O- is a modulator of the late
branch of wound signaling in tomato (Orozco-Cardenas et al. 2001; Orozco-Cardenas
and Ryan 1999), LAP-A regulates late wound response genes (Fowler et al. 2009), and
H20; is a retrograde signal (Exposito-Rodriguez et al. 2017), | tested the hypothesis that
LAP-A controls the levels of H,O, after wounding. | used the wounding time-course of
wild-type, LapA-SI, and LapA-OX to measure H.O: levels using biochemical assays. |
discovered that LAP-A regulates H2O; and the ratio of GSH:GSSG in tomato leaf tissue.

To further understand LAP-A’s role in redox signaling, | tested the response of nine
ROS-responsive genes to H,O- in wild-type, LapA-SI and LapA-OX plants; these genes
were previously identified based on Arabidopsis orthologs or evidence of ROS-regulated
genes in tomato fruit exposed to oxidative stress (Scranton 2013; Destro et al. 2011;
Guo et al. 2010; loannidi et al. 2009; Queval et al. 2009; Sagi et al. 2004). | also
measured transcript levels of a subset of genes that encode proteins for the biosynthesis
of sulfur assimilation and biosynthesis of Cys, which is used for GSH biosynthesis.

Finally, to identify putative LAP-A substrates, affinity purification proteomics studies

were performed. His-tagged LAP-A-wild-type, LAP-A-R431A, LAP-N-wild-type, and LAP-
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N-K354E proteins were immobilized separately on columns and leaf protein extracts
were used to identify putative LAP-A interacting proteins. The use of catalytically inactive
LAP-A (LAP-A-R431A) and LAP-N (K354E) mutants assured us that we retain LAP
substrates bound to each LAP. It was possible that enzymatically active wild-type LAP would
cleave the N-terminal residue of a substrate and release the cleavage product; these
substrates would evade detection. | identified specific LAP-A interactors that reproducibly
interacted with either LAP-A and/or LAP-A-R431A but not with LAP-N and/or LAP-N-
K354E. In addition, given the role of LAP-A in modulating H.O; levels and protein
homeostasis and its role in controlling defenses to herbivory, we discuss putative

interactors that are linked to these functions.
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Chapter 1: The tomato chloroplast soluble proteome leveraging a plastid-protein

localization prediction Atlas

Abstract

Chloroplasts are sites of metabolic hubs with wide-ranging functionality. The functions
are primarily photosynthesis to a myriad biosynthetic functionality such as retrograde
signaling relaying the organelle status to the nucleus. The chloroplast stromal proteome
of tomato (Solanum lycopersicum) showcased 1,254 proteins from MudPIT nano LC-
MS/MS studies. We leveraged reproducibility, robust in-house protein localization-
predictions (the Atlas) and subcellular localization databases to assign credibility to
proteins. We identified significantly more proteins than the Arabidopsis stromal proteome
(241 proteins), including ~550 novel proteins in the tomato plastid proteome. We
assigned molar abundance, sub-organellar localization and primary functions to proteins.
The focus is on retrograde signaling given the chloroplast localization of wound-inducible
leucine aminopeptidase A (LAP-A) and its ability to modulate nuclear gene expression.
Other protein functionalities of our focus were redox hubs, protein homeostasis,
photosynthetic complexes, and the chloroplast’s non-photosynthetic biosynthetic

features, as this lays the cornerstone to our future work.
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Introduction

Chloroplasts are essential organelles of green algae, land plants and some protists.
Differentiating from proplastids, chloroplasts are tissue-specific and formed in response
to endogenous signals (Jarvis and Lopez-Juez 2013). Well known for their role in
photosynthesis, chloroplasts serve as metabolic hubs. They are engaged in the
biosynthesis of amino acids, starch, fatty acids, lipids, terpenoids, purine and pyrimidine
bases, various pigments, vitamins, co-factors, as well as major biochemical pathways,

such as nitrogen and sulfur metabolism (Buchanan et al. 2015; Rolland et al. 2012).

Approximately 2500 proteins reside within chloroplasts (Abdallah et al. 2000). The
vast majority are nuclear genome encoded, synthesized in the cytosol, imported into the
chloroplast, and sorted into one of six sub-compartments (Cline and Dabney-Smith
2008; Nakai 2018; Thomson et al. 2020). N-terminal transit peptides facilitate the import
of the majority of nuclear genome-encoded proteins into the chloroplast, while other
proteins use non-canonical pathways for protein import into the chloroplast, including

transit through the endoplasmic reticulum (Armbruster et al. 2009).

Due to the emergence of its well annotated genome in 2000 (Initiative 2000),
proteomes of Arabidopsis thaliana organelles including chloroplasts, mitochondria,
peroxisomes, and vacuoles have been intensively studied (Carter et al. 2004; Kleffmann
et al. 2004; Millar et al. 2006; Reumann et al. 2007; Zybailov et al. 2008). This includes
the protein cohorts in Arabidopsis chloroplast sub-compartments: the envelope, stroma,
thylakoid membrane, and lumen (Ferro et al. 2003; Friso et al. 2004; Olinares et al.

2010; Peltier et al. 2006; Peltier et al. 2002; Schubert et al. 2002). Several studies have
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combined gel or column fractionation in conjunction to MS/MS to elucidate the
oligomeric complexes of the chloroplast (Lundquist et al. 2017; Olinares et al. 2010;
Peltier et al. 2006). Finally, the proteomes of different plastid forms have also been
established for maize developing plastids and chloroplasts (Majeran et al. 2012), wheat
amyloplasts (Andon et al. 2002), rice and barley etioplasts (Ploscher et al. 2011; Von
Zychlinski et al. 2005), tobacco proplastids (Baginsky et al. 2004), and chromoplasts
from seven species (Barsan et al. 2010; Barsan et al. 2012; Siddique et al. 2006; Wang

et al. 2013).

Of particular interest is the chloroplast’s role in sensing and transmitting signals to
report organellar and cellular homeostasis (de Souza et al. 2017; Krupinska et al. 2020;
Unal et al. 2020; Wang et al. 2020b). Chloroplasts have intimate and dynamic
relationships with other organelles such as the nucleus, peroxisomes, mitochondria and
endomembrane system to enable signaling of cellular stress (Mehrshahi et al. 2013;
Mullineaux et al. 2020; Oikawa et al. 2019). The diversity of signal pathways has
primarily been elucidated genetically and biochemically in Arabidopsis allowing the
discovery of a diverse set of metabolites (e.g., reactive oxygen species, isoprenoid
intermediates, phosphonucleotides, chlorophyll precursors, carotenoid metabolites) and
transcription factors to orchestrate these crucial communications (de Souza et al. 2017b;
Wang et al. 2020b). In addition, recent studies in Arabidopsis and other plants have
shown that the chloroplast serves a critical signaling hub in plant-pathogen interactions

(Yang et al. 2021; Fernandez and Burch-Smith 2019).

Defining the constituents of chloroplast proteomes and their dynamics in response to
biotic stress in crop plants is an emerging research area. In tomato, the stromal protein

leucine aminopeptidase (LAP-A) controls expression of nuclear genes after herbivory,
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wounding and treatments with methyl jasmonate (Fowler et al. 2009; Scranton et al.
2013). The bifunctional LAP-A has both aminopeptidase and chaperone (Gu et al.
1996a; Gu et al. 1999; Scranton et al. 2012), therefore we have proposed that LAP-A-
dependent signal(s) may be generated post-translationally to orchestrate chloroplast-to-
nucleus signaling. With our long-term objective of understanding the LAP-A-dependent
stromal proteome dynamics during biotic stress, we have determined a foundational

component — the tomato stromal proteome.

Recent advances in sensitivity and accuracy in mass spectrometry (MS) joined with
the availability of the annotated tomato nuclear and chloroplast genomes (Sato et al.
1999; Kahlau et al. 2006) and a high-yielding chloroplast and stromal protein isolation
protocols optimized for tomato (Bhattacharya et al. 2020) has allowed for an
unprecedented in-depth understanding of the tomato chloroplast stromal proteome.
Using nanoLC-MS/MS and two strategies to detect stromal proteins, we provide strong
empirical evidence for 1,254 proteins in the tomato stromal proteome. With minimal
contamination from other subcellular fractions of the chloroplast, this represents the
largest stromal proteome to date and provides an important insight into the complexity of
the tomato stromal proteome. Our proteome adds 550 additional proteins to the previous
characterization of tomato chromoplasts (Barsan et al. 2010; Barsan et al. 2012) and
104 proteins not previously identified in Arabidopsis thaliana proteomics studies. The
stromal proteins were manually curated and classified into 11 protein functional

categories allowing accessibility of our dataset.

This chapter is a collaboration between Linda Walling, Oindrila Bhattacharya,
(graduate student) and myself. | did the Atlas construction and collaborated with the data

analysis.
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Experimental Procedures
Chloroplast and stroma isolation

Tomato plants (Solanum lycopersicum UC82b) were grown to the three to four true-leaf
stage (five-weeks-old) as described in Bhattacharya et al. (2020). Briefly, surface-
sterilized tomato seeds were grown in UC Soil Mix 3 in flats with 18-section inserts in a
growth chamber at 28°C for 16 hr with 400 pmol m™? s™ light and 22°C for 8 hr (dark).
Plants were watered daily and fertilized weekly with a 0.35% (w/v) MiracleGro Tomato
Plant Food solution. Twenty-seven h prior to the chloroplast isolation, tomato plants
were transferred to the dark to reduce starch. Five independent chloroplast preparations
were made using leaves from 18 dark-adapted plants per preparation. Chloroplasts were
isolated using a high-yielding chloroplast and stromal protein isolation methods

optimized for tomato leaves as described in Bhattacharya et al. (2020).
Stromal protein isolation

Chloroplast stromal proteins were isolated as described by Bhattacharya et al. (2020).
For each biological replicate, chloroplast soluble proteins (110 ug) were precipitated with
four volumes of acetone, precipitated overnight (16 hr) at -20°C and pelleted at 15,000 g
for 30 min at 4°C. The supernatant was discarded. The pellet was manually dislodged
and washed with 1 mL methanol to remove residual water. The sample was centrifuged
at 15,000 g for 15 min at 4°C. Supernatant was removed. The protein pellet was air-

dried and stored at -20°C until use.

To enhance identification of chloroplast stromal proteins, which may be obscured by
abundant proteins in the 55- to 75-kDa range, stromal proteins (100 pg/lane) were

fractionated by 12% SDS-PAGE and gels were stained with Coomassie Blue R-250 (Gu
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et al. 1996b; Rosenberg et al. 1997). The region of the gel with the abundant 50- to 75-
kDa proteins was excised. The proteins in remaining gel fragments were separated into
three fractions based on mass. Gel pieces were minced and destained in 50 mM
ammonium bicarbonate in 50% acetonitrile with vigorous shaking at room temperature
for 30 min. Destaining was repeated until gel pieces were devoid of Coomassie Blue R-
250. After the final wash, gel pieces were dehydrated in 100% acetonitrile for 50 min at
room temperature with vigorous shaking. Gel pieces were dried using a SpeedVac for 15

min at 30°C and stored at -20°C until use.

Acetone protein pellets were resuspended in 100 pL trypsin solution (10 pg/mL
trypsin, 50 mM ammonium bicarbonate (pH 8), 10% acetonitrile) and incubated at 37°C
overnight. The gel protein samples were soaked with sufficient volume of trypsin solution
(10 pg/ml trypsin, 50 mM ammonium bicarbonate) and incubated overnight at 37°C.
After trypsin digestion, five acetone-precipitated and three gel-extracted stromal protein

samples were analyzed by nanoLC-MS/MS.
NanoLC-MS/MS

A MudPIT approach was employed to analyze the trypsin-treated samples. A
nanoAcquity UPLC (Waters, Milford, MA) and an Orbitrap Fusion MS (Thermo Scientific,
San Jose, CA) were configured to perform online 2D-nanoLC/MS/MS analysis. 2D-
nanoLC was performed online using the nanoAcquity UPLC in an At-Column Dilution
configuration. The first-dimension LC mobile phases were 20 mM ammonium formate
(pH 10) (mobile phase A) and acetonitrile (mobile phase B) and was achieved with five-
min elutions off a NanoEase trap column (Waters) using five stepwise increases in

acetonitrile (13%, 18%, 21.5%, 27%, and 50% acetonitrile). A final flushing step with
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80% acetonitrile was used to clean the column. Each fraction was then analyzed online
using a second dimension LC gradient. The second dimension nano-UPLC method was

described previously (Drakakaki et al. 2012).

Orbitrap Fusion MS method was based on a data-dependent acquisition (DDA)
survey. The MS-acquired data from 1 to 69 min over a 70-min gradient. The nanoESI
source was used with spray voltage at 2000 V, sweep gas at 0, and ion transfer tube
temperature at 275°C. Orbitrap mass analyzer was used for MS1 scan with resolution
set at 60,000. MS mass range was 300-1800 m/z. AGC target for each scan was set at

500,000 with maximal ion injection time set at 100 ms.

Precursor ions with intensity 10,000 or higher were selected for MS? scans, which
were performed with the lon-Trap mass analyzer in the rapid scan mode. The sequence
of individual MS? scans was from the most- to least-intense precursor ions using the top-
speed mode and a cycle time of 4 sec. Precursor ions apex peak detection was enabled,
using an expected peak width of 10 sec and Desired Apex Window set to 30%. The
minimum peak intensity threshold was set to 1e4. Higher-energy collisional dissociation
(HCD) with 25-35% normalized activation energy was used for fragmentation. The
quadrupole was used for precursor isolation with 2 m/z isolation window. MS? mass
range was set to auto/normal with the first mass set at 120 m/z. Maximal injection time
was 100 msec with the AGC target set at 10,000. lons were injected for all available
parallelizable time. A 120-sec exclusion window was applied to all abundant ions to
avoid repetitive MS? scanning on the same precursor ions using 10 ppm error tolerance.
Charge states from 2 to 8 were selected for MS2 scan and undetermined charge states

were excluded. All MS2 spectra were recorded in the centroid mode.
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The raw MS files were processed and analyzed using Proteome Discoverer version
2.1 (Thermo Scientific, San Jose, CA). Sequest HT search engine was used to match all
MS data to a tomato protein database (ITAG 2.4 annotation release) or the tomato Atlas
and concatenated target/decoy databases were used for determining false discovery
rates (Elias et al. 2005). The search parameters were the following: trypsin with 2
missed cleavages, minimal peptide length for six amino acids, MS1 mass tolerance 20
ppm, MS2 mass tolerance 0.6 Da, and Gln—pyro-Glu (N-term Q), oxidation (M), and N-
terminal acetylation as variable modifications. Only proteins with 1% FDR cut-off were
considered in the final result. Primary data is summarized in Table 1.S1 and these data
were uploaded to the ProteomeXchange Consortium via PRIDE

(http://www.proteomexchange.org/).
Annotation of the proteins of the stromal proteome

All identified proteins (1% FDR) were manually annotated. Peptide spectral
matches (PSMs) and frequency of detection in tomato eight stromal samples were the
first criteria for inclusion/exclusion of the tomato chloroplast soluble proteome. Proteins
that were detected once with 1 PSM, identified with a single peptide or sporadically
identified (in less than 40% of the samples analyzed) were removed from consideration
(Bhattacharya et al. 2020). the exceptions were proteins that had empirical evidence for
residence within the chloroplast based on the tomato literature or Arabidopsis orthologs
identified in the Plant Proteome Database (PPDB; http://ppdb.tc.cornell.edu/) (Sun et al.
2009), the Plastid Protein Database (plprot; http://www.plprot.ethz.ch/) (Kleffmann et al.
2006), and Subcellular Localization Database for Arabidopsis (SUBA4; http://suba.live/)
(Hooper et al. 2017). The PPDB database was filtered for chloroplast-localized proteins

with empirical evidence for localization within the chloroplast. The plprot database
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describes proteins localized in all plastid forms and was filtered for Arabidopsis
homologs. SUBA4 was filtered for proteins with experimentally validated localizations
within Arabidopsis plastids. Proteins that were predicted to chloroplast localized by more
than three localization algorithms were also retained (see below). For all remaining
proteins, gene names were based on the tomato literature, Sol Genomics database,
updated with recent NCBI annotations, and, when appropriate, gene names were
aligned with Arabidopsis thaliana orthologs, which were identified by the program
Eggnog (Huerta-Cepas et al. 2019) (Table 1.S2). Data from the primary literature and/or
The Arabidopsis Information Resource site (TAIR; https://www.arabidopsis.org/) and
Mercator and MapMan BIN ontologies (http://www.plabipd.de/portal/mercator-sequence-
annotation/) were used for protein curation (Berardini et al. 2015; Lohse et al. 2014;
Thimm et al. 2004). The full set of manually annotated proteins of the tomato stromal
proteome are found in Table 1.S2A. During manual annotation, we found that 50
proteins were misannotated in ITAG2.4 and were subsequently corrected in ITAG4.0
and XXX had their Sol Genomics ID changed to reflect improved annotation. The identity
of the proteins excluded from analysis and those with new IDs are provide in Table

1.S2B.
The tomato chloroplast protein Atlas

The 34,727 proteins of the deduced proteome of tomato (ITAG 2.4 annotation release)

were downloaded from the Sol Genomics Network (http://www.solgenomics.net/) and

imported into an R file, which included the amino acid sequences and gene annotations.
Protein subcellular predictions for all of the sequences were performed using four stand-
alone software programs on the UCR Linux Biocluster, which included: TargetP version

1.1b (http://www.cbs.dtu.dk/services/TargetP/), ChloroP version 1.1
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(http://www.cbs.dtu.dk/services/ChloroP/), WoLF PSORT version 0.2
(http://www.wolfpsort.org/), and YLoc (http://abi.inf.uni-
tuebingen.de/Services/YLoc/webloc.cgi/) (Briesemeister et al. 2010; Emanuelsson et al.
2000; Emanuelsson et al. 1999; Horton et al. 2007). The subcellular predictions using
the online version Predotar (http://urgi.versailles.inra.fr/predotar/predotar.html) were also
made (Small et al. 2004). Proteins predicted to have a plastid location by one or more
organellar prediction algorithms were included in the tomato chloroplast protein Atlas. Of
the 87 conserved open-reading frames in the tomato chloroplast genome, six are in the
inverted repeat and encode identical proteins. Therefore, 81 chloroplast-genome
encoded proteins were added to the Atlas (Daniell et al. 2006). The Atlas cataloged
7,466 proteins, which was maintained in an MS Excel file, with Sol Genomics Network
(SGN) loci identifiers. At times, in the absence of functional or experimental evidence
from Arabidopsis databases or the literature, the reproducible detection and strong Atlas
predictions were the criteria for retention of a protein in the chloroplast stromal
proteome. TMpred was used to confirm the presence of transmembrane domains of
tomato chloroplast integral membrane proteins (Hofmann and Stoffel 1993). Lumenal
transit peptides were predicted using PredSL and TargetP-2.0 (Almagro Armenteros et
al. 2019; Petsalaki et al. 2006). Venn diagrams were drawn using the VennDiagram

package in RStudio Version 1.4.1717 open-source software (Chen and Boutros 2011).
Features of the algorithms for the construction of the Atlas

The subcellular localization of plant cell proteins can be predicted by machine
learning methods. The standard in proteomics to predict protein’s subcellular localization
is to use more than one subcellular prediction tool for more robust predictions. Five

subcellular-localization programs (TargetP, ChloroP, Yloc, Predator, and WolfPSort)
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were used to construct a theoretical tomato chloroplast proteome (the Atlas). The five
prediction tools were trained on different sets of proteins with known subcellular
localizations. Hydrophobicity, charge and volume of amino acids were residue features
that these algorithms identified and utilized. Most of the algorithms used to construct the
Atlas trained on a small number of proteins from tomato or other members of the
Solanaeceae. Hence each algorithm provides a general predictor of a protein’s
subcellular localization. Below are the training dataset features for the five algorithms.

TargetP 1.1 was trained on plant and non-plant protein data sets obtained from
Swiss-Prot release 36. A plant proteins used to train this algorithm included 141 proteins
with chloroplast transit peptides. There were 29 tomato proteins included in the training
dataset and one was LAP-A. ChloroP was trained on only five tomato proteins from a
total of 75 plant proteins containing a chloroplast transit peptide. YLoc was trained on a
data set from Uniprot knowledgebase (KB). There were 22 tomato proteins in the plant
training dataset of which LAPA (Q10712 and Q42876) was included. PROSITE maotifs
and GO terms from close homologous sequences were implemented in the design of
YLoc algorithm predictions. The training dataset for Predotar included proteins of known
or presumed location obtained from SWISS-PROT release 39.13. A total of 588 proteins
with known chloroplast transit peptides were in this training dataset and 34 tomato
proteins were included. WoLF PSORT had a training dataset of 744 plant proteins from
Uniprot version 45. However, WoLF PSORT did not clearly iterate if tomato proteins
were utilized for their training dataset.

Relative protein abundance

Relative protein abundance was calculated based on emPAIl (exponentially modified

protein abundance index) (Ishihama et al. 2005). PAI is the ratio of the number detected
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peptides to the number of observable peptides per protein (Rappsilber et al. 2002) and
was obtained for each protein from ThermoScientific Proteome Discoverer (PD) 2.1
output. emPAl is calculated as 107 -1. The relative protein abundance (mol fraction)
was calculated by dividing the emPAIl of a protein by the sum of emPAls of all the
proteins in the entire dataset. The molar fraction was multiplied by 100 to obtain the mol

percent of each protein.
Results
Isolation and nanoLC-MS/MS analysis of the tomato chloroplast stromal proteome

We developed a high-yielding chloroplast and stromal protein isolation protocol to
identify with confidence and accuracy the protein complement of the tomato chloroplast
stromal proteome (Bhattacharya et al. 2020). Given the enhanced accuracy and
sensitivity of the LTQ-Orbitrap, we directly analyzed soluble chloroplast extracts that had
chloroplast membranes removed by ultracentrifugation. A robust set of 2,135 proteins
with a 1% FDR were obtained from the five biological replicates precipitated in 80%
acetone and the three samples analyzed after 12% PAGE. The different methods of
protein isolation yielded 880 and 67 new unique proteins from the acetone-precipitated
and PAGE gel samples, respectively (Table 1.S2). Proteins were curated using a tomato
chloroplast protein Atlas, databases with experimental evidence for a protein’s plastidial
localization (plprot, SUBA4 and PPDB), functional relatedness to Arabidopsis orthologs,

and evidence present in the literature (Table 1.S2).

To increase the confidence and significance of our dataset, we used rigorous criteria
to define the tomato stromal proteome. Of the 2,135 proteins detected, 628 were

removed from further analysis based on the fact that they were identified once by 1
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peptide spectral match (PSM), with a single unique peptide, or sporadically (in less than
40% of the samples analyzed) (Bhattacharya et al. 2020) (Figure 1). However, we
retained any protein with a known chloroplast location to gain insights into low-

abundance proteins in our stromal preparations.

The remaining 1,507 proteins were identified unambiguously with 9,843 new unique
peptides and 92,183 peptide spectral matches (PSMs) from which 1,254 proteins were
designated as the stromal proteome and 253 were classified as co-isolating proteins
(CIPs), which were excluded from the stromal proteome (Tables 1.S1-1.S2). CIPs were
reproducibly isolated but their Arabidopsis homologs had empirical evidence for or
protein localization algorithms strongly predicted residence in other subcellular
compartments (Bhattacharya et al. 2020). The detection of some of the CIPs may reflect
their dual localization within tomato cells. However, if these CIPs are chloroplast
localized, they do not using canonical transit peptides (Jarvis and Lopez-Juez 2013;
Nakai 2018; Thomson et al. 2020). It is also possible that the CIPs reflect the close
proximity of and connections between other organelles such as the nucleus,
peroxisome, mitochondria, and endomembrane system (Andersson et al. 2007; Barton
et al. 2018; Exposito-Rodriguez et al. 2017; Gao et al. 2016; Higa et al. 2014; Islam and
Takagi 2010; Mehrshahi et al. 2013; Mullineaux et al. 2020; Oikawa et al. 2019; Hooper

et al. 2017).

Curation of the tomato stromal proteome: Leveraging the tomato chloroplast

protein Atlas and Arabidopsis protein localization databases

The use of multiple machine-learning algorithms is best practice for predicting the

residence of plant proteins in subcellular compartments such as the chloroplast (Hooper
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et al. 2017; Richly and Leister 2004). Here, five subcellular-localization programs
(TargetP, ChloroP, Predotar, WoLF PSORT, and YLoc) were used to construct a
theoretical tomato chloroplast proteome (the Atlas) (Briesemeister et al. 2010;
Emanuelsson et al. 2007; Emanuelsson et al. 1999; Hooper et al. 2017; Horton et al.
2007) (Table 1.S3A). The Atlas included 87 chloroplast genome-encoded proteins
(Daniell et al. 2006; Kahlau et al. 2006) and 7,466 nuclear genome-encoded proteins
predicted to be localized in the plastid by one or more programs (Figure 2, Table 1.S3A).
The Atlas constitutes ~22% of the tomato genome making it a liberal predictor of
chloroplast localization. This approach was reasonable since each algorithm brought
different computational approaches to predict protein locations and were trained on

different sets of proteins.

At the core of the Atlas are 930 proteins that were predicted to be chloroplast
localized by all five programs (Figure 2; Table 1.S3A). While no single algorithm
accurately identified all of the 1,254 proteins in the tomato stromal proteome, each
algorithm identified a set of unique proteins ranging from 61 (WolfPSort) to 390
(ChloroP), stressing the unique contributions of each program to the Atlas. (Table 1.S2).
Only 3,276 proteins in the tomato Atlas had an Arabidopsis ortholog with a chloroplast
location detected one or more Arabidopsis protein databases (Figure 3, Table 1.S3B),

with PPDB had the most overlap with the Atlas (76%).

Of the 1,254 proteins in the tomato stromal proteome, 83%, 87% and 44% of these
proteins had one or more Arabidopsis homologs in PPDB, SUBA4 and plprot databases,
respectively (Table 1.S2, Table 1.S4). A core of 518 proteins (41.4%) was detected in all
three databases (Table 1.S2, Figure 4). These proteins were enriched for proteins
involved in protein folding and targeting, tetrapyrrole synthesis, redox, and TCA

100



metabolism. While proteins associated with DNA synthesis, amino acid metabolism,

photosynthesis, and glycolysis were under represented.
Sub-organellar localization of proteins and molar abundance

Immunoblots that tested the purity of the stromal protein preparations suggested that the
tomato stromal proteome may harbor thylakoid lumenal proteins and was depleted of
thylakoid integral membrane proteins (Bhattacharya et al. 2020). Accordingly, we
identified 155 integral membrane proteins (Table 1.S5A). All of these tomato proteins
had one or more transmembrane domains as predicted by TMpred (Hofmann and Stoffel
1993) (Table 1.S5A). Ninety-five of these proteins were thylakoid membrane proteins, 28
proteins are in the inner or outer membranes of the envelope, three are membrane
proteins of plastoglobules, and three are associated with both chloroplast membrane
systems; the remaining 26 were designated as membrane proteins based on the
literature, PPDB, or TMpred. Based on the number of proteins detected, integral
membrane proteins constitute 12% of the stromal proteome. However, it should be noted
that 45 of the integral membrane proteins were sporadically detected (>40% of acetone

or gel samples) (Table 1.S5A).

Fifty-nine proteins that reside within the tomato chloroplast lumen were identified
(Table 1.1). Relative to the membrane proteins, there were 2.7-fold fewer lumenal
proteins detected in the stromal proteome. Over 81% of the lumenal proteins were
detected frequently (in six to eight of the eight samples) and they represented a total of
4.7 % of the stromal proteome. The lumenal proteins had a diverse array of functions
and included: 12 immunophilins (cyclophilins and FKPBs), three C-terminal processing

proteases, three DEG protease subunits, 11 lumenal proteins associated with PSI, PSII

101



and the NAD(P)H complex, as well as 23 proteins involved photosystem maintenance or
assembly (Table 1.1). Nine of the ten tomato FKBP proteins predicted to be chloroplast
localized by Waseem et al. (2018) were detected in the stromal proteome; only FKBP12,
which was predicted to be localized to both the cytosol and chloroplast, was not
detected. We also detected ten lumenal proteins with orthologs in Arabidopsis that were

previously not detected in other studies, as well as tomato’s PPO-F and PPO-A.

The number of chloroplast membrane and lumenal proteins overestimates their
contribution to the stromal proteome. A better assessment was provided by the
exponentially modified protein abundance index (emPAl) (Table 1.S2). The emPAIl was
used to normalize the abundance of the stromal proteins based on the number of
detected peptides versus the number of observable peptides per protein to provide an
estimate of a protein’s molar abundance (Ishihama et al. 2005). The mol % tomato’s

stromal proteins varied over a 7.4 x10°-fold range, with the majority of proteins in the

10 to 102 mol % categories (Figure 5, Table 1.82). The 155 integral membrane
proteins varied over a 1633-fold range and represented a total of 0.59 mol % of the
stromal proteome (Table 1.S5A). In contrast, the 59 lumenal proteins accounted for 3.9
mol % of the stromal proteome and varied over a 6004-fold range (Table 1.1). The most
abundant lumenal protein was OEES3, constituting 40% of the lumen protein mass.
Collectively, tomato chloroplast membrane and lumenal proteins constituted 4.5% of the
mass of proteins in the stromal proteome, representing a minor proportion of the tomato

stromal proteome.
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Relative abundance of proteins and novel proteins in the tomato chloroplast

stromal proteome

A small number of studies have provided insights into dicot stromal proteomes. To
elucidate chloroplast complexes and soluble proteomes in Arabidopsis, these studies
used SDS-PAGE (Ferro et al. 2003; Peltier et al. 2006), size exclusion chromatography
(Peltier et al. 2006), affinity chromatography (Bayer et al. 2011), or blue native-PAGE
(Lundquist et al. 2017) to pre-fractionate proteins prior to mass spectroscopy analyses.
To benchmark the tomato stromal proteome relative to the Arabidopsis stromal
proteome, we compared the relative abundance of the tomato stromal proteins to the
relative normalized abundance of the 241 Arabidopsis stromal proteins identified by

Peltier et al. (2006).

The top two abundance classes of proteins in the tomato stromal proteome had mol
% values ranging from 0.1 to 37 (Figure 5, Table 1.2). The rankings of these 62 proteins
were compared to their Arabidopsis homologs (Peltier et al. 2006). Although of varying
abundance and rankings, 17 of the 23 most abundant proteins in Arabidopsis were
detected in tomato’s top two abundance classes (Table 1.S6). This includes the four sets
of tomato proteins had two or more paralogs in tomato: RuBisCo small subunit (RBCS-1,
RBCS-2A, RBCS-3B), RuBisCo activase (RCA1, RCA2), elongation factor Tu (EFTUA,
EFTuB), and fructose-bisphosphate aldolase (FBA2, FBA3) relative to single proteins in
Arabidopsis (Table 1.2). An additional six abundant Arabidopsis proteins were detected
but at lower abundance levels in the tomato stroma (Table 1.S6). Twenty-one tomato
proteins that were in the top-two protein cohorts were not detected by Peltier et al.

(2006) (Table 1.S2A). The new stromal proteins included: KIROLA-like protein, a
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macrophage migration inhibitory factor, two polyphenol oxidases (with no Arabidopsis

orthologs), and one lumenal protein TL19 (Table 1.2).

Reciprocally, of the 23 most abundant stromal proteins reported by Peltier et al.
(2006), all but one (a ROC4-like protein with no tomato ortholog) were detected in the
tomato stromal proteome but their relative rankings (by mol %) were significantly
different (Table 1.S6). While the RuBisco large subunit (RBCL) was the most abundant
protein in both studies, there was a striking difference in the abundance of the RuBisCo
small subunits. Peltier et al. (2006) reported the abundance a RBCS protein pool, which
ranked 2 in abundance. In contrast, the analogous tomato RBCS pool would rank 23 in
the tomato stromal proteome (Table 1.S6). Furthermore, some tomato proteins, such as
2-CYS-Prx1, 2-CYS-Prx2, CPN20, and LOX2, were not even in the top 100 most-
abundant proteins of the tomato stromal proteome. Collectively, these data indicate the
mechanisms that dictate stromal protein abundance are significantly different in these

plant species.

Comparisons of tomato stromal proteome with Arabidopsis chloroplast proteins
reported in PPDB, SUBA4 or plprot showed that 103 stromal proteins were not
previously detected (Table 1.3). A majority (67%) of the novel proteins were reproducibly
detected (in >40% of acetone and/or gel samples) and 97% of the novel proteins were
predicted to reside within the chloroplasts by two or more algorithms (Table 1.3). The
abundance of the novel stromal proteins ranged from 0.47 mol % to <5 x 10®° mol %.
and totaled 1.1 mol % of the stromal proteome. Strikingly, four of the most abundant
proteins were defense-associated proteins (PPOE, PPOF, AlG2-like, and KIROLA) and

collectively these proteins accounted for >83% of the mass of the novel proteins. Most
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novel stromal proteins were not abundant and were likely identified due to the enhanced

accuracy and resolution of the Orbitrap Fusion MS.

Thirty-two of the novel proteins had roles in RNA biogenesis, protein biogenesis,
redox, or stress responses and 25 proteins have roles in cellular metabolism spanning
amino acid to secondary metabolism (Table 1.3). Unknown proteins and proteins with
uncharacterized functions dominated, representing 31% of the novel proteins. Finally, 12
proteins did not have orthologs in Arabidopsis including: three tomato polyphenol
oxidases (PPO-F, PPO-E, and PPO-A) (Newman et al. 1993; Tran et al. 2012), YCF23,
a methyltransferase, a transcription factor (SAP-like BP-73), and 32

unknown/uncharacterized proteins.
Functional comparisons of the tomato leaf stromal and fruit plastid proteomes

While the proteomes of tomato fruit are well-characterized (Sant’Ana and Lefsrud 2018),
few studies have focused on the plastids of tomato fruit or leaves (Barsan et al. 2010;
Barsan et al. 2012; Tamburino et al. 2017). Barsan et al. (2010, 2012) identified 1,932
proteins in plastids undergoing the chloroplast to chromoplast transition associated with
fruit ripening (Table 1.S7). A core of 430 proteins were shared with the leaf stromal
protecome and the proteomes of mature-green, breaker and red fruit plastids with
reflecting shared housekeeping and biochemical functions. In addition, 550 proteins
were unique to the leaf stromal proteome (Figure 6, Table 1.S7). Of the 81 chloroplast-
genome encoded proteins, 44 were detected in the leaf stromal proteome (Table 1.S8A).
When the leaf stromal and fruit plastid proteomes were considered collectively, they
provide empirical evidence for 56 of the chloroplast-genome encoded proteins (Table

1.S6; Table 1.S8A).
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To infer function, stromal proteins were assigned MapMan function bins using
Mercator (Lohse et al. 2014). The four of the five largest bins (>59 proteins) were
associated with well-known plastid functions - photosynthesis, protein synthesis, amino
acid metabolism, and RNA (Figure 7A, Table 1.S7). There was a surprising lack of
correlation of numbers of proteins and the relative protein mass (based on mol %) for the
top five bins (Figure 7B). For example, approximately 64% of the stromal protein mass
was associated with the 124 proteins in the photosystem bin. In contrast, the 59 proteins
in the RNA and the 88 proteins in the amino acid metabolism bins were 3.3% and 0.85%
of the proteome, respectively. Subsequent manual curation of the proteins in the not-
assigned bin allowed specific or general functions to be assigned of these 298 proteins,
leaving 36 proteins as uncharacterized or unknown and 52 enzymes with unknown
functions (Table 1.S9). The manually curated stromal proteins were grouped into 11
functional categories (Table 1.4); tables S8-S18 provide the identity of proteins in each

group. Below | highlight several of these functional groups.
Photosynthetic complexes

As over 60% of the stromal proteome mass is associated with the MapMan
photosynthesis bin and many of these proteins are stromal localized or peripherally
associated with the thylakoid membrane, we explored the abundance of the nuclear- and
chloroplast-genome encoded proteins of five major multimeric complexes: photosystem
I-Light Harvesting Complex | (PSI-LHCI), PSII-LHCII, cytochrome b6f, ATP synthase,
and NADH dehydrogenase (NDH) complexes. We also report proteins involved in
complex stability and assembly (Table 1.S9B-F) and provide a visual interpretation of

relative subunit abundance for each complex (Figure S1).
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Photosynthesis initiates with the absorbance of light energy by light-harvesting
complex proteins (LHCII) and photosystem Il (PSll) (Buchanan et al. 2015). The vast
majority of PSll-associated proteins are integral-membrane proteins and were not
detected. The chloroplast genome-encoded PSBA-E (D1), PSBB (CP43), PSBC (CP47),
PSBD (D2), and PSBE (Cytb559) were detected infrequently, at low levels and with non-
molar ratios (Table 1.S9B). Three other nuclear-genome encoded PSII subunits (PSBR,
PSBS, and PSB33) and six LHCII subunits were also detected. While the amounts of
five of the LHCII proteins (LHCB13, 1A, 1B, 3C, and CP29.1) were low (< 0.001 mol %)
and sporadically identified, LHCB9 was 4-fold more abundant and detected in all
samples analyzed, suggesting a looser association with the thylakoid membranes. The
most abundant proteins associated with PSIl were the lumenal oxygen-evolving proteins
(PSBO1, PSBO2, PSBP, and PSBQ) and the extrinsic PSB27-H1, PSB27-H2 and
PSB28 proteins. Dozens of proteins important for PSIl protein and pigment assembly,
stability or repair are known in Arabidopsis (de Luna-Valdez et al. 2019; Li et al. 2019;
Liu and Last 2017; Lu 2016; Sato et al. 2017). We detected 29 of these orthologous
proteins, as well as thio/disulfide-modulating proteins critical for PSII
assembly/maintenance and protein processing/turnover, which are described elsewhere

(Table 1.4).

Linking PSI and PSII, the cytochrome b6/f complex has eight subunits (Malone et al.
2019). We detected the lumenal PETC (Reiske subunit) and plastocyanin (PETE) at
significantly higher levels than the chloroplast genome-encoded integral membrane
proteins PETA and PETB (Table 1.S8C). None of the remaining thylakoid membrane-
embedded components (PETD, PETG, PETL, PETM, and PETN), nor cytochrome

assembly factor (YCF5) were detected (Figure S1). Two cytochrome b6/f complex
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assembly/stability factors were detected: HCF164 and LIR1 (Yang et al. 2016; Lennartz

et al. 2001) (Table 1.S8C).

PSI and its light-harvesting complex LHCI is an asymmetric assemblage of 15 PSI
proteins, LHCA proteins, and PS| assembly proteins (Table 1.S8D) (Amunts et al. 2010).
We detected 11 PSI subunits including six integral membrane proteins (PSAA, PSAB,
PSAC, PSAG, PSAK, and PSAL) and extrinsic proteins exposed on the stromal side
(PSAC, PSAD, PSAE) and lumen side (PSAF, PSAN) (Figure S1). Of the PSI-
associated light-harvesting complex proteins, the tomato LHCAs most similar to
AtLHCA1 and AtLHCA2 were not detected, but two AtLHCA3-like (LHCA8A, LHCAS8B)
and one AtLHCA4 (LHCA11) were detected. Finally, we detected five proteins likely
involved with PSI assembly including: YCF3, YCF3-interacting factor, PPD1, PSA2, and
PSA3 (Fristedt et al. 2014; Liu et al. 2012; Naver et al. 2001; Nellaepalli et al. 2018;
Shen et al. 2017); notably, the chloroplast genome-encoded YCF4 was not detected. Of
the PSI-LHC proteins detected, abundance varied within a 66-fold range with the

assembly factors PPD1 and PSA3 being most abundant (Table 1.S8D).

The large NAD(P)H-dehydrogenase-like complex (NDH) associates with two PSI
complexes and is active in photorespiration. The NDH complex and PGR5 and PGR-like
proteins are also associated with cyclic electron flow to preferentially contribute to ATP
synthesis (Yamamoto and Shikanai 2019; Munekage et al. 2002). PGR5 and PGRL1A
were detected, as were many subunits of the NDH complex and several NDH assembly
proteins (Table 1.S8D). NDH is the largest complex with 29 proteins organized into
subcomplexes (Shikanai 2016). Nine NDH subunits were detected including the
chloroplast genome-encoded and stroma-facing NDHH, NDHI and NDHJ of subcomplex

A (Table 1.S8D, Figure S1). Other nuclear genome-encoded subunits of subcomplex A
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(NDHM, NDHN and NDHO), subcomplex E (NDHS, NDHU, NDUV), and PIFI (post-
illumination chlorophyll fluorescence-increase protein) were also detected (Shikanai
2016; Wang and Portis 2007) as were five of the seven proteins critical for subcomplex
A assembly (CRR1, CRR6, CRR7, CRR9, and CRR41). All subunits of stroma-exposed
subcomplex B (PNSB1-PNSB5) and lumenal subcomplex L (PNSL1-PNSL5) were
detected; whereas, none of the proteins in the thylakoid membrane-associated
subcomplexes SubL nor SubM were detected. Based on mol % values, the subunits for
the NDHH subcomplexes A, B and L are not detected in equimolar ratios. Finally, the
minor LHCA proteins (similar to AtLHCA5 and AtLHCAG) that mediate the PSI-NDH
super-complex formation were not detected (Peng et al. 2009). Collectively, these NDH
complex and associated proteins represented 0.4 mol% of the stromal proteome (Table

1.88D).

The ATP synthase complex is composed of eight different subunits (Hahn et al.
2018). All subunits of the extrinsic CF1 complex (a, B, 3, €, and y), which are peripheral
thylakoid membrane proteins, were detected (Table 1.S8F). While a (ATPA), B (ATPB),
d (ATPD), ¢ (ATPE), and y (ATPC) are present in a 3:3:1:1:1 ratio in CF1, their
abundance in the tomato stroma did not reflect this stoichiometry. ATPB was 23-, 15-,
18-, and 68-fold more abundant than ATPA, ATPD, ATPE, and ATPC. While the integral
membrane subunits a (ATPH) and ¢ (ATPI) were not detected, the b (ATPF) and b’
(ATPG) subunits, which are tethered to ATPH, were detected at substantially lower
levels than ATPB. ATPB was 3051- and 796-fold more abundant than ATPF and ATPG,
respectively (Table 1.S8E; Figure S1). Finally, four ATP synthase biogenesis proteins
were detected (e.g., ALB4, BFA1, BFA2, and PAB) (Mao et al. 2015; Trésch et al. 2015;

Zhang et al. 2016; Zhang et al. 2018). In contrast, tomato orthologs of the Arabidopsis
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assembly proteins P11 (Solyc02g093690) and P12 (Solyc02g031770) were not detected

(Duan et al. 2020).

Of critical importance to photosynthesis is the biogenesis and maintenance of the
thylakoid membranes, in which the photosynthetic complexes are imbedded. In addition,
proteins associated with plastid fission, chloroplast differentiation, and plastoglobules are
important for chloroplast structure and function (Table 1.510). Of the 51 proteins in this
group, 19 were fibrillins (Laizet et al. 2004). Ten different types of fibrillins were detected
in the stromal proteome with two paralogs for FBN2 and FBN7; only FBN11
(Solyc03g083420) was not detected. The FBNs of plastoglobules (FBN1, FBN2A-B,
FBN4, FBN7A-B, FBN8) were most abundant representing 0.2 mol %. The other FBNs
(FBN 3, FBN5, FBN6, FBN9, FBN10, and a FBN-like protein) were less abundant (0.04

mol %).
Photosynthetic metabolism in chloroplasts

The chloroplast is a metabolic hub that synthesizes a broad spectrum of molecules
essential for plant growth, development and adaptation to stress (Buchanan et al. 2015;
Rolland et al. 2012). A significant proportion of the stromal proteome is associated with
the central (or primary) metabolic pathways of photosynthetic metabolism (Wise and
Hooper 2006). These pathways include the Calvin cycle, TCA cycle, OPP pathway,
major and minor carbohydrate metabolism, C1 metabolism, glycolysis, gluconeogenesis,
and photorespiration (Table 1.4, Table 1.S11A-H). A total of 160 proteins associated
with carbon metabolism were detected and, collectively, they constitute > 51 mol % of
the stromal proteome. Notably, while 14 of these proteins were encoded by single-copy

genes in Arabidopsis but by two paralogs in tomato; for example, the Calvin cycle, TCA
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cycle, and major carbohydrate metabolism pathways having nine, five and five
duplicated genes, respectively (Table 1.S10). The majority of the paralogous proteins
accumulated to different levels in the tomato stroma. For example, the RuBisCo large
subunit methyl transferase LMST2 was 48-fold more abundant than LMST1 (Table

1.810).

Non-photosynthetic metabolism in plastids: Amino acids, nitrogen, sulfur,

nucleotides, co-factors, and vitamins

Numerous non-photosynthetic central metabolic pathways are active within the
plastid including nitrogen and sulfur metabolism and biosynthesis of nucleotides, co-
factor and vitamins, amino acids, lipids and defense-associated oxylipins, as well as
secondary metabolites and enzymes critical for turnover of xenobiotics (Table 1.S12-
S15). We also detected ten enzymes with roles in other metabolic pathways and

identified 52 enzymes that could not be reliably assigned to a pathway (Table 1.S9B-C).

The largest group of proteins associated with non-photosynthetic central metabolism
were the enzymes that catalyze amino acid biosynthesis (Lancien et al. 2007).
Accordingly, we detected 98 proteins with these functions (Table 1.S12A) and,
collectively, these enzymes represented 0.99 mol % of the stromal proteome. Three
enzymes (TSA, SK, and ASB2) involved with aromatic amino acid biosynthesis were not
previously reported in proteomics studies (Table 3.1). Finally, three ACT domain proteins
were detected. This regulatory domain is an amino acid-binding site for feedback-
regulated amino acid metabolic enzymes; however, at the present time, the pathways

these proteins participate are not known.
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The chloroplast contributes to nitrogen and sulfur metabolism (Table 1.S12B) (Chan
et al. 2013; Masclaux-Daubresse et al. 2010). Seven enzymes in nitrogen metabolism
were detected with glutamine synthase 2 (GS2) being most abundant at 0.39 mol %. We
detected 20 proteins associated with sulfur metabolism, which centers on Cys
biosynthesis and catabolism. Cys is essential for protein biosynthesis and is a critical
residue in enzyme active sites, protein tertiary structure, protein-protein interactions,
redox sensitive enzyme activity, [Fe-S] groups, vitamins, and cofactors (Table 1.S12B).
Proteins involved in sulfate catabolism (APS1, APR3, SiR), the synthesis of Cys
(OASC), as well as Cys-derived methionine biosynthesis (GS, CBL), cystathione
biosynthesis (CBX1A-C), and synthesis of the redox regulator glutathione (GSH1,
GSH2) were detected. Finally, SAL1, a critical redox-responsive regulator of the
retrograde stress signal PAP was detected (Chan et al. 2013); while the integral-
membrane antiporters of PAPS/PAP (PAPST1 and PAPST2) that help to control the

levels of cytosolic PAP were not detected (Ashykhmina et al. 2019).

Forty-five enzymes associated with nucleotide metabolism were detected (Table
1.812C). Of these, six were detected for the first time, including an Appr-1-p processing
domain protein (Kumaran 2005), a nucleoside diphosphate kinase (NDK3), and ribose-
phosphate pyrophosphokinase 3 (PRS3) (Table 3.1). Surprisingly, we reproducibly
detected two enzymes of pyrimidine biosynthesis dihydroorotate dehydrogenase
(DHODH) and orotidine 5'-phosphate decarboxylase (ODCase), which catalyze tandem
steps in pyrimidine biosynthesis in the stroma. While the tomato DHODH had no
predicted targeting signals, it has been previously detected in plant mitochondria (Bellin

et al. 2021). In contrast, the tomato ODCase has strong predictors for plastid

112



localization; although previous studies suggest it resides in the cytosol. The stromal

localization of both proteins may provide new insights into pyrimidine metabolism.
Non-photosynthetic metabolism: Lipids and oxylipins

The central metabolic pathways for lipids and phytohormone biosynthesis are highly
conserved (Li-Beisson et al. 2013; Wasternack and Song 2017). Fifty-four enzymes
associated with lipid metabolism were identified in the stromal proteome totaling 0.51
mol % of the stromal proteome (Table 1.S13A). Enzymes for the synthesis of acetyl-CoA
(ACS and the pyruvate dehydrogenase complex), the full complement of soluble
enzymes required for lipid elongation, many lipases critical for lipid catabolism, and lipid-
binding proteins were detected. The inner membrane-associated enzymes (palmitoyl-
ACP, lysophosphatidic acid acyl transferase, PA phosphatase) and enzymes associated
with lipid desaturation were not detected. An acyl carrier protein (ACP5) and the oleoyl-
acyl carrier protein thioesterase 2 (FATA) were not previously reported in the
Arabidopsis proteomics databases (Table 3.1; Table 1.S13A). In addition, several
enzymes associated with early steps of the oxylipin pathway were also detected (Table
1.S13A). The oxylipin pathways is responsible for the synthesis of jasmonic acid (JA),
which is critical for plant defense and development, numerous oxylipins with roles in
defense signaling including the HPL branch that produces C6 volatiles. While many of
these enzymes are membrane associated and, therefore, not detected, we detected two
lipoxygenases (LOXC and LOXF), allene oxide synthase (AOS) and allene oxide cyclase

(AOC), as well as HPL.
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Isoprenoid metabolism, retrograde signals, and other metabolic pathways

With over 35,000 different compounds derived from the isoprenoid pathway in plants
(Kirby and Keasling 2009), isoprenoids are the largest and most diverse group of natural
products. The plastid-derived isoprenoid metabolites (heme, chlorophylls, carotenoids,
ABA, gibberellins, strigolactones, plastoquinones, phylloquinones, tocopherols, and
terpenoid volatiles) are derived from the five-carbon isopentenyl diphosphate (IPP) and
DMAPP, which are primarily synthesized by the MEP pathway (Zhou and Pichersky
2020). Seventy-nine proteins associated with isoprenoid production were detected in the
stromal proteome (Table 1.S14A-C). All enzymes of the plastidial MEP pathway, as well
as two IPP isomerases, were detected ranging from 0.0002 to 0.12 mol % (DXS2 and
MCS, respectively). DXS, which creates the substrates for the MEP pathway and
thiamine biosynthesis, is encoded by two paralogs in tomato with DXS1 14-fold more
abundant than DXS2 in leaf chloroplasts (Table 1.S14A), which consistent with DXS1
and DXS2 RNA levels in leaves and fruit (Paetzold et al. 2010). The MCS is a light- and
stress-induced enzyme that controls levels of MECPP, which is a retrograde signal used
for communicating plastid status to regulate nuclear genes dictating the balance of
growth and development and stress responses (de Souza et al. 2017). Additional
enzymes detected included three cis-prenyl transferases, two geranylgeranyl
pyrophosphate synthases (GGPPS), a GGPPS small subunit (SSU-II), and three
terpene synthases (Table 1.S14A). While Barja et al. (2021) and Zhou and Pichersky
(2020) reported three plastidial GGPP synthases (SIG1-3) with similar kinetic
parameters, only SIG2 and SIG3 were detected in our leaf stromal proteome. The
absence of SIG1 protein (Solyc11g011240) was consistent with low levels of SIG1

mRNAs, relative to SIG2 and SIG3 (Barja et al. 2021). It is noteworthy that SSU-I
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(Solyc07g064660), which is known to modify SIG1-3 activity was not detected (Zhou and

Pichersky 2020).

GGPP is used for the synthesis of carotenoids, which are important for stabilization
of the photosynthetic apparatus, light capture, and photoprotection (Stanley and Yuan
2019). The carotenoid-derived apocarotenoids are important for synthesis of the plant
hormone abscisic acid and signaling molecule strigolactone, as well as producing a suite
of volatiles important in development and stress signaling (e.g., B-cyclocitral). Fifteen
enzymes associated with carotenoid metabolism were detected, although the rating-
limiting leaf phytoene synthase 1 (PSY1), orange chaperones, and carotenoid-cleavage

enzymes were not detected (Table 1.S14B).

GGPP is also used to synthesize tocopherols, chlorophylls, plastoquinones, and
phylloquinones (Tables 1.S14B). Tocopherols scavenge singlet oxygen derived from
photosynthesis and three enzymes in tocopherol metabolism (VTE1, VTE3, and VTE4)
and two regulatory kinases (ABCK1 and ABCK3) were detected (Tables 1.S14B). In
addition, the plastoquinione biosynthesis enzyme, solanesyl diphosphate synthase, was
detected. The tetrapyrrole pathway yields hemes, the chlorophylls essential for the light-
harvesting antennae of PSI and PSII, and a chlorophyll intermediate protochlorophyllide
(PChlide) with a critical role in chloroplast-nuclear communication. We detected 33
enzymes associated with tetrapyrrole biosynthesis and catabolism (Table 1.S14C). The
complete tetrapyrrole pathway was represented with the exception of the membrane-
bound chlorophyllide a oxygenase and uroporphyrinogen lll methylase. Tomato also has
expanded its tetrapyrrole protein complement with two UROD and three POR paralogs

(Table 1.S14C) (Gabruk and Mysliwa-Kurdziel 2020).
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PChlide is a photosensitizer that critical in retrograde signaling. In the light, PChlide
transfers its excitation energy to oxygen, creating the highly reactive singlet oxygen
('02). To limit 'O, production and photosensitivity, FLU controls PChlide levels (op den
Camp et al. 2003). We detected two paralogous FLU proteins (FLU1 and FLU2); neither
have been studied to date and it is unclear if they are functionally redundant (Table
1.514C). However, FLU1 is 5-5-fold more abundant than FLUZ2 in the chloroplast stroma.
In Arabidopsis, the EXECUTER proteins (AtEX1 and AtEX2) have critical but distinct
roles in perception of 'O, and triggering the reprogramming of nuclear gene expression
for stress adaptation (Dogra et al. 2017; Duan et al. 2019; Lee et al. 2007). In tomato,
EX2 is 8-fold more abundant than EX1 (Table 1.S14C). It is unclear if this reflects
differences in the roles of the tomato EX proteins, the tightness of association with the
thylakoid membranes or location within the grana margins of the thylakoid. Finally, we
detected SAFEGUARD1, which acts at the thylakoid grana margins and suppresses 'O,
production (Wang et al. 2020a). The tomato SAFEGUARD1 is 2-fold more abundant

than EX2 (Table 1.514C).
Redox regulation: Damage control to cellular homeostasis

Chloroplasts use redox-regulatory systems to limit cellular damage from ROS and adapt
plant metabolism to fluctuating light/dark cycles and environmental insults, such as
abiotic stress or pathogen/pest attack (Yoshida et al. 2019; Cejudo et al. 2019; Fichman
and Mittler 2020; Exposito-Rodriguez et al. 2017). Chloroplast redox regulation is
dependent on the electron transport chain of the thylakoid’s photosynthetic complexes to
produce reducing power, which is transferred from ferredoxin (Fd) to a thioredoxin (Trx)
via Fd-Trx reductase (FTR). The diversity of proteins with Trx motifs and Trx-like motifs
and down-stream redox proteins provides flexibility and specificity in responses. The
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tomato stromal proteome identified 54 redox-regulation proteins including two FTRs, 22
proteins with thioredoxin domains, four peroxiredoxins, seven glutathione peroxidases,
five superoxide dismutases, eleven proteins in the ascorbate/glutathione cycle, and
three proteins with single cystathionine B-synthase (CBX) domains (Table 1.S16). The
abundance of the redox proteins had a 958-fold range with Trx-m4.1 (0.49 mol %) as the
most abundant protein. The tomato redox systems are distinguished from the model
plant Arabidopsis by the facts that: (1) the tomato Trx-m4 family is expanded (three
paralogs), (2) there are two NTRC proteins (with one detected), (3) there are two Fe-
SOD2 paralogs, (4) the 2-CYS-Prx’s collectively are the most abundant peroxiredoxin in
the tomato stroma, but their abundance is significantly lower than in Arabidopsis, and (3)
the CBX1 protein family with probable roles regulation of redox signaling is expanded

(three paralogs) (Table 1.S16, Table 3.1) (Cheng et al. 2014).
Protein homeostasis

A protein’s destiny is highly regulated to assure its activity occurs in the correct cellular
compartment at the appropriate time. Approximately 3000 plastid-localized proteins are
encoded by nuclear genes, translated on cytosolic ribosomes and imported into this
organelle (Thomson et al. 2020), while the remaining 81 proteins are translated on
chloroplast ribosomes (Daniell et al. 2006; Kahlau et al. 2006). All chloroplast-localized
proteins must be folded, post-translationally modified, transported to their sub-
compartment within the chloroplast, associated with their cofactors, assembled into their
multimeric complexes, and ultimately be targeted for proteolytic turnover. Protein
homeostasis is carefully regulated to ensure metabolic responses are coordinated with
light/dark cycles and can adapt to the stresses imposed by photosystem-generated ROS

and the environment. With the powers of genetics, we have been able to dissect and
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identify many of the processes that fine tune the “life and death” of a protein. Not
surprisingly over 316 proteins associated with protein homeostasis were detected in the

tomato stroma (Table 1.S17).

The plastid's 50S and 30S ribosome complexes are essential for synthesizing
chloroplast genome-encoded proteins. Importantly, perturbations in translation are
perceived and communicated to the nucleus (via GUN1) to coordinate plastid biogenesis
and mediate adaptation to stress (Marino et al. 2019; Wu et al. 2019). We detected 31
RPL subunits, 23 RPS subunits, 5 plastid specific ribosomal proteins (PRSPs), as well
as 28 proteins were associated with rRNA, tRNA, or ribosomal protein modifications
(Table 1.S17A). The ribosomal protein subunits were not detected at equimolar levels.
Six subunits were particularly abundant including the chloroplast-genome encoded
RPS19, RPS15 and RPL23 and nuclear-genome encoded RPL12A, RPL12B and
RPS1A. In addition, 26 amino-acyl tRNA synthases and 20 proteins associated with
translational initiation, elongation, termination or regulation were identified. The
abundance of EF-TuB (1.93 mol %) rivaled that of RPS19 (1.56 mol %). Seven of the
tRNA synthases lacked an identifiable transit peptide, while 14 and 3 had predicted
chloroplast or mitochondrial transit peptides, respectively (Table 1.S17A). If similar to
Arabidopsis, many of these proteins will have dual localization in the chloroplast and

mitochondrion or cytosol (Duchene et al. 2005).

Import of proteins that are translated in the cytosol into plastids is a regulated and
disruption of import provides a retrograde signal to mediate stress adaptation (Wu et al.
2019). For imported proteins, there are several routes for entry into the chloroplast
including the canonical import via the outer and inner membranes (TOC and TIC

complexes) and inter-organellar channels (Armbruster et al. 2009; Cline and Dabney-
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Smith 2008; Nakai 2018; Thomson et al. 2020). We identified 30 proteins involved in
subcellular targeting (Table 1.S17B). For most stromal proteins, transit peptides engage
with the plastid’s translocation machinery TOC/TIC and affiliated chaperones to import
proteins into the stroma (Table 1.S17B); as TIC/TOC are membrane complexes, only a
few of these proteins were detected at low levels. The presequence proteases (PREP1,
SPP, TOP1) that remove the N-terminal transit peptide from imported proteins (Table
1.S17E) and ten other proteins critical for translocating proteins to the thylakoid

membrane or lumen were also identified (Table 1.S17B).

Upon reaching their destination within the chloroplast, proteins must establish and
maintain their secondary, tertiary, and quaternary structures to preserve their function or
remove their structures to facilitate proteolysis. The chloroplast has an impressive array
of proteins to facilitate protein folding and refolding with 60 different proteins identified in
the tomato stroma (Table 1.S17C). This included: 30 chaperones or chaperonins; three
ATP-dependent chaperones of the Clp protease (CLPC1, CLPC2, CLPD), CLPB, 19
peptidyl-prolyl cis/trans isomerases, and seven protein disulfide isomerases. Three of
these proteins (DJC65, DJC73 and FKBP17-1) were not previously detected (Table 3.1).
Proteins are further post-translationally modified by chemical moiety addition/removal or
by proteolytic processing. The tomato stromal proteome contained 36 modification
enzymes in five functional categories: kinases, phosphatases, methylases, acetylases,
deformylases, and peptide methionine sulfoxide reductases (Table 1.S17D). Two PDFs
and 13 N-terminal peptidases that modify the N-terminus of stromal-localized proteins to
influence function or stability were detected (Table 1.S17D-E) (Gibbs et al. 2016; Walling

2006). Unique to tomato are the wound-induced LAPs (LAP-A1 and LAP-A2) that control
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the expression of nuclear genes associated with the wound- and stress-responses

(Fowler et al. 2009; Scranton et al. 2013).

The chloroplast also has a robust complement of oligopeptidases and endoproteases
to mediate protein turnover (Kmiec et al. 2014; Nishimura et al. 2017). These
proteinases and proteolytic complexes are located within envelope, stroma, lumen, or
thylakoid membranes. We detected a total of 52 proteins associated with proteolysis
(Table 1.S17E). These proteins constituted 1 mol% of the tomato stromal proteome with
the abundance of individual proteins spanning > 5000-fold range. While these proteins
primarily remove damaged or unfolded proteins from the chloroplast, it is also clear that
peptidase activity is critical for chloroplast signaling, as evidenced by the requirement of
FtsH2 protease-mediated turnover of EX1 for signaling 'O, damage (Wang et al. 2016)

and role of chloroplast peptides in defense signaling (Kmiec et al. 2018).

The stroma-localized Clp complex is well characterized structurally and known to
have a critical role in protein homeostasis and proteome remodeling (Nishimura et al.
2017). We detected all subunits of the stromal Clp complex (Table 1.S17E) including the
proteolytically active (ClpP1, P3, P4, P5, and P6) subunits, inactive (CIpR1, R2, R3, and
R4) subunits, the three Clp protease chaperones (ClpC1, CIpC2, and ClpD), as well as
the CIpS, ClpF, CIpT1, and ClIpT2 proteins that help deliver or provide substrate
specificity to the Clp protease (Nishimura et al. 2017). The CIpC1 and ClpC2
chaperones are the most abundant of the Clp protease subunits with ClpC1 being 3-fold

more abundant than ClpC2 (0.32 mol% vs 0.11 mol %).

Little is known of the function of tomato’s chloroplast DEG proteases; therefore

function is inferred from their Arabidopsis orthologs (Table 1.S17E) (Nishimura et al.
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2017). We detected two stromal DEG2 paralogs in tomato, and three lumenal DEGs
(DEG1, DEG5 and DEGS), but the stromal DEG7 (Solyc02g091410) was not detected.
The filamentation temperature-sensitive H (FtsH) proteases are associated with
membranes, turnover proteins damaged by the ROS generated during photosynthesis,
and thermotolerance. While the thylakoid-localized FtsH1, FtsH6, FtsH8, and FtsH9 and
inner envelope FtsH12 were not detected, four out of nine chloroplast-localized FtsH
proteins (thylakoid-localized FtsH2 and FtsHS5, and inner envelope-localized FtsH7 and
FtsH11) were detected (Table 1.S17E). Notably, FtsH6 and FtsH2 have different roles in
tomato chloroplasts, with FtsH6 acting in thermotolerance (Sun et al. 2006), FtsH2 is
critical in retrograde signaling. FtsH2 controls the turnover of D1 (a reaction center
protein of PSIl) and the 'O, sensor EX1 at the margins of the grana; these events are
correlated with chloroplast-nuclear communication (Wang et al. 2016). Finally, three C-
terminal processing peptidases (CTPA1-3) and two subunits of the EGY (ethylene-

dependent gravitropism-deficient and yellow-green) protease were detected.
The replication and transcriptional hub of the chloroplast

The proteomes of nucleoids and transcriptionally active chromosomes (pTAC) from
plastids have been characterized in Arabidopsis and maize (Melonek et al. 2016). The
protein composition of these structures is influenced by the differentiation state of
plastids and/or environmental factors. Based on orthologous relationships to the
Arabidopsis and maize proteins (Huang et al. 2013b; Melonek et al. 2016), 58 nucleoid-
and TAC-associated proteins were detected (Table 1.S18A). This included all plastid-
encoded RNA polymerase (PEP) subunits, 20 PEP-associated proteins, nine DNA
replication and repair proteins, four redox proteins, ten RNA biogenesis enzymes, two
kinases, and six other proteins with diverse functions. Surprisingly, we did not detect the
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seven sigma factors (SigA-F) that interact with PEP. Collectively, the nucleoid/pTAC
proteins detected in the tomato stroma constituted 1.07 mol % of the proteome ranging

from 0.39 mol % (Fe-SOD2.1) to 0.0001 mol % (DNA topoisomerase) (Table 1.S17A).

We detected numerous proteins of the conserved nucleoid core including: the
MURE-like protein and all but three (pTAC9, pTAC11 and pTAC13) of the 18 pTACs
(Melonek et al. 2016) (Table 1.S17A). The tomato genome does not encode a pTAC11-
like protein (WHIRLY3) (Akbudak and Filiz 2019); in contrast, the tomato genes
encoding a pTAC9-like protein (OSB2, Solyc099g007430) and a pTAC13-like protein
(Solyc09g011830) were present. We detected pTAC7, pTAC10, pTAC12, and pTAC14,
as well as the FNL1 and FNL2 kinases, that are known to interact with one another to
regulate the activity of PEP (Huang et al. 2013a; Chang et al. 2017; Gao et al. 2012).
While the function of pTAC17 is unknown, we detected two tomato pTAC17s; the tomato
pTAC17A was the most abundant pTAC protein identified (0.16 mol %) and was 80-fold

more abundant than pTAC17B.

In addition to the proteins associated with transcriptionally active nucleoids, we
detected proteins involved with plastid DNA replication chromatin assembly, and
recombination and, transcription factors, RNA processing and binding, and signaling
(Table 1.817B-E). Based on their Arabidopsis orthologs, there were 82 proteins
important for post-transcriptional control (Table 1.S17D). While there is substantial
evidence for nuclear transcription factors being dual-localized in Arabidopsis, only 12
transcription factors and regulators were detected (Table 1.S17A and 1.S17B) (Krause
et al. 2012; Krupinska et al. 2020). We did detect three histone proteins, with two H3-2

proteins and one H2B.1 (Table 1.S17B).
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Discussion

Globally tomato cultivation comprises of 4.7 million hectares annually and is a $2.2
billion industry in the US. Tomato has emerged as model plant to study fruit
development, plant wounding, herbivory, and pathogen attack (Klee and Giovannoni
2011; Campos et al. 2014; Sant’‘Ana and Lefsrud 2018). The tomato chromoplast
proteome has been studied in detail along with the metabolic shifts associated with the
transition of chloroplasts to chromoplasts (Barsan et al. 2010; Barsan et al. 2012; Suzuki
et al. 2015; Li et al. 2020; Luna et al. 2020). However, surprisingly, the chloroplast
proteome of tomato leaves is understudied (Tamburino et al. 2017). Given the
importance of plastids as biochemical hubs and in generating signals to environmental
stress (Unal et al. 2020; Yang et al. 2021; de Souza et al. 2017; Dogra et al. 2017), an
understanding of the chloroplast proteome is needed. The dynamics of the tomato
chloroplast proteome has the potential to provide deep insights into this organelle that
can ultimately be used the development of technologies to improve crop yield by

regulating protective metabolites and proteins.

Here we focused on establishing the tomato stromal proteome due to our long-term
interest in elucidating the role of the stroma-localized tomato leucine aminopeptidase A
(LAP-A) in regulating tomato defense (Fowler et al. 2009; Narvaez-Vasquez et al. 2008).
LapA is induced by systemin, JA, ABA, herbivory, and wounding (Chao et al. 1999).
LAP-A is involved in the upregulation of nuclear genes in the late branch of wound
signaling downstream of JA perception and accumulation, but not the early branch of
this defense pathway (Fowler et al. 2009). Furthermore, alteration in LAP-A abundance
promotes downregulation a set of nuclear stress-response genes (Scranton et al. 2013).
Given LAP-A’s plastid location and ability to modulate nuclear genes that encode
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proteins localized to non-plastid subcellular compartments, LAP-A is likely to generate or

modulate one or more signals to up- and downregulate gene expression.

Acting within the stroma, LAP-A has the potential to influence protein homeostasis
due to LAP-A’s aminopeptidase and chaperone activities (Gu and Walling 2000; Gu et
al. 1999; Scranton et al. 2012). By stabilizing or destabilizing stromal proteins, LAP-A
may generate a signal that emanates from the chloroplast to enable communication with
the nucleus and, thereby, deploy adaptations to cope with ROS, mechanical damage,
herbivory, and pathogen attack. To understand its global impact on tomato defense and
chloroplast-to-nucleus signaling, multi-omics approaches are being pursued including
characterization of the MeJA- and LAP-A-dependent proteome, metabolome and
transcriptome. Foundational for identification of the MeJA- and LAP-A-dependent
proteome is an understanding of the unperturbed stromal proteome, which we present

here.

The 1254-member leaf stromal proteome Atlas was curated from 2158 detected
proteins using rigorous criteria. Proteins that were detected once with 1 PSM, identified
with a single peptide or sporadically identified (in less than 40% of the samples
analyzed) were discarded. However, proteins in these categories were retained if
empirical evidence for plastid localization had been reported in an Arabidopsis database
(PPDB, SubA4, or plprot), in the literature or if the tomato chloroplast protein Atlas,
which predicted protein residences in plastids. As prediction of protein localization is
most accurate when the results of multiple machine-learning algorithms are considered
(Hooper et al. 2017; Richly and Leister 2004), the Atlas compiled data from five
algorithms (TargetP, ChloroP, Predotar, WolfPsort, and Yloc) to predict tomato protein
localization. The value of the Atlas was verified by the fact that 91% of the proteins in the

124



tomato stromal proteome was predicted to be plastid localized by the Atlas. In
conjunction with PPDB and SubA4, the Atlas enabled identification of >350 proteins that
copurified with tomato stromal proteins (Bhattacharya et al. 2020). The co-isolating
proteins (CIPs) may reflect the close association of tomato chloroplasts with other
organelles or, alternatively, possible dual localization of proteins (Andersson et al. 2007;
Barton et al. 2018; Exposito-Rodriguez et al. 2017; Gao et al. 2016; Higa et al. 2014;
Islam and Takagi 2010; Mehrshahi et al. 2013; Mullineaux et al. 2020; Oikawa et al.
2019; Hooper et al. 2017; Nakai 2018; Thomson et al. 2020).

Considerable time and energy were invested in accurately annotating the tomato
stroma-localized proteins. We found that gene/protein annotations of ITAG 2.4 and at
Sol Genomics were outdated or inaccurate. Therefore, protein identities were
determined by reciprocal BlastP searches of the tomato and Arabidopsis deduced
proteomes and from the literature. Enabling this initiative were MapMan bin descriptors,
which provided an initial functional categorization of the stromal proteins. However, with
298 proteins initially classified as “non-assigned”, manual curation was critical for
assessing the full functional diversity captured in the tomato stromal proteome. After
manual curation, only 36 and 52 proteins remained as unknown/uncharacterized or as
enzymes with unknown functions, respectively. The proteins with known functions were
curated into 10 functional categories (Table 1.4). The result was a detailed compendium
that should enable other investigators interested in the dynamics of the soluble
chloroplast proteome. As plastids are now recognized as a critical hubs to sense and
transmit signals to notify organellar networks of deviations from plastidial and cellular
homeostasis (de Souza et al. 2017; Unal et al. 2020; Wang et al. 2020b; Fernandez and

Burch-Smith 2019), our knowledge of the tomato stromal proteome should enable
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researchers address fundamental questions in plastid biology and enable those
interested in the role that chloroplasts play in tomato-pathogen and -pest interactions.
Importantly, for the Walling lab, the stromal proteome provides the underpinnings of our
ongoing studies to elucidate the LAP-A- and MeJA-dependent stromal proteomes, and
correlate these data with corresponding metabolomes and transcriptomes.

The tomato stromal proteome is an important contribution to the field, as few stromal
proteomes are available to date and most have derived from studies of the model plant
Arabidopsis thaliana (Olinares et al. 2010; Peltier et al. 2006). Given the advances in the
sensitivity and accuracy in mass spectrometry and the development of a high-yielding
method for isolating tomato chloroplasts and stroma (Bhattacharya et al. 2020), we
unambiguously identified 1,254 proteins. This is marked increase from the size of the
initial stromal proteome of Arabidopsis (241 proteins) (Peltier et al. 2006). Finally, our
proteome provided empirical evidence for the plastid location of 550 tomato proteins that
were not previously detected in tomato chromoplast or chloroplast proteomes (Barsan et
al. 2010; Barsan et al. 2012; Tamburino et al. 2017), as well as 103 tomato proteins had
not been previously reported as stroma localized in Arabidopsis databases (Sun et al.

2009).

As chloroplasts act as stress sensors and regulate numerous signal transduction
pathways via anterograde and retrograde signals, we identified key processes and
proteins that are associated with biogenic and operational retrograde signaling (de
Souza et al. 2017; Marino et al. 2019). As LAP-A controls defense processes after
chloroplast biogenesis is complete, it is likely that LAP-A may controls one or more
operational retrograde signal. Numerous proteins that are associated with the synthesis

of plastidial metabolites known to be retrograde signals were identified in the tomato
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stromal proteome including proteins associated with sulfur (PAP, 3’-phosphoadenosine
5’-phosphate), carotenoid (B-cyclocitral), isoprenoid (MEcPP, 2-C-methyl-D-erythritol
2,4cyclodiphosphate), and fatty acid metabolism. In addition, a robust complement of
proteins associated the generation and dissipation of reactive oxygen species (ROS) or
serving as photosensitizers (tetrapyrroles, FLU, EX1, and EX2) may also be critical in
LAP-A’s plastid-nuclear communication. It is noteworthy, unlike Arabidopsis, tomato has

two FLU proteins and therefore signaling may be distinct.

Finally, given the fact LAP-A is both an aminopeptidase and a chaperone, an
understanding of LAP-A’s role in stromal protein homeostasis will be important elucidate.
Over 300 proteins associated with protein homeostasis were identified in tomato’s
stromal proteome. Not surprisingly, ~80 of these proteins were associated with the
plastid’s translational machinery. The proteins synthesized within the chloroplast and
proteins synthesized in the cytosol and subsequently imported into the chloroplasts
require proper folding, modification, assembly, and insertion into their appropriate
plastidial subcompartment. Once damaged by ROS, chloroplast proteins must be
unfolded and degraded. LAP-A may assist with one or more of these processes. As
seen in Chapter 3, LAP-A interacts with subunits of the major proteolytic complex of the
stroma — the Clp protease suggesting that LAP-A’s chaperone activity may help target
substrates to Clp or may degrade Clp generated peptides. Either interaction may be
result in LAP-A-dependent signals to active defense genes. The tomato stromal
proteome provides a superb frame of reference to unravel the LAP-A-dependent

changes after wounding and herbivory at the transcript, protein, and metabolite level.
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Figure 1.1 Classification of 1% FDR proteins identified in tomato chloroplast
soluble extracts. The 2,135 proteins identified in the soluble extracts of tomato
chloroplasts includes 1,254 chloroplast proteins, 253 co-isolating proteins (CIPs) that
were reproducibly detected and 628 proteins that were removed from consideration
because they were detected with one PSM, with one unique peptide, or sporadically (in
less than 40% of the acetone or PAGE samples).
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Predotar

Figure 1.2 Source of proteins assigned to the tomato Atlas. A total of 7,379 nuclear-
genome encoded proteins were predicted to be chloroplast localized by one or more of
five subcellular localization programs: WoLF PSORT, Predotar, ChloroP, TargetP, and
YLoc. The 87 plastid-genome encoded proteins, which are part of the Atlas, are not
displayed.
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PPDB SUBA4

Figure 1.3 Overlap of the tomato chloroplast protein Atlas with the three Arabidopsis
protein databases. A four-way Venn diagram compares the overlap of the tomato protein
Atlas with Arabidopsis thaliana homologs present in plprot, SUBA4, and PPDB.
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PPDB SUBA4

Figure 1.4 Comparison of the tomato stromal proteome with Arabidopsis thaliana
proteins with chloroplast localization present in the plprot, SUBA4 and PPDB databases.
A core of 518 proteins with one Arabidopsis ortholog was detected in all three
databases. Sixty proteins in the tomato stromal proteome had multiple Arabidopsis
orthologs in all three databases.
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Figure 1.5 Abundance classes of leaf stromal proteins. The abundance of the 1,254
proteins of the leaf stromal proteome was determined by calculating the emPAI and mol
percent of the proteome. Six protein classes were defined by their relative abundance.
The numbers of proteins in each emPAI class are provided above the bar.
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Figure 1.6 Intersection of the tomato stromal proteome with fruit plastid proteomes. A
four-way Venn diagram illustrates the overlap of the leaf stromal proteome with three
tomato plastid proteomes from fruit in the mature green (MG), breaker and 10-d post
breaker (B), and red (R) stages of fruit development.
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Figure 1.7 Functions and abundance of proteins detected in the tomato stromal
proteome. The 1,254 proteins of the tomato stromal proteome were categorized into
MapMan functional categories. Mapman bin numbers are within parentheses. A) The
430 proteins shared with the fruit plastid proteomes (white) and 844 proteins detected
only in the leaf stromal proteome (black) are displayed. No stromal proteins were
associated with fermentation (Bin 5), polyamine metabolism (Bin 22) or microRNA and
natural antisense RNA (Bin 22) bins; for this reason, these bins are not displayed. B)
The abundance of the proteins in each Mapman bin is displayed as Mol % of the stromal
proteome.
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Chapter 2
Leucine aminopeptidase and MeJA regulate primary and secondary metabolites in

an array of biochemical pathways

Abstract

Tomatoes are model plants to study plant defense. Jasmonic acid (JA) is a key
regulator of development, wounding and defense responses to pathogens and
herbivores. In tomato and a subset of the Solanaceae, leucine aminopeptidase A (LAP-
A) is a key regulator of the late branch of wound signaling acting downstream of JA
perception and synthesis. LAP-A is plastid stroma-localized protein with bifunctional with
aminopeptidase and chaperone activities. LAP-A is implicated in creating or perpetuating
a retrograde signal essential for defense against herbivores. Using wild-type (wild-type)
plants and LapA mutant plants that silence LAP-A (LapA-Sl) and overexpress LAP-A
(LapA-OX), changes in metabolites after methyl jasmonate (MeJA) treatments were
determined. Using targeted and untargeted mass spectrometry techniques, metabolites
were identified and quantified to reveal plant metabolites that were MeJA and/or LAP-A
dependent. The discovery of primary and secondary metabolites regulated by LAP-A
and methyl jasmonate (MeJA) in this study has shed light on the role of LAP-A in plant
defense. Amino acids, osmolytes, nucleotides, steroidal glycoalkaloids (SGAs), and

flavonoids are a few of the essential metabolites regulated by LAP-A and MeJA.
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Introduction

The advances in speed and accuracy of gas chromatography-mass spectrometry
(GC-MS) and liquid chromatography-mass spectrometry (LC-MS) technologies over the
past two decades has fueled an explosive increase in our understanding of the diversity
of plant metabolites (Allwood and Goodacre 2010; Sumner et al. 2015; Alseekh and
Fernie 2021; Enfissi et al. 2021). It is currently estimated that the plant kingdom
produces over 200,000 different metabolites. While no one technology can provide a
comprehensive understanding of a plant’s metabolome, deployment of both targeted and
untargeted approaches to metabolite identification has revealed the chemical complexity
of plants throughout development and in response to abiotic and biotic stresses.
Integrating metabolite profiles with single-nucleotide polymorphisms, transcriptomes,
proteomes, and epigenome data sets have allowed a comprehensive understanding of
regulatory networks that link metabolites to their metabolic and regulatory pathways
(Alseekh and Fernie 2021; Enfissi et al. 2021; Scossa et al. 2021; Soltis and
Kliebenstein 2015). Integrative omics approaches have facilitated discovery of candidate
gene(s) and firmly established genotype-phenotype relationships critical for the
improvement of important plant traits (Das et al. 2021; Li et al. 2020).

Solanum lycopersicum (tomato) is a major horticultural crop in the US and world
(USDA 2017). Valued for its unique flavor, antioxidants and high nutritional value, tomato
fruit are a staple in many cuisines across the world. Therefore, it is not surprising that
tomato has emerged as model system to understand fruit development, maturation and
ripening at the genome, proteome and metabolome level (Li et al. 2020; Sant'/Ana and

Lefsrud 2018; Fortuny et al. 2021). There are numerous metabolomics, and more
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recently multi-omics studies, of fruit development in cultivated and wild tomatoes with an
increasing emphasis on understanding the impact of environmental fluctuations that will
be imposed by climate change (Moing et al. 2020; Li et al. 2020; Tohge et al. 2020).

The ability of tomato fruits, shoots and roots to protect themselves from the
continuous challenges imposed by environmental fluctuations (e.g., changes in light
intensity, temperature, salinity, and water deficit) and attacks by pathogens and
herbivores is critical for an abundant and nutritious crop. Therefore, it is not surprising
that tomatoes have also emerged as a model system for the understanding of the
mechanisms of plant defense and its associated metabolites (Chaudhary et al. 2019;
Luna et al. 2020; Mandal et al. 2020; Paupiere et al. 2020; Soltis and Kliebenstein 2015;
Perez-Fons et al. 2019). For tomatoes, secondary metabolites within leaf trichomes from
wild tomato species have been intensively investigated at the metabolomic and
transcriptomic levels, as many of these metabolites provide broad-spectrum resistance
to herbivores (Kortbeek et al. 2021; Fan et al. 2016; Ekanayaka et al. 2015; Bleeker et
al. 2012). While some of these metabolites are constitutively expressed, many
secondary metabolites are regulated by jasmonates, which are essential oxylipins that
regulate plant defense against pathogens and herbivores, as well as having an essential
role in plant growth and development (Howe et al. 2018; Wei et al. 2021; De Geyter et
al. 2012; Cabianca et al. 2021).

When the transcriptome and metabolome studies are paired with comparisons of
wild-type (wild-type) and defense gene mutants, significant insights into the metabolic
pathways and their regulatory programs have been revealed (Li et al. 2020; Yan et al.
2014; Chen et al. 2006; Schuman et al. 2018). For example, comparisons of the

responses of Arabidopsis jaz mutants (jasmonate-zim domain proteins, which negatively
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regulate JA-induced responses) and wild-type (wild-type) plants to methyl jasmonate
(MeJA) treatments revealed the magnitude of changes to the JA-regulated transcriptome
and metabolome (Yan et al. 2014).

In tomato, a second layer of control in jasmonate signaling is imposed by the multi-
functional, chloroplast-localized leucine aminopeptidase A (LAP-A) (Scranton et al.
2013; Fowler et al. 2009). LAP-A is present in a subset of the Solanaceae (Chao et al.
2000). LAP-A is an aminopeptidase and a molecular chaperone that has the potential to
modulate protein stability and activity within the chloroplast stroma (Gu et al. 1999; Gu
and Walling 2002; Scranton et al. 2012). Transgenic tomato lines that silence LAP
(LapA-SI) and ectopically express LAP-A (LapA-OX) were used to interrogate the impact
of LAP-A on tomato immunity. LapA-SI plants are more susceptible to caterpillar
(Manduca sexta) feeding, while LapA-OX plants are more resistant than wild-type plants
(Fowler et al. 2009). Well correlated with foliage consumption was the fact that the
masses of M. sexta larvae were 2-fold larger after 11 days of feeding on LapA-SI plants
than wild-type plants. The supplementation of artificial diets with LAP-A does not deter
herbivore growth and development suggesting that LAP-A’s mode of action is dependent
on other defense proteins within the insect gut or its ability to upregulate the expression
of nuclear-encoded genes that encode antinutritive proteins in vivo (e.g., proteinase
inhibitors (PINs) and polyphenol oxidase (PPO)) (Fowler et al. 2009). LAP-A regulates
JA-responsive genes by acting downstream of the biosynthesis and perception of JA
(Fowler et al. 2009). Finally, LAP-A is a negative regulator of other stress-responsive
genes, such as pathogenesis-related proteins and stress-response chaperones

(Scranton et al. 2013).
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The magnitude of LAP-A’s ability to reprogram the tomato transcriptome, proteome
and metabolome is yet to be revealed. A first step to understanding the LAP-dependent
metabolome is presented here. To garner insights into the MeJA- and/or LAP-A-
dependent metabolome, we performed a targeted and untargeted metabolomics studies
to compare wild-type, LapA-SI and LapA-OX plant responses to MeJA (a proxy for
wounding). These analyses identified changes in primary and secondary metabolites at
three times after MeJA treatment (0, 8, 12, and 24 h). As metabolite levels can be
controlled at the transcriptional, post-transcriptional, translational or post-translational
level (Kosmacz et al. 2020), we investigated the regulation of a subset of LapA-regulated
metabolites. By leveraging current proteome data and performing gRT-PCR for selected
biosynthetic and/or catabolic enzymes, we assessed if metabolite levels were correlated
with changes in protein or mRNA levels of key biosynthetic enzymes. We focused on a
subset of genes that encoded enzymes responsible for the biosynthesis of the LapA-
regulated metabolites which included steroidal glycoalkaloids (SGAs), flavonoids and a
subset of amino acids.

Results

With the goal of identifying the MeJA- and LAP-A-dependent metabolomes of
tomato leaves, targeted and untargeted LC-MS metabolomics analyses were performed
on leaves from wild-type, LapA-SI, and LapA-OX tomatoes at 0, 8, 12, and 24 h after
MeJA treatments. A central carbon panel of metabolites was used to identify the
targeted metabolites. In silico databases were used to identify the untargeted
metabolites after careful consideration of mass spectral peak matches to annotated
compounds. A total of 209 annotated metabolites were identified, with targeted

metabolomics of polar, primary metabolites identifying 78 metabolites (Table 2.1) and
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untargeted metabolomics identifying 131 annotated metabolites and 3,828 unknown
metabolites (Table 2.2). Metabolites that accumulated in a MeJA- or LAP-A-dependent
manner were identified using two-tailed Welch’s t tests on log.-transformed individual
metabolites and had adjusted P-values < 0.05. Of the 209 metabolites with annotated
functions, 135 were MeJA regulated, 60 were LAP-A regulated, and 57 were regulated
by both (Tables 2.1- 2.2).

There were 15 functional categories covered in the targeted metabolomics analyses
and 29 functional categories covered in the untargeted metabolomics analyses (Fig 2.1).
Primary metabolites were mostly identified in targeted metabolomics; secondary
metabolites and lipids were mostly identified in untargeted metabolomics. Primary
metabolites are directly required for plant growth and secondary metabolites mediate
plant-environment interactions, but recent research shows that primary metabolites
respond to environmental stresses and secondary metabolites are also regulators of
plant growth (Erb and Kliebenstein 2020; Trovato et al. 2021). In addition, some
secondary metabolites are derived primarily from amino acids, such as the true alkaloids
that are derived from Phe, Tyr, and Trp (Parthasarathy et al. 2021). Polar and semipolar
amino acid (aa) functional category (37 metabolites (47%)) dominated the targeted
metabolites (Fig 2.1A). Eight amino acids were also identified in the untargeted
metabolomics (Fig 2.1B).
Amino acid metabolism is regulated by LAP-A and MeJA

Of the 37 metabolites in the amino acid (aa) functional category, a total of 18
metabolites classified as proteinogenic aa, derived from aa, or nonproteinogenic aa were
regulated by both MeJA and LAP-A (Table 2.3A-B; Fig 2.1A). The proteinogenic aa

pathways that were detected included the hydrophobic (Met, Phe, Trp), branched chain
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(lle, Val, Leu), basic (Lys, Arg), and uncharged (Thr, Asn) amino acids (Table 2.3, Fig
2.2). In addition, there were eight nonpolar proteinogenic amino acids (aa) identified in
the untargeted metabolomics data analyses (Table 2.4A-B). Three aromatic aa (Phe,
Trp, and Tyr) and Leu were LAP-A and MeJA regulated (Table 2.4A-B, Fig 2.2). Phe,
Trp and Leu were identified in both the targeted and untargeted metabolite analyses and
showed the good experimental reproducibility. There were two isomers of Phe detected
in the untargeted analysis; one of the isomers had the same trend as seen with Phe in
the targeted metabolomics analyses (Table 2.2).

A total of three nonproteinogenic aa (a-aminobutyric acid (AABA/2ABA), y-
aminobutyric acid (GABA) and kynurenine) were identified (Fig 2.3A-C). AABA was the
only nonproteinogenic aa regulated by LAP-A and upregulated by MeJA (Table 2.3; Fig
2.3A). GABA was downregulated and kynurenine was upregulated by MeJA treatments
in all three genotypes, respectively (Table 2.3; Fig 2.3B-C). Literature has shown GABA
accumulates in response to biotic (insects and pathogens), abiotic stresses (salinity,
heat shock, and wounding), and interacts with defense-related hormones such as JA,
SA, and ethylene (Tarkowski et al. 2020). There were 17 metabolites classified as aa-
derived; these were intermediates in aa biosynthesis pathways, aa degradation
pathways or modified aa (Table 2.3). Seven of the compounds derived from aa were
regulated by MeJA and LAP-A (Table 2.3). For example, pipecolic acid and 5-
aminovaleric acid are derived from Lys and involved in plant defense (Adam et al. 2018);
these metabolites will be discussed further in the section, “Lys biosynthesis and its

catabolites are LAP-A and MeJA regulated.”
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The Asp, Lys, Thr and Met amino acid pathway

Asp is catabolized to provide the precursors for the synthesis of lle, Thr, and Met (Fig
2.4). MeJA treatments of wild-type, LapA-SI and LapA-OX plants suppressed Asp
accumulation at all timepoints in a LAP-independent manner (Fig 2.5; Table 2.3). In
contrast, Lys and Met increased in response to MeJA in all three genotypes and Thr was
upregulated by MeJA in wild-type and LapA-OX plants but were not MeJA regulated in
LapA-SI plants (Fig. 2.2). At 0 h, Lys and Thr levels were significantly higher in LapA-SI
than wild-type plants. In contrast, at 24 h Met levels were lower in LapA-SI plants than
wild-type and a similar trend is seen in LapA-OX.

Given the decline in Asp and increases in Lys, Thr and Met, we correlated transcript
levels for several genes that encode enzymes for Asp catabolism and Lys, Thr and Met
biosynthesis. RNA levels measured using qRT-PCR in wild-type, LapA-SI and LapA-OX
plants after MeJA treatments. Using Asp as the initial substrate, aspartokinase 2 and
aspartate-semialdehyde dehydrogenase (ASDH) act sequentially to synthesize L-
aspartate-4-seminaldehyde, which is the substrate at the branch point of Lys versus Thr
and Met synthesis (Fig 2.4, Fig 2.6). While neither of these Asp-derived metabolites
were detected, MeJA induced the levels of aspartokinase2 transcripts in all three
genotypes from 8 to 24 h in a LapA-independent manner (Fig 2.6A). In contrast, the
MeJA regulation of ASDH RNAs was more complex; MeJA did not significantly impact
ASDH RNAs in LapA-SI or LapA-OX plants, but a significant increase in ASDH RNAs
were detected in wild-type plants at 12 h after MeJA treatment (Fig 2.6B). The
bifunctional aspartokinase/homoserine dehydrogenase 1 (AK-HSDH1) produces L-

homoserine, which is the first committed step for synthesis of Thr and Met (Fig 2.6).
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MeJA strongly suppressed AK-HSDH1 RNA levels by 8 h in all three genotypes. In
addition, LAP-A negatively regulated the levels of AK-HSDH1 RNAs, as this RNA was
more abundant in at 0 h in LapA-SI versus wild-type plants (Fig 2.6C). Homoserine
kinase (HSK) phosphorylates homoserine (Fig 2.6D). HSK transcripts were more
abundant in LapA-SI and LapA-OX plants after MeJA treatment, and a similar trend was
seen in wild-type (Fig 2.6D; Fig 2.7). LAP-A influenced HSK RNA levels as evidenced by
LapA-OX plants having 1.54-fold more HSK RNAs than wild-type plants at 8 h after
MeJA treatments (Fig 2.6D).

O-phospho-L-homoserine is the branch point for Thr and Met biosynthesis (Fig. 2.7).
For Met biosynthesis, O-phospho-L-homoserine is used to produce L-cystathione, a Met
precursor (Fig 2.2A, Fig 2.7). L-cystathione was strongly downregulated by MeJA in all
three genotypes (Fig 2.5, Fig 2.7), while Met levels gradually increased. While LAP-A
positively regulated Met levels after MeJA treatment, it did not influence L-cystathione
levels.

Thr is 1.76-fold more abundant in LapA-SI at 0 h compared to wild-type and
trends for higher levels at 8 and 24 h were also seen suggesting that LAP-A is a
negative regulator of Thr in healthy plants (Fig 2.2, 2.4, 2.7). By 8 h, MeJA increased
levels of Thr in wild-type and LapA-OX plants, while this MeJA regulation was not clearly
seen in LapA-SlI plants. The synthesis of the branched chain amino acid lle initiates with
Thr (Fig 2.2, Fig 2.7). In all genotypes, lle levels rose across the 24-h MeJA time course,
reaching peak levels at 24 h. At 24 h, lle was 1.43-fold more abundant in wild-type
compared to LapA-SI plants suggesting LAP-A is a positive regulator of lle biosynthesis

(Fig 2.2, Fig 2.7).
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Threonine synthase (TS) uses O-phospho-L-homoserine to produce Thr. While TS
RNA levels did not change significantly in wild-type and LapA-OX plants after MeJA (Fig
2.7, Fig 2.8A), TS RNAs declined in LapA-SI at 8 and 12 h after MeJA treatment and
rose by 24 h (Fig 2.8A). At 12 h, the LapA-SI and wild-type TS levels were significantly
different with TSbeing 1.9-fold more abundant in wild-type plants; similar trends were
also noted at 8 and 12 h in LapA-OX plants. These data indicate that LAP-A regulated
TS transcript abundance at 12 h post MeJA treatment (Fig 2.8A).

Two enzymes (Threonine deaminase 1/Thr dehydratase1 and Threonine deaminase
2/Thr dehydratase 2) are responsible for first step in threonine catabolism (Fig 2.7, Fig
2.8B-C). While both TD1 and TD2 RNAs are induced after MeJA treatment in all three
genotypes, their transcript abundances at 24 h have a 1098-fold difference, with TD2
being the most abundant (Fig 2.8B-C); the MeJA induction of TD1 and TD2 was
previously documented (Chen et al. 2007; Gonzales-Vigil et al. 2011). Neither TD1 nor
TD2 RNA levels were LAP-A dependent.

Cystathione is further catabolized (in several steps) to produce Met and pyruvate
(Fig 2.4). The methyltransferase encoded by Solyc01g009180.3 catalyzes the final step
for Met biosynthesis converting L-homocysteine (which is derived from L-cystathionine)
to Met (Fig 2.7, Fig 2.8D). While Met levels increased in response to MeJA, the
methyltransferase RNA levels were unchanged after MeJA treatment in LapA-SI, wild-
type and LapA-OX plants; although a trend for RNA increases was observed (Fig. 2.8D).
Surprisingly, based on the proteome profile of LapA-SI, wild-type, and LapA-OX plants
treated with MeJA at 0 and 24 h, LAP-A suppressed this methyltransferase
(Bhattacharya, Ortiz and Walling, unpublished results). These data suggest the complex

and multilevel regulation of Met in tomato.
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The last step for pyruvate biosynthesis from L-cystathionine is mediated by both the
inducible (CHRDI) and constitutive (CHRD) plastid-lipid associated proteins. The CHRDi
and CHRD transcripts were influenced by MeJA treatments in all genotypes (Fig. 2.7;
Fig 2.8E-F). CHRD RNAs were less abundant than CHRDi transcripts and they were
suppressed by MeJA in all three genotypes. In contrast, CHRDi RNAs increased over
50-fold in all three genotypes after MeJA treatments; reaching peak levels at 24 h. At
this time the CHRDi transcripts were 277-fold more abundant than CHRD RNAs.
Pyruvate is a substrate for numerous biochemical reactions, including the synthesis of
the branched chain amino acids Leu and Val (see below).

Lys catabolites and Lys-derived compounds are LAP-A and MeJA regulated.

Like Thr and Met, Lys is produced from L-aspartate-4-semialdehyde in four
biochemical steps (Fig. 2.4). As noted above, Lys levels were induced by MeJA (Fig
2.2G; Fig 2.9A) and LAP-A appears to be a negative regulator of Lys accumulation,
since Lys was 1.6-fold higher in LapA-SI plants than wild-type in untreated leaves (0 h)
(Fig. 2.2G, Fig 2.9B). In addition, four Lys-derived compounds (pipecolic acid, 5-
aminovaleric acid, N-acetyllysine, and trimethyllysine) were detected (Table 2.3). MeJA
upregulates N-acetyllysine and trimethyllysine. 1.8- and 2.7-fold, respectively, 24 h after
MeJA treatments (Fig. 2.10). Both trimethyllysine and N-acetyllysine were upregulated
by LAP-A in healthy plants. In addition, N-acetyllysine was also LAP-A upregulated at 8
and 12 h MeJA treatment (Fig 2.10). Trimethyllysine and N-acetyllysine are important
post-translational modifications of Lys. Therefore, it is possible that their detection is due
to protein turnover. However, in addition to its importance in epigenetic regulation of
gene expression, trimethyllysine is important for the biosynthesis of carnitine (Maas et al.

2020). The role of carnitine in plant biology is understudied but its role as an osmolyte
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and in fatty-acid trafficking seems likely (Jacques et al. 2018). N-acetyllysine is also a
post-translational protein modification first detected in histones, but it now understood to
be present in array of proteins and particularly enriched in chloroplast proteins (Fang et
al. 2015). While Né®-acetyl-B-lysine and N%-acetyl-B-lysine are osmolytes in some
microbes (Sowers et al. 1990; Jiang et al. 2015); this role has yet to be demonstrated in
plants.

The other two lysine-derived metabolites (5-aminovaleric acid/ 5-aminopentanoate
and pipecolic acid/ pipecolate) are linked to plant defense (Adam et al. 2018) and their
biosynthetic pathway is provided in Figure 2.9A. The production of N-hydroxy-pipecolic
acid from Lys is important for Arabidopsis thaliana immunity and systemic acquired
resistance (Chen et al. 2018; Hartmann and Zeier 2018). Four metabolites associated
with this pathway were detected (Lys, Ala (a by-product), 5-aminovaleric acid, and
pipecolic acid) and three were significantly regulated by LAP-A and MeJA. While Ala
levels were not influenced by LAP-A or MeJA (Table 2.2), Lys, pipecolic acid and 5-
aminovaleric acid levels were all upregulated in response to MeJA treatments in wild-
type, LapA-SI and LapA-OX plants (Fig.2.4, Fig 2.9B). Pipecolic acid levels were
significantly higher in LapA-SI lines relative to wild-type plants prior to MeJA treatments
(Fig 2.9B; Table 2.3A). Also, 5-aminovaleric acid had a 1.3-fold higher relative
abundance in LapA-SI relative to wild-type plants treated with MeJA at 12 h (Fig 2.9A;
Table 2.3A). However, the downstream and biologically active N-hydroxy-pipecolic acid
has reported in tomato.

5-aminovaleric acid is produced by two pathways. 5-aminovaleric acid is produced
from 5-aminopentanal (not shown) and from 6-amino-2-oxohexanoate/ketocaproic acid

(KAC) (Fig 2.9A) (Shimizu et al. 2019). KAC reacts spontaneously with H20O- to form 5-
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aminovaleric acid. The generation of 5-aminovaleric acid from KAC has the potential to
modulate the levels of this defense-metabolite precursor, to potentially control its flux
into the pipecolic acid pathway. As neither of the 5-aminovaleric acid precursors were
detected, we cannot infer the substrate used to produce 5-aminovaleric acid in LapA-SI
and after MeJA treatments. Finally, 5-aminovaleric acid and 2-oxoglutarate are used for
glutamate biosynthesis; Glu was upregulated in all the genotypes or after MeJA
treatments (Table 2.3B; Fig 2.S1).

While the production of 5-aminovaleric acid is spontaneous, the production of KAC,
pipecolic acid and N-hydroxy-pipecolic acid biosynthesis is controlled by the enzymes
AGD2-like defense response protein1 (ALD1), SAR-deficient4 (SARD4), and Flavin-
containing monooxygenases (FMO1), respectively (Fig 2.9A). The levels of these
transcripts in wild-type, LapA-SI and LapA-OX plants after MeJA treatments were
assessed. While the ALD1 transcripts were not regulated, there was a strong trend for
their increase 24 h after MeJA treatment (Fig 2.9C).

Pipecolic acid levels were induced in all three genotypes after MeJA treatment and
pipecolic acid levels were elevated at 0 h in LapA-SI relative to wild-type plants (Fig.
2.9B). SARD4 generates pipecolic acid from 2,3-de-hydropipecolic acid (2,3-DP) (Fig
2.9) SARD4 RNAs increased significantly at 24 h post treatment in wild-type plants.
SARD4 RNAs were elevated in wild-type plants at 24 h, relative to LapA-OX and LapA-
S| plants. Furthermore, SARD4 protein levels were elevated in wild-type relative to
LapA-SI plants after a 16-h MeJA treatment (Bhattacharya, Ortiz and Walling,
unpublished results). These data strongly suggest that LAP-A regulates both SARD4
transcript and protein levels after MeJA treatment (Fig 2.9C). In contrast, in untreated

LapA-SI and wild-type plants, pipecolic acid is at higher levels in LapA-SI than wild-type
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plants (Fig. 2.9B), suggesting a complex mechanism of regulation. Finally, FMO1 uses
pipecolic acid to form the SAR-inducing N-hydroxy-pipecolic acid (Fig 2.9A). After MeJA
treatments, FMO1 transcripts declined significantly (Fig 2.9C). While neither FMO1 nor
N-hydroxypipecolic acid were detected in our proteomics or metabolite studies,
respectively, these data suggest that production of N-hydroxypipecolic acid is regulated
in MeJA treated plants to antagonize the SAR signal and will be discussed further in the
Discussion section.
LAP-A regulation of osmolytes

In addition to their responses to defense signals, LapA mRNAs and proteins
accumulate in response to water deficit stress and salinity (Chao et al. 1999). In
response to these environmental stresses, plants accumulate osmolytes (proline,
sugars, and polyamines) to adapt to the osmotic stress (Sharma et al. 2019). In this
study, we detected five osmolytes that were MeJA regulated: N-acetylputrescine,
proline, and three hexoses (Tables 2.1 and 2.2). The polyamine N-acetylputrescine is
the only polyamine detected in our analyses (Table 2.1, Fig 2.1A, Fig 2.S2); polyamines
are known for their roles in development, as well as abiotic and biotic stress responses
(Chen et al. 2019; Liu et al. 2019). N-acetylputrescine accumulates after MeJA
treatments in all three genotypes (Fig 2.11A). N-acetylputrescine is synthesized from
putrescine via N-acetyltransferase AtNATA1(Lou et al. 2016) (Fig 2.S2); the tomato
NATA1 (Solyc10g084640) RNAs are induced by MeJA within 0.5 h (Roche and Walling,
unpublished results). N-acetylputrescine is thought to sequester putrescine (lou et al
2016). More recently, Lou et al. (2020) showed N-acetylputrescine can also be
synthesized from N-acetylornithine using arginine decarboxylase in Arabidopsis;

however, it is unclear if this pathway is active in other plants. Production of N-

168



acetylputrescine lowers levels of putrescine and its derivatives (spermidine and
spermine) and causes a decline in H20; (Lou et al 2016) (Chen et al. 2019; Liu et al.
2019). This blocks pathogen-associated molecular pattern (PAMP)-triggered immunity’s
SA-regulated defenses that work in synergy with H.O,. To date the role of N-
acetylputrescine as an osmolyte has not be investigated in plants to date.

In contrast to N-acetylputrescine, MeJA suppresses Pro accumulation in a LAP-
independent manner in wild-type and LapA-SI plants and a similar trend is seen in LapA-
OX plants (Fig 2.11B). This contrasts with Bali et al. (2018) who showed MeJA treatment
of mature tomato plants increased Pro. Finally, sugars are also important osmolytes;
sugar levels declined in tobacco after herbivory due to hormonal crosstalk between JA
and ethylene (Machado et al. 2017). Three sugar metabolite levels also declined in this
study after MeJA treatment in wild-type and both mutant lines (Fig 2.11C- E).

Trends indicate LAP-A may downregulate purines and pyrimidines

Together the purines (12.8%) and pyrimidines (5.1%) represented the second
largest group of targeted metabolites detected in our study (Fig 2.1A). Purines and
pyrimidines are the building blocks for DNA and RNA and they influence all areas of
normal cellular metabolism. As such, the purine and pyrimidine metabolic pathways are
tightly controlled in plants via de novo synthesis, salvage, degradation, modification, and
reutilization (Fig 2.12) (Kafer et al. 2004; Bellin et al. 2021).

Of the fourteen purines and pyrimidines detected in the targeted metabolomics and
two purines detected in the untargeted metabolomics, three were MeJA regulated with p
values < 0.05 (Table 2.5; Figure 2.12). In addition, several of these metabolites had
trends that suggested MeJA and/or LAP-A may be a regulator; however, due to sample

variation these values did not meet the statistical criteria required for strongly

169



establishing this regulation. The purines (guanine, adenine, hypoxanthine, and xanthine)
and their metabolites or precursors (xanthosine, guanosine, adenosine, cGMP, dAMP)
were detected (Fig 2.S2). While trends for MeJA up-regulation (hypoxanthine, guanine,
adenosine, adenine) or down-regulation (guanosine, AMP, xanthine) were detected, only
xanthosine showed statistically significant regulation by MeJA. After MeJA treatments,
xanthosine, a precursor of xanthine, reached a peak at 8 h and subsequently declined at
12 and 24 h. (Fig. 2.12G). In addition, the higher levels of LAP-A in LapA-OX plants
suppressed xanthosine levels relative to wild-type plants, and a similar trend was seen in
LapA-SI plants. Interrogation of our MeJA-responsive proteome showed that LAP-A
suppressed the levels inosine 5-monophosphate dehydrogenase, which generates
xanthosine (Bhattacharya, Ortiz and Walling, unpublished results).

Only a few metabolites associated with pyrimidine metabolism were detected
(cytidine, uridine, 3-ureido-proprionic acid, and B-alanine) (Fig. 2.S3). Cytidine and
uridine were not significantly regulated by MeJA or LAP-A; however, at 8 h after MeJA
treatment LapA-SI lines displayed a strong trend for higher levels of both metabolites
than wild-type and LapA-OX plants. In addition, while there was variation, there was a
trend for the levels of uridine to increase over time in all three genotypes after MeJA
treatment.

3-ureido-proprionic acid and B-Ala are both uracil catabolic products. 3-ureido-
proprionic acid was induced in all three genotypes by 8 h after MeJA treatment and was
LAP-A independent. Consistent with these results, our proteomics data has shown that
MeJA induces dihydropyrimidinase protein levels, which catalyzes the production of 3-
ureido-proprionate from dihydrouracil. Finally, while cytidine levels were not modulated

by MeJA or LAP-A based on our statistical analyses, there was a strong trend for MeJA
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increasing cytidine levels after 8 h of MeJA treatments. The enzyme that converts CMP
to cytidine (5’-nucleotidase/ CMP phosphatase) was also detected in our proteomics
study and there is no evidence that the enzyme was regulated by either LAP-A or MeJA.
Untargeted metabolite profiles: Fatty acids and lipids are MeJA and LAP-A
regulated

The chemically diverse secondary metabolites were identified in our untargeted
metabolomics analyses (Table 2.2). This included 131 lipids and secondary metabolites
with annotated metabolic functions and 3,828 unclassified compounds (Table 2.2). The
top four annotated lipid and fatty acid molecules identified were phosphatidylcholine
(PC) (14.8%), sterols (9.4%), phosphatidyl ethanolamines (PE) (9.4%), and
monogalactosyldiacylglycerol (MGDG) (7%) (Fig 2.1B). Sixty-seven lipids and fatty acids
were regulated by LAP-A and/or MeJA (Table 2.2; Table 2.9). It makes sense MeJA
regulates many fatty acids because JA is fatty acid derived. It is noteworthy that the bulk
of fatty acid metabolism and LAP-A are co-localized in the chloroplast (Cook et al. 2021;
Gu et al. 1996; Narvaez-Vasquez et al. 2008). Analysis of metabolites in tomato fruits
treated with MeJA has shown that lipids are the most differentially regulated class of
molecules in fruit relative to the primary and secondary metabolites detected and
identified (Rivero Meza et al. 2021). Due to our focus on other metabolites for this
chapter, the lipids and fatty acids that are MeJA- and/or LAP-A-regulated will be
intensively pursued and included in the manuscript that will be submitted for publication.

A few obvious and noteworthy molecules deserve a call-out. We detected jasmonic
acid and the JA precursor linoleic acid (Table 2.2). Not surprisingly, JA increased with
MeJA treatments in all three genotypes, whereas linoleic acid remained unchanged

throughout the MeJA treatment.
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LAP-A regulation of pseudoalkoids

Unlike alkaloids from other species, which are derived from amino acid precursors,
Solanaceous alkaloids are often termed pseudoalkaloids since they are derived from
cholesterol (Parthasarathy et al. 2021). A total of 7 alkaloids (~5%) were detected in the
untargeted annotated metabolites (Fig 2.1B). Three steroidal glycoalkaloids (SGAs) with
known roles in plant immunity were detected including: tomatidine derivatives,
dehydrotomatine, and tomatine (Table 2.7; Fig 2.13).

The recently elucidated pathway for SGA biosynthesis is illustrated in Figure 2.13
(Akiyama et al. 2019; Sonawane et al. 2018; You and van Kan 2021). The biosynthesis
of tomatine and dehydrotomatine involves several reactions including oxidation,
isomerization, and reduction to convert cholesterol to secondary metabolites
dehydrotomatidine (tomatidenol), tomatidine, o-tomatine, and dehydrotomatine (Fig
2.13A) (Akiyama et al. 2019; Sonawane et al. 2018). While cholesterol was not detected,
a cholesterol-like metabolite was detected and its abundance was similar in wild-type,
LapA-SI and LapA-OX plants and these levels did not change significantly after MeJA
treatment (Fig 2.13). The precursor of tomatidine, a-tomatine, and tomatidenol was not
detected. However, a fragment of dehydrotomatine was detected. While this metabolite
was not significantly modulated by MeJA, the dehydrotomatine fragments were more
abundant in LapA-SI plants relative to wild-type plants at 0 h and 24 h (Table 2.7; Fig
2.13B); there is also a trend for elevated levels of this fragment at 12 h. These data
suggest that LAP-A suppresses synthesis of dehydrotomatine at these times.

Four polar isomers of tomatidine were detected (Table 2.7). MeJA regulated
tomatidine isomer 1 with significant increases by 12 h and a decline by 24 h in all three

genotypes (Table 2.7; Fig 2.13). In addition, the levels of this metabolite were 2.38-fold
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higher wild-type compared to LapA-SI at 0 h, indicating that LAP-A likely regulates
tomatidine levels in healthy plants (Table 2.7A; Fig 2.13B). Finally, the levels of a-
tomatine were inferred from a tomatine fragment. The tomatine fragment levels were not
LAP-A nor MeJA regulated; however, a trend for increases in this metabolite at 12 h was
seen in wild-type, LapA-S| and LapA-OX plants (Table 2.7).

As the enzymes involved in SGA biosynthesis in tomato have been recently
elucidated (You and van Kan 2021) and LAP-A was implicated in regulating levels of
dehydrotomatine and tomatidine isomer 1, we assessed the levels of GAME
(GLYCOCALKAOQOID METABOLISM ENZYME) transcript levels in LapA-SI, wild-type and
LapA-OX lines after MeJA treatments. GAME11/6/4/12 catalyze the conversion of
cholesterol to tomatidenol (Fig 2.14A- D). In all three genotypes, MeJA suppresses the
levels of these GAME11/6/4/12 transcripts. Several comparisons support the premise
that LAP-A regulates GAMESG, 4 and 12; for example, GAME4 and GAME12 RNAs are
more abundant in wild-type versus LapA-SI plants at 0 h and GAME12 RNAs were more
abundant in LapA-OX than wild-type 12 h after MeJA treatment. In contrast, GAME11
appears to be LAP-A independent. LapA upregulates GAME25 acting on the
biosynthetic step from tomatidenol to tomatidine (Fig 2.14E). MeJA suppresses
GAME1/17/18 transcript levels responsible in the biosynthesis step of tomatidenol to
dehydrotomatine and biosynthesis step of tomatidine to a-tomatine (Fig 2.14G- I).

Conversion of tomatidenol to tomatidine is controlled by GAME25 and S5aR2.
While S5aR2 RNAs increased in response to MeJA, no evidence for LAP-A regulation
was noted (Fig 2.14E-F). In contrast, GAME25 RNAs were both MeJA and LAP-A
regulated, and temporal responses were different in the wild-type, LapA-SI and LapA-OX

lines. GAME25 RNAs were strongly down-regulated after MeJA treatments in the LapA-
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Sl line (8 h) and at a later time point in LapA-OX line (12 h), whereas in wild-type plants
GAME25 RNAs did not change until 24 h after MeJA treatments and these RNAs
increased. LAP-A regulation of was clearly demonstrated in comparisons of LapA-SI vs
wild-type and LapA-OX vs wild-type plants. Finally, GAME1/17/18 convert tomatidenol
to dehydrotomine, as well as tomatidine to a-tomatine. All three RNAs were negatively
regulated by MeJA (Fig 2.14G-I). In both LapA-SI and LapA-OX plants, GAME17 RNAs
were less abundant than in wild-type plants.
Flavonoids: a complex story in LAP-A and MeJA regulation

Flavonoids and flavonoid glycosides were a substantial part of the untargeted
metabolites that were discovered. These amino acid-derived defense metabolites are
ubiquitous and are well characterized in many species (Parthasarathy et al. 2021) (Fig
2.1B). Some flavonoids have established roles in plant immunity (Fig 2.15) (Slimestad et
al. 2008). There are 4 flavonoids and 9 flavonoid glycosides identified in this untargeted
metabolomics dataset (Fig 2.16A-E; Table 2.8). Three classes of flavonoids were
detected: (1) kaempferol isomers and kaempferol glucosides, (2) quercetin, quercetin
glucosides and rutin (llixathin, a quercetin metabolite), and (3) luteolin glycosides (Table
2.8A-B). Three kaempferol isomers had different responses to MeJA (Fig 2.16A-C).
Isomer 2 was not significantly regulated by MeJA or LAP-A. In contrast, isomer 3 was
down regulated by MeJA in LapA-OX plants, and similar trends were seen in wild-type
and LapA-SI lines. The kaempferol isomer 1 was MeJA responsive in wild-type and
LapA-SI lines with RNAs reaching peak levels at 24 h. Futhermore, LAP-A regulation
was observed for isomer 1. At 12 h, isomer 1 was 1.43-fold higher in wild-type than

LapA-Sl. In addition, isomer 1 was significantly higher in LapA-OX than wild-type plants
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at 0 h and a trend suggests isomer 1 was more abundant in wild-type than LapA-SI
plants at O h.

In addition, two flavonoid glycosides were regulated by MeJA (Fig 2.16D-E).
Kaempferal-3-O-glc-1-3-rham-1-6-glucoside was downregulated by MeJA. In contrast, a
flavonoid glycoside (with no common name) was upregulated by both MeJA and LAP-A.
The powerful antioxidant quercetin, four quercetin glycosides, and quercetin-derived
rutin, with antinutritive impacts on herbivores, were detected (Table 2.8A-B). (Demkura
et al. 2009; Li et al. 2021; Muhlemann et al. 2018; Slimestad et al. 2008; Tohge et al.
2020). Levels of these six quercetin metabolites were similar in wild-type, LapA-SI and
LapA-OX and they did not change in response to MeJA. Similarly, the luteolin glycoside
was neither LAP-A nor MeJA regulated (Table 2.8).

To assess whether the changes in kaempferol levels were correlated with its
synthesis from (+)-dihydro kaempferol by flavonol synthases, the levels of flavanol
synthase RNAs were quantified by qRT-PCR (Fig 2.15, Fig 2.17) (Martens and Mithofer
2005). One flavonol synthase (Solyc01g090140) was up-regulated by MeJA reaching
peak levels in all three genotypes at 12 h. In contrast, the second flavonol synthease
(Solyc11g013111) encoded a more abundant RNA, which was strongly down-regulated
at 8, 12 and 24 h after MeJA treatment in all gentoypes (Fig 2.17).

Three Kaempferol 4’-O-methyltransferase/kaempferide 7-O-methyltransferase
genes are involved in methylation of kaempferide/lkaempferol wusing S-
adenosylmethionine (SAM) as a cofactor (Figs. 2.15, 2.17). While the RNAs encoded by
Solyc06g064500 and Solyc01g068545 were down-regulated by MeJA in wild-type,
LapA-SI and LapA-OX plants Solyc10g047520 RNAs were not significantly altered after

MeJA treatments in all three genotypes (Fig 2.15).
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S-adenosylhomocysteine (SAH) and S-adenosylmethione (SAM) are important
cofactors for flavonoid metabolism, as well as a wide variety of other metabolic
functions, which will be covered further in Chapter 3. Metabolites S-adenosylmethionine
(SAM) and S-adenosylhomocysteine (SAH) are substrates and byproducts, respectively,
for both kaemferol methyltransferases (Fig 2.16). Both SAM and SAH levels declined
after MeJA treatment in all three genotypes (Fig 2.16E-F).

Discussion

Given LAP-A’s ability to up and down-regulate different sets of nuclear-encoded
genes (Scranton et al. 2013; Fowler et al. 2009), LAP-A must produce or modulate
levels of one or more retrograde signals to control nuclear gene expression. To date, we
do not know if the LAP-A signal is a protein, peptide or metabolite. The Walling lab is
taking a multi-omics approach to discover the magnitude of change in macromolecules
that is caused by LAP-A deficiencies or excess, with the goal of identifying the pathways
influenced by LAP-A, which may lead to the identity of the LAP-A dependent signals.
The Walling lab is analyzing the LapA-dependent transcriptome (Roche and Walling,
unpublished results), proteome (Bhattacharya, Ortiz and Walling, unpublished results;
Chapter 1) and metabolome (Chapters 2 and 3). As LAP-A acts down stream of JA
perception, metabolites that are either LAP-A or LAP-A and MeJA regulated are
candidates for this putative regulator or they reflect a LAP-A dependent response.

Targeted and untargeted metabolomics analyses of compounds in LapA-SI, wild-
type, and LapA-OX leaves treated for different times with MeJA identified of 78 primary
metabolites and 131 secondary metabolites and lipids/ fatty acids (Fig 2.1). Primary
metabolites are involved in tomato’s response to environmental factors aside from their

essential role in plant growth and development (Steinbrenner et al. 2011; Zeiss et al.
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2018). Secondary metabolites often have roles in defense, abiotic stress tolerance,
flavor and fragrance (Pott et al. 2019; War et al. 2020). Examination of these data sets
allowed us to discover metabolites that were regulated by MeJA and the plastid-localized
LAP-A in tomato.

Of the 209 metabolites with annotated functions detected in this study, 65% were
MeJA and/or LAP-A regulated. Of these metabolites, 78 were MeJA regulated and 57
were regulated by both LAP-A and MeJA. The fact that 95% of the metabolites that were
influenced by LAP-A levels were also MeJA responsive is not surprising given the fact
that LAP-A regulates JA-responsive genes by acting downstream of the biosynthesis
and perception of JA (Fowler et al. 2009).

LAP-A is a negative regulator of amino acid levels in the absence of MeJA

Of the MeJA- and MeJA/LAP-A-regulated metabolites, the largest primary metabolite
group (37 compounds) identified was associated with amino acid biosynthesis and
catabolism or compounds derived from amino acids (Fig 2.1A). Most amino acid
biosynthesis pathways are localized in plastids. Given LAP-A’s colocalization with aa
biosynthetic/catabolic proteins in the plastid stroma, it is not surprising that LAP-A has
an impact on these pathways. One frequent pattern of LAP-A regulation was seen in
eightamino acids (Phe, Val, Trp, Leu, Lys, Arg, Thr, and Asn). For these amino acids,
LAP-A exerted its effect at 0 h prior to MeJA treatments (Fig 2.2). In addition, evidence
of LAP-A regulation was observed for Met and lle after 24 h MeJA treatment (Fig 2.2, Fig
2.7); here, LAP-A upregulated at 24 h MeJA treatment. For these reasons, we further
examined into the metabolic pathways of lle, Thr, and Met biosynthesis by assessing if
selected enzymes associated with this pathway were MeJA regulated at the level of

protein accumulation (0 and 16 h post MeJA treatment) from our proteomics study
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(Bhattacharya, Ortiz and Walling, unpublished results) or at the RNA level by gPCR (0-
24 h after MeJA treatment) (Fig 2.5-2.8). LAP-A was shown to upregulate HSK and TS
in the biosynthesis of Lys, Thr, and Met (Fig 2.6- 2.8). The LAP-A downregulation of the
amino acids is at 0 h and the transcripts that encode enzymes for the biosynthesis of
metabolites were upregulated by LAP-A (TS and HSK) after MeJA treatments except for
AK-HSDH1.
The transcript abundance for HSK, TD1, TD2, and CRDi increased after MeJA
correlating with Thr, Met and lle metabolite abundance after MeJA treatment as well (Fig
2.5- 2.8). The LAP-A suppression of AK-HSDH1 at 0 h correlated with LAP-A
suppression of Thr and Leu at 0 h (Fig 2.4- 2.7). However, MeJA downregulated AK-
HSDH1 and MeJA upregulated Thr and Leu. In addition, the LAP-A upregulation of TS at
12 h after MeJA treatment does not correlate with LAP-A suppression of Thr metabolite
at 0 h.
MeJA and LAP-A regulate pipecolic acid and, potentially, the mobile SAR signal

Two Lys-derived metabolites, pipecolic acid and 5-aminovaleric acid, are plant
defense regulators (Bernsdorff et al. 2016; Chen et al. 2018; Hartmann and Zeier 2018;
Hartmann et al. 2018) (Fig 2.9). Pipecolic acid and N-hydroxypipecolic acid and their
biosynthetic gene RNAs (ALD1, SARD4, and FMO1) are induced by SA via a
MPK3/MPK6- and WRKY33-regulated pathway (Wang et al. 2018); the responses of
pipecolic acid and N-hydroxypipecolic acid in response to wounding and MeJA is, to
date, uninvestigated territory. Based on JA-SA cross talk (Wang et al. 2021), it might be
assumed that these metabolites would be down regulated by MeJA and LAP-A.

While SA regulation of pipecolic acid is established in Arabidopsis (Chen et al. 2018;

Hartmann et al. 2018; Orlovskis and Reymond 2020), we show for the first time that both
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MeJA and LAP-A regulate 5-aminovaleric acid and pipecolic acid in tomato; N-
hydroxypipecolic acid was not detected. Pipecolic acid and 5-aminovaleric acid are
derived from the same precursor (KAC; Fig. 2.9) and therefore it was possible that
increased production of 5-aminovaleric acid might divert the intermediate and negatively
impact pipecolic acid production. 5-aminovaleric acid is produced spontaneously with
H.O- and KAC. H;O; levels are known to rise after wounding of tomato foliage (Orozco-
Cardenas et al. 2001). In addition, in Chapter 3, we show that LAP-A is a negative
regulator of H.O, as H>O- levels are significantly higher in LapA-SI plants over wild-type
plants after wounding. Here we showed that increases in H2O, were well correlated with
increases in 5-aminovaleric acid. In all cases, 5-aminovaleric acid was higher in LapA-SI
lines at 0, 12 and 24 h after MeJA treatment (Fig 2.9B). What was surprising is that 5-
aminovaleric acid was also elevated in LapA-OX plants at 8, 12 and 24 h relative to wild-
type plants; the reason for this is currently not known, but it suggests a more complex
regulatory program where LAP-A is an activator in the absence of MeJA but is a
repressor in the presence of MeJA.

Furthermore, pipecolic acid is also induced by wounding in all three genotypes and
LAP-A negatively regulates levels of this metabolite prior to mechanical damage. These
data indicate that after wounding, 5-aminovaleric acid and pipecolic acid are not
reciprocally regulated and, therefore, 5-aminovaleric acid does not impact the flux of
KAC into pipecolic acid. Pipecolic acid influences defense because its product N-
hydroxypipecolic acid has a role in systemic acquired resistance and may be the mobile
SAR signal (Hartmann and Zeier 2019; Huang et al. 2020). N-hydroxypipecolic acid is
induced after pathogen infection of both monocots and dicots, including tomato,

(Schnake et al. 2020). The regulation of pipecolic acid and, presumably, N-
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hydroxypipecolic acid, by wounding was unanticipated. We followed the responses of
three genes (ALD1, SARD4 and FMO1) that are important N-hydroxy-pipecolic acid
production (Joglekar et al. 2018; Chen et al. 2018; Hartmann and Zeier 2018; Hartmann
et al. 2018). Both ALD1 and SARD4 transcripts are relatively unchanged from 0 to 12 h
and trends indicate that ALD1 and SARD4 transcripts are at higher levels at 24 hrs in all
three genotypes or solely in wild-type plants, respectively. The tomato SARD4 RNAs
were at significantly lower levels in LapA-SI and LapA-OX lines at 24 h; indicating that,
similar to 5-aminovaleric acid, LAP-A may be both a repressor in the absence of MeJA
and an activator in the presence of MeJA (Fig 2.9C). This is a novel finding. In contrast,
FMO1 RNAs declined in all genotypes after MeJA treatment. This suggests that while
MeJA does not down-regulate pipecolic acid or 5-aminovaleric acid, MeJA may interfere
with the generation of the putative mobile signal of SAR, N-hydroxypipecolic acid. In the
future, a targeted metabolomics approach might be able to detect N-hydroxy-pipecolic
acid in tomato foliage.
LAP-A is a regulator of pseudoalkaloids

SGAs are a class of alkaloids unique to Solanaceous plants and these metabolites
were regulated by MeJA and LAP-A. Following dehydrotomatine and tomatidine isomer
1 levels after MeJA treatments of wild-type, LapA-SI and LapA-OX plants showed that
LAP-A is a negative regulator of dehydrotomatine at 0 h; whereas LAP-A is a positive
regulator of tomatidine isomer 1 at 0 h (Table 2.7, Fig 2.11). MeJA regulated all GAME
genes examined; LAP-A regulated a subset of these transcripts. GAME11/6/4/12 and
GAME 1/17/18 that are associated with the conversion of cholesteral to
dehydrotomatidine and tomatidine/dehydrotomatidine to a-tomatine/dehydrotomatine are

all negatively regulated by MeJA. Of these genes, GAME1, GAME4, GAME®6, and
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GAME12 were LAP-A regulated. Similar to other genes described in sections above,
LAP-A is an activator in the absence of MeJA, as evidenced by comparisons of LapA-SI
and wild-type at 0 h . Furthermore, comparisons of transcript levels between wild-type
and LapA-OX indicated that LAP-A can also be a repressor in the presence of LAP-A.
These patterms are also observed with GAME25. In contrast, only S5aR2 is the only
gene, whose transcripts increased after MeJA treatments in all genotypes and there was
no evidence for LAP-A regulation.

LAP-A also regulated transcripts GAME6, GAME4, GAME12, GAME25, GAME1,
and GAME18. All of these are responsible for the biosynthesis from cholesterol to
dehydrotomatidine/ tomatidenol, dehydrotomatine, tomatidine, and tomatine (Akiyama et
al. 2019; Cardenas et al. 2015; Cardenas et al. 2016; Kazachkova et al. 2021; Kozukue
et al. 2004; Montero-Vargas et al. 2018; Sonawane et al. 2018; You and van Kan 2021).
LAP-A and MeJA appear to regulate both branches of SGA biosynthesis
(dehydrotomatine synthesis vs a-tomatine synthesis). However, it appears that neither
LAP-A nor MeJA impact the final levels of the toxic a-tomatine, which is known to deter
herbivory. However, we propose that LAP-A does regulate the biosynthesis of a-
tomatine for plant defense responses by downregulating dehydrotomatine which is in a
different SGA branch from tomatine. LAP-A may pull the biosynthesis of SGA toward the
-tomatine branch in this manner. Chloroplast-localized LAP-A regulates many of the
nuclear localized GAME genes and several alkaloids that are synthesized in the cytosol
supports the premise that LAP-A has retrograde signaling functions to regulate GAME

transcripts and their derived metabolites.
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LAP-A is a positive regulator of the flavonol keampferol.

A total of 13 flavonoids and flavonoid glycosides were identified in the untargeted
metabolomics dataset. Many of these molecules (eg., quercetin, quercetin glycosides
and derivatives, and a luteolin glycoside) were neither MeJA nor LAP-A regulated.
However, of the flavonoids related to keampferol, kaempferol isomer 1 was LAP-A
regulated. Specifically, comparisons of keampferal levels at 0 h (wild-type vs LapA-OX)
and 12 h (LapA-SI vs wild-type) post-MeJA treatment indicated that LAP-A enhances the
levels of isomer 1 (Table 2.8, Fig 2.14). Whereas, the level of kaempferol isomer 3 was
downregulated by MeJA. In tomato, two flavonol synthases are responsible for
kaempferol biosynthesis, Neither were LAP-A regulated; however, they had reciprocal
responses to MeJA. The flavonol synthase gene with the most abundant transcript being
downregulated (Solyc01g068545) and the gene encoding the less abundant transcript
being induced by MeJA (Solyc10g047520) (Fig 2.12, Fig 2.15). At the present time the
significance of correlation of two RNAs with the levels of the kaempferol isomer 1 and 3
levels is not clear. Two additional flavonoid glycosides that were detected both up- and
down-regulation by MeJA. And one flavonoid glycoside is an unknown common name.
While downstream kaempferol metabolites were not detected, SAM and SAH which are
cofactors for kaempferol modifications were detected. Neither SAM nor SAH were LAP-
A regulated but they were both strongly down-regulated by MeJA treatments. Both SAM
and SAH are involved in myriad chemical reactions in planta and their role in redox

regulation is further pursued in Chapter 3.

182



Future Directions

There are several metabolites that show MeJA or MeJA and LAP-A regulation that
have not yet been examined in depth at this time. Each metabolite requires an in-depth
investigation of anabolic and catabolic pathways and to discern links to already
investigated pathways (Tables 2.1 and 2.2). These untapped data sets will provide
additional insights into the impact of LAP-A and/or MeJA on the tomato leaf
metabolome. | will interrogate the remaining metabolites for their regulatory programs
after MeJA treatment. Of interest are the 67 of lipids, 12 sterols, and 4 terpenes. In
addition, while the identity of the 3,828 metabolites that were detected but remain
unidentified, | will determine how many are LAP-A or MeJA regulated and if similar or
distinct programs of regulation are revealed.

The emergence of our transcriptomes of wild-type, LapA-SI and LapA-OX plants
prior to and after MeJA treatments will provide an important resource to understanding
the importance of the compared to wild-type plants. The Walling lab has previously used
UCR’s Multi-Omics Comparison Analysis (MOCA) programs designed by Manhoi Hur to
correlate transcript and metabolite levels in cassava. We will use MOCA to correlate
tomato transcripts with foliar metabolites. Despite the deep metabolomics datasets for
tomato fruit (Moing et al. 2020), these data for tomato leaves especially in response to
wounding or MeJA treatments are limited (Li et al. 2020; Chen et al. 2006). These
comparisons may provide evidence-based knowledge of a subset of unclassified
metabolites that could enhance or understanding of wounding and LAP-A action.

The studies presented here clearly indicates that LAP-A is a modulator of a

substantial number of metabolites with a variety of functions. These molecules are
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synthesized both in the plastid and in other subcellular compartments. As LAP-A is
chloroplast localized and it's the ability of LAP-A to modulate metabolites prior to and
after wounding supports our premise that LAP-A regulates diverse responses within
tomato leaves. Both LAP-A and MeJA impact metabolites associated with biotic and
abiotic stress responses, as well as molecules associated with growth and development.
Finally, although metabolites that are regulated by LAP-A have been identified, their role
as a putative retrograde signal remains unclear. Further, correlations with LAP-
dependent proteomes and transcriptomes are needed to infer these regulatory roles,
which must then be tested using transgenic or editing strategies.
Methods

Plant growth and treatments

Solanum lycopersicum UC82 (wild-type), LapA-SI, and LapA-OX plants were grown
to 4-weeks old in a growth chamber with an 18-h (28°C)/6-h (22°C) light/ dark cycle (300
ME). For exogenous methyl jasmonate (MeJA) (Cat #392707, Sigma-Aldrich) treatments,
shoots were excised with a razor blade. The shoots were incubated in flasks with 10 uM
MeJA and 0.005% ethanol in a closed (Chao et al. 1999). Leaves were harvested at
each time point of 0, 8, 12 and 24 h post-MeJA treatments. The leaves of three plants for
each genotype were pooled together. Leaves were flash frozen with liquid nitrogen and
stored at -80°C until tissue was processed. There were three biological replications of
the MeJA time course.
Sample preparation for LC-MS metabolomics

Leaf samples were freeze dried for removal of water from tissue in a benchtop
freeze dryer. Freeze-dried leaf samples were homogenized using an OMNI Bead Ruptor

(Perkin Elmer) at processing force of 6 ms for 3 cycles of 10-sec agitation and 10-sec
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dwell time. Approximately 10 mg of dried leaves were transferred to a 2-mL Eppendorf
tube and 100 yL/mg extraction solvent added (30:30:20:20 acetonitrile: methanol, water,
and isopropanol (ACN: MeOH, H20, IPA)). Samples were vortexed for 90 min at 4°C
then centrifuged for 15 min at 16,000 x g at 4°C. The supernatant was transferred to a 2-
mL glass vial (Cat# 10803-884, VWR). A pooled quality control sample of an equimolar
mix of homogenized tissue samples of different genotypes and time points was prepared
to check the quality of samples.

LC-MS metabolomics - untargeted

LC-MS metabolomics analysis was performed at the UC Riverside Metabolomics
Core Facility as described previously (Rothman et al. 2019). Briefly, anaysis was
performed on a Synapt G2-Si quadrupole time-of-flight mass spectrometer (Waters)
coupled to an I-class UPLC system (Waters). Separations were carried out on a CSH
phenyl-hexyl column (2.1 x 100 mm, 1.7 yM) (Waters). The mobile phases were (A)
water with 0.1% formic acid and (B) acetonitrile with 0.1% formic acid. The flow rate was
250 pL/min and the column was held at 40°C. The injection volume was 1 pL. The
gradient was as follows: 0 min, 1% B and 99% A; 1 min, 1% B and 99% A; 8 min, 40% B
and 60% A; 24 min, 100% B; 26.5 min, and 100% B; 27 min, 1% B and 99% A.

The MS was operated in positive ion mode (50 to 1200 m/z) with a 100 msec scan
time. MS/MS was acquired in data-dependent fashion. Source and desolvation
temperatures were 150°C and 600°C, respectively. Desolvation gas was set to 1100 L/h
and cone gas to 150 L/h. All gases were nitrogen except the collision gas, which was
argon. Capillary voltage was 1 kV.

A quality control sample, generated by pooling equal aliquots of each sample, was

analyzed periodically to monitor system stability and performance. Samples were
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analyzed in random order. Leucine enkephalin was infused and used for mass
correction.
LC-MS metabolomics - targeted

Targeted metabolomics of polar, primary metabolites was performed at the UC
Riverside Metabolomics Core Facility as described previously (Vliet et al. 2019). Briefly,
analysis was performed on a TQ-XS triple quadrupole mass spectrometer (Waters)
coupled to an I-class UPLC system (Waters). Separations were carried out on a ZIC-
pHILIC column (2.1 x 150 mm, 5 pyM) (EMD Millipore). The mobile phases were (A)
water with 15 mM ammonium bicarbonate adjusted to pH 9.6 with ammonium hydroxide
and (B) acetonitrile. The flow rate was 200 pyL/min and the column was held at 50°C.
The injection volume was 1 pL. The gradient was as follows: 0 min, 90% B and 10% A,
1.5 min, 90% B and 10% A; 16 min, 20% B and 80% A; 18 min, 1% B and 99% A; 22
min, 1% B and 99% A; 23 min, 90% B and 10% A; and 33 min, 90% B and 10% A.

The MS was operated in selected reaction monitoring mode. Source and
desolvation temperatures were 150°C and 600°C, respectively. Desolvation gas was set
to 1100 L/h and cone gas to 150 L/h. Collision gas was set to 0.15 mL/min. All gases
were nitrogen except the collision gas, which was argon. Capillary voltage was 1 kV in
positive ion mode and 2 kV in negative ion mode. A quality control sample, generated by
pooling equal aliquots of each sample, was analyzed periodically to monitor system
stability and performance. Samples were analyzed in random order.

Data processing and analysis

Untargeted data processing (peak picking, alignment, deconvolution, integration,

normalization, and spectral matching) was performed in Progenesis Qi software

(Nonlinear Dynamics). Data were normalized to total ion abundance. Features with a CV
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greater than 30% across QC injections were removed (Barupal et al. 2019; Dunn et al.
2011). To aid in the identification of features that belong to the same metabolite, features
were assigned a cluster ID using RAMClust (Broeckling et al. 2014). An extension of the
metabolomics standard initiative guidelines was used to assign annotation level
confidence (Schymanski et al. 2014; Sumner et al. 2007). Annotation level 1 indicates an
MS and MS/MS match or MS and retention time match to an in-house database
generated with authentic standards. Level 2a indicates an MS and MS/MS match to an
external database. Level 2b indicates an MS and MS/MS match to the Lipiblast in-silico
database (Kind et al. 2013) or an MS match and diagnostic evidence, such as the
dominant presence of an m/z 85 fragment ion for acylcarnitines. Level 3 indicates an MS
match, though some additional evidence is required, such as adducts were detected to
sufficiently deduce the neutral mass or the retention time is in the expected region.
Several mass spectral metabolite databases were searched against Metlin, Mass Bank
of North America, and an in-house database. Targeted data processing was performed
with the open-source Skyline software (Rothman et al. 2019).
Chemical Structure and Metabolic Pathway Drawings

Chemical structures, substructures, and reactions were drawn using software Marvin
17.21.0 (ChemAxon, www.chemaxon.com). A pathway genome database (Plant
Metabolics Network (PMN)) on www.plantcyc.org was used to draw the tomato
metabolic pathway figures (Caspi et al. 2018; Karp et al. 2011; Karp et al. 2016).
RNA isolation and Real-time quantitative PCR

RNA was isolated from frozen leaf tissue samples (see Plant Growth and Treatments
above) using the hot-phenol method (Pautot et al. 2001). The genomic DNA was

removed from RNA samples using RQ1 DNase digestion (Cat# M6101, Promega). A
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total of 2 ng RNA was used for cDNA synthesis with Superscript Ill Reverse
Transcriptase (Cat# 18080093, ThermoFisher). The cDNA templates were diluted 10
times with water for gRT-PCR. A total reaction volume of 25 uL using iQ SYBR Green
Supermix (Cat# 170-8884, BioRad), with 200 nM of primers (Table 2.10) was added to
96-well plates in the BioRad MylQ instrument. Two reference genes, UBI3 and elF, were
used to normalize the relative transcript level of each gene (Table 2.10). The primers
were designed using Geneious Prime® 2021.1.1 The gRT-PCR reaction efficiency and
the fractional cycle number at threshold (CT) was calculated using Real-time PCR Miner
version 4.0 (Zhao and Fernald 2005).
Statistics

To analyze the effects of MeJA treatments, two-tailed Welch’s t tests on log.-
transformed individual metabolites identified in samples in comparisons between MeJA-
treatments in genotypes (LapA-Sl, wild-type, and LapA-OX) to assess statistical
significance and corrected for multiple comparisons with a Benjamini-Hochberg (BH)-
corrected adjusted P-value. To analyze the effects of silencing LapA or overexpression
of LapA, two-tailed Welch’s t tests on logz-transformed individual metabolites identified in
samples in comparisons between wild-type to LapA-SI and comparisons between wild-
type to LapA-OX to assess statistical significance and corrected for multiple
comparisons with a Benjamini-Hochberg (BH)-corrected adjusted P-value. R stats
package with TukeyHSD functions was utilized. Bar graphs were drawn using software
GraphPad Prism v. 9.1.2 for MacOS. The standard error of the mean (SEM=(c/Vn)) was

utilized for error bars.
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Figure 2.1 Metabolites classified by functional categories.
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Figure 2.2 Changes in proteinogenic amino acid metabolite abundance at 0, 8, 12, and 24 h
after MeJA treatments in WT, LapA-SI and LapA-OX plants . Subset of metabolites involved
in amino acid biosynthesis pathways were LAP-A and MeJA regulated. A) Met, B) Phe, C)
Trp, D) lle, E) Val, F) Leu, G) Lys, H) Arg, I) Thr, and J) Asn. Asterisks represent statistically
different values at adjusted P-value < 0.05.
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treatment. A) Diagram of the N-hydroxy-pipecolic acid biosynthesis pathway based on the
Arabidopsis literature including the spontaneous production of 5-aminovaleric acid in the
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Figure 2.12 Relative purine and pyrimidine abundance in LapA-SI, WT and LapA-OX lines
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Chapter 3: LAP’s role in redox homeostasis and sulfur assimilation

Abstract
Leucine aminopeptidase A (LapA) is a jasmonate-responsive, late wound response gene
in tomato. Using wild-type and transgenic plants that suppress (LapA-Sl) or ectopically
express (LapA-OX) LapA, we showed that LAP-A up- and downregulates defense and
stress-response gene RNAs, respectively. Here we report the use of these genotypes in
biochemical and metabolomics analyses to identify putative LAP-mediated retrograde
signal(s) and LAP-A interacting proteins. In time-course experiments that simultaneously
measured the levels of H,O2 and glutathione, as well as glutathione redox status, LAP-A
was revealed as a regulator of H2O, and the ratio of reduced to oxidized glutathione after
wounding; LAP-A did not modulate glutathione levels after wounding. As H;O: is an
established mediator of retrograde signaling and several proteins that control reactive
oxygen species (ROS) levels or repair ROS damage to macromolecules were identified,
redox-dependent model for LAP-A’s role in regulating H20: levels after wounding is

proposed.
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Introduction

In tomato, there are three Leucine aminopeptidase (Lap) genes encoding plastid-
localized proteins (Walling 2013). LapN encodes a protein with a neutral pl, is
constitutively expressed and is present in most plants (Chao et al. 1996; Chao et al.
1999; Chao et al. 2000; Tu et al. 2003). LapA1 and LapA2 encode two highly related
LAP-A proteins with acidic pls and are coordinately regulated by jasmonates, wounding
and ABA (Chao et al. 1999; Gu et al. 1996a; Gu et al. 1996b). LAP-A and LAP-N
proteins all have dual activities serving as aminopeptidases (cleaving N-terminal amino
acids from peptides and proteins) and molecular chaperones (Gu et al. 1999; Gu and
Walling 2002; Scranton et al. 2012). However, LapA distinguishes itself from LapN, as
LapA regulates wound signaling and resistance to herbivory (Chao et al. 2000; Fowler et
al. 2009). LapA-SI and Lap-OX plants are more susceptible and more resistant to
caterpillar feeding in comparison to wild-type plants, respectively (Fowler et al. 2009).
The chloroplast-localized LAP-A positively regulates anti-nutritive, nuclear-encoded
defense genes that are expressed during the late phase of wound signaling in tomato
(eg., Pin1, Pin2, and PPO) (Fowler et al. 2009; Gu et al. 1999; Gu and Walling 2002;
Scranton et al. 2012); interestingly, LAP-A does not modulate tomato’s early wound-
response genes. LAP-A also negatively regulates a set of defense/stress-response
genes such as the pathogenesis-related protein genes (PR1-c and PR1-a) and two
chaperone genes (TAS14 and Dhn3) (Scranton et al. 2013).

As LAP-A is unique to the Solanaceae, the LAP-A-dependent signal(s) and its
mechanism to influence nuclear gene expression may be novel. Initially we thought,
LAP-A may modulate levels of a phytohormone associated with wound signaling (Chao

et al. 1999; Fowler et al. 2009; Doares et al. 1995; Orozco-Cardenas et al. 2001;
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Orozco-Cardenas and Ryan 2002; PenaCortes et al. 1996), as the chloroplast initiates
synthesis of several phytohormones (e.g., jasmonic acid (JA), salicylic acid (SA),
abscisic acid (ABA), gibberellic acid (GA), cytokinins, and brassinosteroids) (Wasternack
and Feussner 2018; Li et al. 2019). However, we know that the levels of JA, JA-lle, SA,
SA-glucose, and ABA are similar in wild-type, LapA-SI and LapA-OX plants after
wounding (Scantron et al 2013). These data suggest that the LAP-A-dependent signal(s)
does not regulate phytohormone levels.

Evidence is accumulating to suggest that LAP-A induces or modulates the levels
of a novel regulator or one of the known biogenic or operational retrograde signals that
were identified in barley, mustard, pea, and Arabidopsis (Oelmdiller et al. 1986; Sullivan
and Gray 1999; Susek et al. 1993; Pogson et al. 2008; de Souza et al. 2017). Whether
the signal is novel or corresponds to an established retrograde signaling molecule, LAP-
A must act post-translationally within the plastid to generate or modulate this signal.
Given its dual activities as an aminopeptidase and chaperone, LAP-A could directly
regulate levels or activity of a protein or peptide or act indirectly to regulate a metabolite
to control expression of the LapA-dependent nuclear genes. Since H>O» and LAP-A both
regulate the late branch of wound signaling in tomato, LAP-A may have a role in
modulating H20- levels in tomato and we test this hypothesis here.

At times cross-species comparisons of gene function provide profound insights
into regulatory programs and gene function. For this reason, our attention was drawn to
the human LAP ortholog and its link to sulfur metabolism. In the lens of human eyes,
LAP controls reactive oxygen species (ROS) formation (Taylor 1985). The human LAP
catabolizes the dipeptide Cys-Gly, which is a breakdown product of the tripeptide

glutathione (GSH, y-Glu-Cys-Gly) (Cappiello et al. 2004; Habib et al. 1996). In the lens,
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excess Cys-Gly leads to oxidative damage. Mammalian LAP cleaves Cys-Gly to
eliminate this oxidative stressor and to regenerate the essential amino acid Cys. For
these reasons, we interrogated LAP-A’s potential link to both H2O. and sulfur
metabolism.

GSH acts as an antioxidant to maintain H.O; at a threshold limit enabling plants to
survive and, yet, generating sufficient H>O to initiate chloroplast-to-nucleus (retrograde)
signaling (Foyer and Noctor 2016; Aslam et al. 2021; de Souza et al. 2017). GSH-
mediated ROS detoxification involves a series of enzymes in the ascorbate-glutathione
cycle (AsA-GSH cycle) [i.e. ascorbate peroxidase (APX), glutathione reductase (GR),
mono- dehydroascorbate reductase (MDHAR) and dehydroascorbate reductase
(DHAR)], and their associated metabolites (i.e. ascorbate (AsA) and GSH) to catabolize
H>0. (Hasanuzzaman et al. 2020).

As GSH is abundant, reaching millimolar levels in many plant cell subcellular
compartments (Choudhury et al. 2018; Noctor et al. 2012), GSH is a Cys reservoir. GSH
is catabolized to y-Glu and Cys-Gly by y—glutamyl transpeptidase (GGT) (Ferretti et al.
2009; Martin and Slovin 2000). The catabolism of Cys-Gly is imperative to release free
Cys for GSH metabolism and other metabolic pathways, and to reduce levels of Cys-
Gly, which can cause oxidative damage to cells (Del Bello et al. 1999; Del Corso et al.
2002; Dominici et al. 1999; Enoiu et al. 2000). However, while the mechanism of Cys-
Gly hydrolysis is known in humans (Cappiello et al. 2004; Habib et al. 1996), it has
remained elusive in plants. Our previous studies suggested a link of tomato’s LAP-A and
GSH catabolism. In vitro Hise-LAP cleaves Cys-Gly (Fig 3.1) but it does not hydrolyze
the tripeptide GSH (Scranton 2013). In addition, the cytosolic LAP1 of Arabidopsis also

cleaves Cys-Gly (Scranton 2013; Kumar et al. 2015). These data suggested a role of

222



LAP-A in regenerating Cys from Cys-Gly in vivo and providing a potential link of LAP-A
to GSH and H20: level control.

For the reasons above, we hypothesized LAP-A has a role in GSH turnover, H.O;
production and, specifically, hydrolysis of Cys-Gly. Our previous studies also support this
link to H20.. We know that LAP-A only regulates genes expressed in the late phase of
the wound-response (Fowler et al. 2009) and that H.O, is a positive regulator of this
branch of signaling in tomato (Orozco-Cardenas et al. 2001). For these reasons,
biochemical and metabolomics assays were done to compare LAP-A’s impact on the
levels of GSH, Cys-Gly and H.O,, as well as GSH redox status using control and
wounded wild-type (wild-type), LapA-silenced (LapA-SI) and LapA-overexpressing
(LapA-OX) plants.

To further interrogate the role of LAP-A’s potential link to ROS and sulfur
metabolism, we identified suite of ROS-responsive genes in tomato and determined their
response to H202 in wild-type, LapA-SI and LapA-OX lines (Table 3.1). By integrating
these data with our current proteome (Chapter 1) (Table 3.2) and metabolomics data
from Chapter 2 (Tables 2.1- 2.2), we revealed LAP-A’s role in ROS, defense and
retrograde signaling. Finally, the identification of LAP-A and LAP-N protein interactors
has shed light on several protein functions unique and shared between both forms of
LAP. We focused on analyzing the plastid-localized LAP-A interactors here, using the
LAP-N interactors to remove non-specific interactions. Link of these interactors to H-O»,

defense and protein homeostasis is discussed.
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Results

To rigorously assess the link of LAP-A to H202, Cys-Gly, and GSH, we assessed the
levels of H20; and thiols in wild-type, LapA-SI, LapA-OX plants from the same samples
of wounded or control leaf tissue (Fig 3.2). This is a novel approach initially pioneered by
a former graduate student in the Walling lab, Missy Scranton (Scranton 2013). Samples
were processed and split into three aliquots to measure thiols, glutathione redox status,
and H2O; levels. Thiol extraction and quantification of Cys, Cys-Gly, y-Glu-Cys, and GSH
were based on the High-Performance Liquid Chromatography (HPLC) methods of
Queval and Noctor (2007). The ratio of reduced and oxidized GSH and H.O, was
assessed biochemically with methods adapted from Queval et al. (2008) and Rao et al.
(2000). The advantage of integrating the thiol measurements, GSH redox status and
H20- levels from one sample was it was time efficient and limited biological variation (Fig
3.2).
LAP-A regulates H.0;

With the goal of determining the LAP-A-dependent changes in H.O, GSH and
GSH catabolite levels, and GSH redox status, we assessed levels of these key
metabolites in leaves from wild-type, LapA-SlI, and LapA-OX tomatoes at 0, 1, 8, 12, and
24 h after wounding (Fig 3.3). The wounding time course revealed that H20- levels in
wild-type, LapA-SI and LapA-OX increased after damage with peak levels attained at 8-
12 h. LAP-A regulation of H,O2 was demonstrated at two time points. H2O. levels were
significantly higher in LapA-SI compared to wild-type plants at 8 h post wounding and
strong trends for elevated H20O- were also seen at 4 and 12 h after wounding. In addition,
LAP-A levels were significantly lower in LapA-OX relative to wild-type at 24 h.

Collectively, these data suggest that LAP-A suppresses wound-induced H>O, which is
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known to be a critical signal in modulating the late-branch of wound signaling in tomato
(Orozco-Céardenas et al. 2001). In addition, H2O2 is a known retrograde signal in
Arabidopsis (Exposito-Rodriguez et al. 2017).
LAP-A does not control GSH or Cys-Gly levels in vivo

GSH is a critical antioxidant for maintaining redox homeostasis and H-O- levels in
plants subcellular compartments (Aslam et al. 2021; Noctor et al. 2012). The mammalian
LAP, Arabidopsis LAP1 and tomato LAP-A are able to hydrolyze the GSH catabolite
Cys-Gly (Fig 3.1) (Cappiello et al. 2004; Habib et al. 1996; Scranton 2013). If LAP-A
mediated Cys-Gly turnover, LAP-A may control the free Cys pool that required for GSH
and Met biosynthesis and the levels of GSH and GSSG may be altered in LapA mutants
relative to wild-type plants. Using a targeted metabolomics approach, we measured the
levels of monobromobimane (mBB)-conjugated GSH, Cys-Gly, yGlu-Cys, and Cys after
wounding in the three genotypes (Fig. 3.4). GSH increased significantly after wounding
in LapA-SI and LapA-OX compared to wild-type leaves; these increases were not LAP-A
dependent. There was also a trend of elevated level of Cys-Gly in LapA-Sl. At 24 h after
wounding, Cys levels increased significantly in LapA-SI leaves compared wild-type (Fig
3.4C). However, this reciprocal response was not observed in LapA-OX leaves
compared to wild-type. The GSH precursor yGlu-Cys was significantly reduced in all
three genotypes within one h after mechanical wounding; this regulation was LAP-A
independent (Fig 3.4D).

GSH and GSSG levels in response to wounding were determined biochemically
using a spectrophotometric glutathione reductase assay described by Queval and
Noctor (2007) (Fig 3.5). While LAP-A did not modulate total GSH or total GSSG levels,

wounding modulated the GSH/GSSG ratio. In all three genotypes, the GSH and GSSG
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levels increased after wounding as observed in Fig. 3.4A. Strong trends suggest that the
GSH/GSSG ratio increased after wounding at 1, 8 and 12 h and declined by 24 h.
However, this regulation was LAP-independent.

The untargeted metabolomics analyses of MeJA-regulated metabolites also
detected mBB-conjugated GSH and GSSG (Fig. 3.6; Chapter 2; Table 2.2). Unlike
wounding (Fig. 3.5), GSH and GSSG declined significantly in response to MeJA
treatments in all three genotypes (Fig 3.4A), this regulation was LAP-A independent.
These data indicate that while MeJA treatments are often used as a proxy for wounding,
these treatments have profoundly different affects in GSH and GSSG levels in tomato
plants.

Redox regulation in wild-type, LapA-Sl, and LapA-OX plants

Given the fact that LAP-A modulates H2O: levels, it was important to understand
the impacts of H>O, on the expression of putative ROS-responsive genes in tomato.
Using Arabidopsis orthologs, putative ROS-responsive genes and genes encoding
proteins important for ROS homeostasis were identified (Table 3.1) (Scranton, 2013).
The levels of five putative ROS-responsive genes were chosen for further analysis to
determine their responses to H>O, in wild-type, LapA-SI, and LapA-OX plants.

For the H.O; treatment, excised shoots were treated with glucose and glucose
oxidase and (catalase plus glucose and glucose oxidase) treatments served as a
control, catalase is known to catabolize H202 to Oz and H20 (Orozco-Cardenas et al.
2001). We demonstrated that catalase decreased H.O- levels under our experimental
conditions (Fig. 3.7A). We assessed RNA levels for genes associated with the
ascorbate-GSH cycle (MDHAR1), H>O, production from superoxide radical (02" ) (Fe-

SOD2), GSH catabolism (GGT1), reduction of ROS-damaged proteins (GRX1), as well
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as a gene that is induced by the ROS produced by the plasma-membrane bound
NADPH-oxidase (Asparaginase 2) (Sagi et al. 2004). GGT1 and Asparinginase2 RNAs
were not regulated by H>O, or catalase (Fig. 3.7) these gene products are non-plastid
localized. GGT1 encodes gamma-glutamyltransferase that catabolizes GSH to y-Glu and
Cys-Gly. GGT1 transcripts were upregulated in Arabidopsis after GSH treatments
(Destro et al. 2011). The fact that GGT1 RNAs were not modulated by H>O, or LAP-A
was consistent with the levels of Cys-Gly in wild-type, LapA-SI and LapA-OX plants (Fig
3.7, Fig 3.4).

In contrast, three of the genes (MDHAR1, Fe-SOD2, and GRX1) encoded
chloroplast-localized proteins and were detected in the stromal proteome (Chapter 1).
None of these RNAs were modulated by H.O-. although there was a strong trend for
MDHAR1 RNA increases in LapA-SI plants. (Fig 3.7). Surprisingly, all three transcripts
increased in LapA-SI plants after catalase treatments (Fig 3.7, Table 3.1). For Fe-SOD2
and GRX1, RNA levels in LapA-SI plants was significantly higher than in wild-type plants
after catalase treatment.

LAP-A’s role in sulfate assimilation

Sulfur metabolism plays an important role in the regulation of ROS-scavenging
systems by controlling the levels of Cys, an essential precursor of GSH (Fig. 3.8).
Limitation in sulfur supply in plants results in lower levels of GSH and plant development
is negatively affected (Jahan et al. 2019). Importantly, GSH levels and the
reduced/oxidized ratio of GSH control plant defense and abiotic-stress responses
(Choudhury et al. 2018; Diaz-Vivancos et al. 2015; Zhu et al., 2021; Aslam et al. 2021).

Sulfate is used for the production of a variety of Cys-derived primary metabolism

compounds (eg., GSH and Met) (Fig. 3.8) and in secondary metabolism to produce
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PAPS, which is a sulfur donor for key metabolic pathways and is the precursor for PAP
(Fig 3.9). PAP is a known retrograde signal that coordinates chloroplast, nuclear and
mitochondrial genome activities (Chan et al. 2016; Estavillo et al. 2011). To garner
insights into LAP-A’s role into early steps in sulfate assimilation (Fig 3.8), we examined
the impact of LAP-A on RNAs from three ATP sulfurylase (APS) and sulfate
adenylyltransferase (APR) genes and, as well as a Cys biosynthesis gene Serine
acetyltransferase1 (SAT1) after H,O, and catalase treatments. SAT1 uses Ser and
acetyl coA to produce O-acetyl-L-serine, a precursor for the Cys that used with H.S to
produce Cys by OAS (O-acetylserine sulfhydrylase) (Fig 3.8) (Gotor et al. 2015). SAT1
RNAs were not regulated by LAP-A nor H2O. (Fig 3.10B). This was mostly consistent
with Cys levels after wounding in exception that Cys levels were higher in LapA-SI after
wounding (Fig 3.4C).

The regulatory steps of sulfate assimilation to sulfite include the transport of sulfate
into cells and the plastid and subsequent conversion to adenosine 5’-phosphosulfate by
the cytosolic and plastidial ATP sulfurylase/sulfate adenylyltransferases (APSs) (Fig
3.9). APS is used for both primary and secondary metabolism. In primary metabolism,
adenosine 5’-phosphosulfate is reduced to sulfite by 5'-adenylylsulfate reductase (APR)
(Bohrer et al. 2015; Jez 2019). Three APR genes that encode plastid-localized APR
proteins in tomato were identified; two APRS3-like genes (Solyc02g080640.2.1 and
Solyc02g032860.2.1) and one APR2 gene (Solyc03g031620.2.1). Support for plastid
localization of these proteins was provided by their identification in the tomato
chloroplast Atlas and/or stromal proteome in Chapter 1 (Table 3.1) APR3B RNA
(Solyc02g032860.2.1) levels were not influenced by H.O, or catalase treatments nor by

the presence/absence of LAP-A (Fig 3.10B). In contrast, APR3A RNAs
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(Solyc02g080640.4.1) were positively regulated by LAP-A in untreated controls and after
catalase treatments (Fig 3.10C). In contrast, APR2 RNAs declined after H.O-> and
catalase treatments in wild-type and LapA-OX plants but were not responsive to either
treatment in LapA-SI plants (Fig 3.10D). LAP-A was a positive regulator of APR2 RNA at
0 h, as wild-type plants had higher levels of APR2 RNA than LapA-SI; a similar trend
was seen in LapA-OX plants.

LAP-A and LAP-N protein interactors

Our targeted and untargeted metabolomics studies, in conjunction with our methyl
jasmonate-regulated proteomes of wild-type, LapA-SI and LapA-OX plants, indicate that
LAP-A has a significant impact on the wound- and MeJA-regulated metabolomes and
proteomes. Insights into the LAP-A-dependent mechanism used to control these
metabolites and proteins may be revealed by identifying the proteins that interact with
LAP-A.

To this end, LAP-A interacting proteins were identified using an affinity purification
assay. We used proteins from MeJA-treated wild-type leaves, as LAP-A acts
downstream of JA perception. In addition, since wounding disrupts cellular and
organellar integrity and damage-associated proteins and metabolites are known to be
important in defense signaling, it is possible that LAP-A would interact with proteins from
non-plastidial cell compartments, as well as proteins localized in chloroplasts. Putative
LAP-A interactors were bound to resin immobilized His-tagged LAP-A-wild-type and LAP-A-
R431A because the latter protein is a catalytically inactive mutant. The use of a LAP-A
catalytically inactive mutant assured us that we would not lose substrates that would

possibly be cleaved and released due to active LAP-A in wild-type protein extracts.
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Leaf protein extracts (in three technical replicates) were poured over the column with
immobilized His-tagged LAP-A (wild-type) or mutant (R431A) proteins. Total leaf proteins
bound to nickel-affinity resin in the absence of immobilized wild-type or R431A LAP-A served
as a control nonspecific binding to the nickel resin (Fig 3.11). LAP-A bound proteins were
eluted and concentrated using a Stratagene resin. Proteins were digested with trypsin and
subjected to nanoLC-MS/MS. LAP-A interactors were identified by using semi-tryptic
peptides to enhance specificity. Peptides were matched to the deduced tomato proteome
and methyl jasmonome. Proteins that bound to two of three replicates for LAP-A or R341A
LAP-A were given the status of putative interactor.

Of the 299 putative interactors that bound to wild-type and/or R431A LAP-A, 86
were identified in the stromal proteome (Table 3.3). The tomato chloroplast Atlas
(Chapter 1) identified 114 (38%) interactors. We used two recent algorithms (DeepLoc
and TargetP 2.0) to predict the subcellular location of the LAP-A interactors (Almagro
Armenteros et al. 2019; Almagro Armenteros et al. 2017). DeepLoc and TargetP 2.0
identified 69 and 63 plastid-localized proteins, respectively. Collectively, these programs
identified three additional proteins that were not present in the tomato chloroplast Atlas,
indicating that the Atlas is a robust predictor of plastidial localization. LAP-A interactors
had diverse functions (Fig. 3.12). The top three Mapman functional groups included
protein biosynthesis with 50 proteins (16.7%), protein homeostasis with 29 proteins
(9.7%), and carbohydrate metabolism with 17 proteins (5.7%). Subsequent manual
curation of proteins resolved identity of the putative LAP-A specific interactors in the
“non-assigned” Mapman bin; evidence for each interactor in the chloroplast protein
Atlas, stromal proteome, and methyl jasmonome was also determined (Table 3.3;

Chapter 1, Bhattacharya, Ortiz and Walling, unpublished).
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To further delimit LAP-A interactors, we determined the proteins that interact with
tomato’s LAP-N. Like LAP-A, LAP-N is plastid localized and has both aminopeptidase
and chaperone activity. However, LAP-N has a distinct substrate specificity and is not
induced in response to JA, ABA, or wounding. Therefore, it was expected that LAP-N
should interact with a distinct set of proteins. A comparison of the complement of LAP-N
and LAP-N interactors would help define the proteins that are uniquely associated with
these related LAPs and those that are shared.

Despite the high sequence conservation between the LAP-A and LAP-N proteins
in the C-terminal catalytic domain, these enzymes have different substrate specificities
based on aminopeptidase assays but both enzymes are potent molecular chaperones
(Gu et al. 1999; Gu and Walling 2000, 2002; Scranton et al. 2012). LAP-N interactors
were identified using the methods developed for LAP-A. We used a LAP-N catalytic site
mutant K357E, that like LAP-A R341E, abolished catalysis but retained its hexameric
structure (Scranton et al. 2012). There were 652 putative wild-type LAP-N and/or K357E
LAP-N interactors (Table 3.4). As anticipated, the complement of LAP-N interactors was
distinct from LAP-A, with only 68 proteins that were bound by both enzymes (Fig. 3.13).
While the LAP-N interactors have not yet been thoroughly characterized, it was clear
that the relative affinities of the interactors for LAP-A and LAP-N identified were different.
High-affinity interactors were identified based on their ability to bind in all three biological
replicates using a wild-type or catalytically inactive LAP (Tables 3.3- 3.4). Over 38% and
22% of the LAP-N and LAP-A interactors, respectively, bound in all three replicate
samples for wild-type and mutant proteins (Fig 3.14). In addition, the high-affinity
proteins that bound only to the wild-type LAP-A or LAP-N were less frequent than

proteins only binding the mutant enzymes or to both enzymes.
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Using the LAP-N and LAP-A interactor datasets, we identified 231 LAP-A-specific
interactors (Figure 3.13). As LAP-A resides within the chloroplast stroma, we focused on
the 86 interactors that were LAP-A specific and co-localized with LAP-A in the
chloroplast (Table 3.3C). The LAP-A specific interactors had a wide array of functions.
Given LAP-A’s role as an aminopeptidase and molecular chaperone, in controlling H.O-
and having a role in chloroplast-nuclear communication (Gu et al. 1999; Gu and Walling
2002; Scranton 2013; Fowler et al. 2009), we focused on proteins involved with protein
turnover, folding, and modification, as well as redox, stress responses, and sulfur
metabolism (Table 3.3C).

LAP-A interacts with proteins associated with ROS homeostasis.

Given LAP-A’s role in controlling H20- after wounding, interactors involved in ROS
homeostasis were examined including a glutaredoxin, two thioredoxins, and glutathione
reductase. The cytosolic GR1 and plastidial GR2 proteins were LAP-A interactors (Table
3.3C-D; Table 3.4). GRs catalyze the reduction of glutathione disulfide (GSSG) to GSH
to maintain cellular redox status (Fig. 3.8). However, GSH and GSSG levels and the
GSH:GSSG ratios were not LAP-A dependent, suggesting that the GR-LAP-A interaction
may not impact GSH metabolism or redox state and its significance is not clear at the
present time (Fig. 3.5-3.6). Another link to GSH redox status was the fact that the
cytosolic ascorbate peroxidase (APX1) was a LAP-A and LAP-N interactor. The
significance of the LAPs interacting with the cytosolic protein is unclear.

When ROS levels rise, proteins that are oxidatively damaged can be post-
translationally modified by GSH (glutathionylation). Glutathionylation may prevent
irreversible inactivation of a protein by ROS and/or modulate a protein’s activity (Rouhier

et al. 2008). Glutaredoxins remove GSH to return these proteins to their active forms.
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Four GRXs (GRXC1, GRX1, GRX4, and GRX-like) were detected in the stromal
proteome (Chapter 1, Table S1.2). Two of these plastidial GRXs and two cytosolic GRXs
were detected as LAP interactors. The chloroplast-localized GRX4 protein interacted
with only with LAP-A (Table 3.3C-D; Table 3.4). Whereas the chloroplast-localized
GRX1 and GRX3 only interacted with LAP-N (Tables 3.2, 3.4; Chapter 1, Tables S1.2,
S.1.3). These data stress the likely specificity of LAP-A vs LAP-N interactors; this must
be confirmed by further molecular analyses. Whether the LAPs enhance or deter GRX
activity remains to be determined.

Two chloroplast thioredoxins detected in the tomato stromal proteome were LAP-A
interactors: NTRC1 and CDSP32 (Trx-L1) (Fig. S1.2; Table 3.3C). CDSP32 is a drought-
induced gene in Nicotiana; in Arabidopsis it is induced by heat stress, but not by ABA or
drought stress (Pant et al. 2020). Its regulation in tomato is currently unknown. In
Arabidopsis, AtTRXL1 interacts with over 400 proteins, is degraded by the Clp protease,
and it is protected from degradation by the chaperone CPN60 (Pant et al. 2020).
AtTRXL1 and the Nicotiana CDSP32 have a role in defense and thermotolerance by
regulating the activity of malate dehydrogenase activity. AtTRXL1 is also important for
regenerating methionine sulfoxide reductase (MSR4), which reduces Met sulfoxide to
Met; Met sulfoxide is readily produced in response to ROS (Romero et al. 2004). MSR4
was also identified as a LAP-A-specific interactor (Table 3.3C).

LAP-A specifically interacts with NADPH thioredoxin reductase-C (NTRC1). Unlike
Arabidopsis, the tomato genome contains two NTRC genes; however only the NTRC1
protein was detected in the stromal proteome (Tables S1.2, S1.16). AINTRC has a key
role in controlling redox status and dissipation of H20.. It acts through 2-CysPrxA and B

(2-Cys peroxiredoxin) (Muthuramalingam et al. 2009). In addition, fructose-1,6-
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bisphosphatase (FBPase), a known NTRC interactor in Arabidopsis is a LAP partner
(Table 3.4), we propose a LAP-A dependent redox model (Fig 3.15). However, our
current data and analyses suggest that LAP-A directly interacts with NTRC1 (3/3
samples) and, interestingly, 2-CysPrx is an LAP-N interactor.

NTRC1 provides the reducing power for regenerating 2-CysPrx, which is a redox-
dependent molecular hub in the chloroplast (Muthuramalingam et al. 2009). 2-CysPrx
acts as a peroxidase, chaperone, thiol oxidase, and a modulator of cell signaling. 2-
CysPrxs catabolize H2O, lipid hydroperoxides, and peroxynitrates to limit cell damage
(Ishiga et al. 2012; Rey et al. 2005; Stenbaek et al. 2008). 2-CysPrx is a redox sensor
that changes its form (dimer, decamer, and high molecular weight (HMW) oligomers)
and activity (peroxidase vs chaperone vs inactive aggregate) dependent on the redox
status and pH of the chloroplast (Dietz et al. 2006).

We hypothesize that LAP-A influences this pathway via NTRC1 (Table 3.3); the
net outcome of LAP-A action must be to control H202 (Fig 3.15). As LAP-A-deficient
LapA-SI plants accumulate more HO, than wild-type plants, LAP-A must enable
NTRC1’s reduction of 2-CysPrx to control the H2O. burst that occurs in response to
wounding. We propose that LAP-A enhances amount of bioactive 2-CysPrx (reduced
form) to: (1) control H2Oz levels (2) limit protein and lipid damage, (3) limit accumulation
of insoluble protein aggregates that cause plant cell death, and (4) regulate key redox
sensitive chloroplast enzymes (Table 3.3). In Arabidopsis, known 2-CysPrx-binding
partners include: NTRC (Muthuramalingam et al. 2009), thioredoxins (Trx-x, Trx-m, and
CDSP32), FBPase, athe cyclophilin Cyp20-3 (Konig et al. 2002; Collin et al. 2003; Broin
and Rey 2003; Laxa et al. 2007; Rey et al. 2005). Interestingly, FBPase, CDSP32 and

NTRC were identified as LAP-A interacting proteins indicating the specificity of LAP-A’s
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interactions; tomato does not have a Cyp20-3 ortholog (Chapter 1, Table S1.6). These
data suggest that LAP-A may play a role in this redox hub via its interaction with NTRC1.
LAP-A and sulfur metabolism

Several proteins linked to primary and secondary sulfur metabolism interacted with
LAP-A. Amongst the chloroplast localized, LAP-A-specific interactors was APS (ATP
sulfurylase) that uses sulfate to produce adenosine 5-phosphate (Table 3.2, 3.3; Fig.
3.8). APS (Solyc03g005260) is a moderately abundant protein (0.02% mol %) detected
in the tomato stroma (Chapter 1, Table 1.S2). APS interacted in all three LAP-A and one
R431A binding assays. It is possible the Arg to Ala substitution in the LAP-A catalytic
site negatively affects LAP-A’s binding with APS. APS is of particular interest because
it's the first enzyme reaction for sulfate conversion to adenosine 5’-phosphosulfate (Fig
3.8), which is used for the synthesis of Cys and PAPS/PAP (Fig 3.9). While APR2 and
APR3A RNAs were wound and LAP-A regulated, they were not detected as a LAP-A or
LAP-N partner. Unfortunately, the metabolites between adenosine 5’-phosphosulfate
and Cys, as well as PAPS and PAP secondary sulfur metabolism was hard to predict.

Cys is used to synthesize cystathionine. For synthesis of Met and S-
adenosylmethionine (SAM), cystathionine B-lyase catabolizes cystathionine to produce
L-homocysteine, the precursor of Met (Fig 3.8). Cystathionine B-lyase interacts with both
LAP-A and LAP-N (Table 3.3D). The impact of LAPs on cystathionine B-lyase stability
and or activity would be important to assess in the future. Since Met levels increase after
wounding, we postulate that LAPs might enhance cellular cystathionine B-lyase activity
(Fig 3.8, Chapter 2, Table 2.1).

Met is catabolized to S-adenosylmethionine (SAM), which is used in numerous

biochemical processes including polyamine, ethylene, transulfurylation reactions (Met
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salvage) and transmethylation (eg., DNA, RNA, proteins, and lipids). SAM synthesis
occurs in the cytosol. Surprisingly, two of the four SAM synthase proteins,
(Solyc09g008280.2.1 and Solyc10g083970.1.1) interacted with LAP-A and LAP-N
(Table 3.3). Transcripts for these interactors were down-regulated by SA, ABA and
brassinosteroids and these transcripts were inversely regulated by water-deficit stress
(Heidari et al. 2020). These SAMs were not MeJA regulated based on our methyl
jasmonome (Bhattacharya, Ortiz and Walling, unpublished results). While SAMs are
cytosolic and synthesize SAM from Met, the discovery of two SAM synthase proteins as
LAP-A and LAP-N interactors is intriguing since the metabolite S-adenosylmethionine is
down-regulated after MeJA treatment (Chapter 2, Table 2.1; Fig 3.8). Collectively, these
data imply that LAPs might interfere with SAM synthesis from Met. Alternatively, other
metabolic pathways are consuming SAM after wounding. The first option is supported by
the fact that Met was upregulated after wounding and upregulated by LAP-A at 24 h
post-MeJA treatment (Chapter 2). Neither LAP-A nor LAP-N interacted with the enzymes
critical for Met recycling via S-adenosylhomocysteine and L-homocysteine or for
polyamine biosynthesis.

LAP-A interacts with proteins involved in protein turnover and modification.

Of the chloroplast localized proteases, LAP interactions were found with subunits
of the stromal proteolytic complex CLP and for oligopeptidase A (aka, OOP or TOP).
OORP is critical for catabolizing transit peptides after their cleavage from their preproteins.
LAP-A may further catabolize these peptides based on its aminopeptidase activity or
LAP-A chaperone activity could be important for OOP stability and function. LAP-A also
interacted with four CLP subunits; CIpC2, ClpP4, CIpR1 and CIpR4. While the

interactions with CIpR1 and ClpP4 were LAP-A specific interactors, CIpC2 and ClpR4
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bound both LAP-A and LAP-N. This suggests there may have a second mode of action
of LAP action. We propose that, via interactions with ClpC2, LAP-A and/or LAP-N may
direct substrates to the Clp proteolytic complex for turnover; alternatively, the LAPs may
interfere with substrate delivery and promote target protein stabilization. Given the LAP-
A specific interactions with Clp and OOP is possible that LAP-A forms a novel mega
complex with OOP and (perhaps) the Clp protease to promote the turnover of newly
imported proteins or their transit peptides. Finally, we predict that LAP-A may change the
quality and quantity of Clp-derived peptides; these peptides serve as the mobile
retrograde signal. Peptides exported from mitochondria make up the mitochondrial
unfolded-protein response (UPR) (Vogtle and Meisinger 2012). A graduate student in the
Walling lab (Paul Roche) is investigating the LAP-A dependent Bioactive Peptide Model
hypothesis.
Discussion

Based on time-course analysis of H,O2 accumulation after wounding, we conclude
that LAP-A regulated H2O production (Fig 3.3). LAP-A is critical for the expression of
genes in the late branch of wound signaling (Fowler et al. 2009) and previous studies
showed that H.O, amplifies the late wound-signaling branch (Orozco-Cardenas et al.
2001). Based on the stromal location of LAP-A, our data suggests that wound-generated
H.O: is chloroplast derived. This conclusion contrasts with the conclusions of Orozco-
Cardenas et al. (2001) who demonstrated using chemical inhibitors that the plasma-
membrane bound NADPH oxidase and SOD were responsible for generating H>.O,. As
H20: is sufficiently long lived and mobile, H.O> derived from the apoplast was reasoned
to be the regulator of the late branch of wound signaling. We challenge that long-

standing dogma.
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We suggest LAP-A may enhance the functionality of the main redox hub of the
chloroplast that involves NTRC and 2-CysPrx. Unlike Arabidopsis tomato has two NTRC
genes. LAP-A specifically interacted with NTRC1, but not NTRC2 (Solyc04g016010).
NTRC2 RNAs are not influenced by MeJA treatments, whereas NTRC1 transcripts are
downregulated by MeJA within 30 min after treatment (Roche and Walling, unpublished
results). If NTRC1 protein levels also decline after MeJA treatment the NTRC/2CysPrx
hub would be compromised resulting in a H2O> burst. It is possible that LAP-A stabilizes
the remaining NTRC1 protein enabling H202 scavenging to continue. A model for LAP-A
action is based on its ability to interact with NTRC is derived from the Arabidopsis
literature (Muthuramalingam et al. 2009) (Fig 3.14); however, there are a small number
of papers examining NTRC and ROS after pathogen infection in tomato and tobacco and
they support this general model.

Under non-stress conditions, NTRC reduces the inactive 2-CysPrx dimer (with a
disulfide bond between its two subunits) and 2-CysPrx assembles into an active
decamer (Puerto-Galan et al. 2015). The reduced 2-CysPrx decamer can catabolize
H202 and other hydroperoxides (eg., hydroperoxylipids and peroxynitiles) (Peltier et al.
2006; Konig et al. 2002). While catabolizing hydroperoxides, a transient 2-CysPrx
sulfenic intermediate is formed and it is slowly resolved to reform the dimer’s disulfide
bond and, at this time, the decamer disassembles into inactive dimers. The decameric
form (the active peroxidase) is associated with the thylakoid membranes, where it
appears to scavenge electrons and catabolize H20.. Under highly oxidative conditions,
2-CysPrx becomes over-oxidized to the sulfinic and sulfonic forms. The sulfinic form can
be reduced by sulfiredoxin (SRX) and disulfide bridges in the dimer form and the redox

cycle can reinitiate. The sulfinic decamer can make a multimer, which is an active
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chaperone; the chaperone binds FBPase to regulate its activity. The over-oxidized
sulfonic form is non-reversibly damaged and to date there is no mechanism to return the
sulfonic 2-CysPrx to the sulfinic or sulfenic forms.

We propose that LAP-A/NTRC1 interaction promotes the ability of NTRC1 to
reduce its substrates. 2-CysPrx and FBPase are NTRC1 interactors; NTRC1 is a LAP-A
target. We propose that the wound-induced LAP-A binds NTRC to either promotes
NTRC’s reduction of the sulfhydryl bonds in the inactive 2-CysPrx dimer or to extend the
life time of NTRC1 after MeJA treatments or wounding. We propose that in LapA-SI
plants, LAP-A levels are diminished and, therefore, NTRC1 activity is diminished,
causing a decline in active 2-CysPrx dimers and impairing efficient H.O> scavenging and
promoting the generation of a transient ROS signal, promoting protein and lipid damage,
promoting insoluble protein aggregates, and altering the regulator of key redox
responsive enzymes (eg., FBPase). At the present time, it is unclear if LAP-A’s
aminopeptidase and/or chaperone activity is required to modulate NTRC.

Given the ability of LAP-A to cleave Cys-Gly and the importance of recycling Cys-
Gly to retrieve Cys and to alleviate the oxidative damage induced by this dipeptide, we
had proposed the wild-type, LapA-SI and LapA-OX plants would have distinctly different
levels of Cys, Cys-Gly and GSH levels. This proposed role for LAP-A was also
consistent with the importance of GSH in scavenging H.O.. We anticipated that LapA-SI
plants would have lower levels of GSH and Cys and higher levels of Cys-Gly and H2O..
While Lap-A modulated H>O- levels, it did not control the levels of reduced (GSH) or
oxidized (GSSG) glutathione after wounding, nor did it influence the GSH:GSSG ratio

(Fig 3.4-3.6).
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In these studies, we discovered an anomaly. MeJA is often used as proxy for
mechanical wounding, since there is a substantial overlap in MeJA- and wound-induced
cellular responses. Surprisingly, we observed that MeJA and wounding impacted GSH
and GSSG levels in completely different ways. We observed an increase in GSH and
GSSG levels after wounding (Chapter 2, Table 2.2, Fig. 3.5). In contrast, after MeJA
treatments GSH and GSSR levels declined (Fig 3.6). Wound induced increases of H20-
in tomato is well established (Orozco-Cardenas et al. 2001).

Since H>O, was regulated by LAP-A and increased after wounding, we monitored
the RNAs from a set of putative ROS-response genes (MDHAR1, SOD2, and GRX1)
(Table 3.1, Fig 3.7). Although catalase catabolized H2O: in vitro, catalase treatments did
not dissipate the H,O- increases in these RNA (Fig 3.7, 3.10). Instead, catalase caused
increases in all three of these transcripts. While a simple explanation is not clear, it is
possible that there may be a feedback loop. In response to higher levels of H.O2, genes
are induced but at modest levels. In the total absence of H.O. (e.g., the catalase
treatment), genes are hyperinduced.

LAP-A influences S metabolism. LAP-A upregulated genes encoding two key
enzymes in sulfur assimilation (APR and APS) (Table 3.1- 3.2). Both APR3A and APR2
RNAs were upregulated by LAP-A (Table 3.1- 3.3, Fig. 3.10). APR3 reduces its
substrate adenosine 5’-phosphosulfate to sulfite using GSH (Fig 3.8) (Bekturova et al.
2021; Cohen et al. 2020). Although APR’s main substrate is adenosine 5'-
phosphosulfate, APR also reduces 3’-phosphoadenosine 5-phosphate (PAP) using
sulfite and an oxidized thioredoxin protein (Setya et al. 1996; Gutierrez-Marcos et al.
1996). PAP is a key retrograde operational signal (Estavillo et al. (2011). Unfortunately,

the compounds PAP and PAPS were not detected in wild-type, LapA-SI, and LapA-OX
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leaves after MeJA treatment. The regulation of APR by LAP-A may result in different
PAPS and PAP levels. Again, this model is extrapolated from Arabidopsis.

The final link to PAP is its regulation by oxidative stress. SAL1 catabolizes PAP
Estavillo et al. (2011) and increases in ROS cause damage and inactivate the
chloroplast SAL1 allowing PAP accumulation (Chan et al. 2016). When PAP levels rise
in the chloroplast, PAP moves to the nucleus to regulate nuclear gene expression.
SAL1-PAP retrograde signaling pathway regulates JA-mediated signaling and secondary
metabolite glucosinolate pathways in Arabidopsis (Ishiga et al. 2017). This is another
enticing link of LAP-A’s influence on sulfur assimilation.

Finally, there were other LAP-A interactors that are worth investigation in the future
because of their association with the metabolites regulated in Chapter 2. In particular, 11
LAP-A interactors were associated with lipid metabolism and a variety of lipids were
LAP-A and/or MeJA regulated (Chapter 2; Table 2.2). We will look further into LAP-A’s
links to lipid metabolism in the near future.

Methods

Plant growth conditions

Solanum lycopersicum L. UC82 (wild-type, wild-type), LapA-SI, and LapA-OX were
previously described (Fowler et al. 2009). Plants were grown in a growth chamber with
an 18-h (28°C)/6-h (22°C) light dark cycle (300 pE)/. Four- to five-week-old wild-type,
LapA-SI, and LapA-OX plants with three leaves per plant were used for plant treatments.
Wounding of tomato leaves

Four- to-five-week-old tomato plants (wild-type, LapA-Sl, and LapA-OX ) were used for
wound time course experiments. Plants were wounded by crushing leaflets with a pair of

needle-nosed pliers. Wounded leaves were collected at 0, 1, 8, 12, and 24 h post-
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wounding. For each treatment’s time point, leaves of three plants were pooled for
analysis. Fresh leaf tissue (500 mg) was flash frozen in liquid nitrogen and stored at -
80°C. Five biological replicate experiments were used for liquid chromatography-mass
spectrometry (LC-MS) and thiol analyses.

H.O0. plant treatments

H202 and control treatments of tomato shoots were performed (Orozco-Cardenas et al.
2001). Briefly, excised shoots from four-week-old plants (wild-type, LapA-Sl, and LapA-
OX) were placed in flasks with 10 mM phosphate buffer (PB) (pH 6.0) (control) or in 10
mM PB with 50 mM glucose (Glu) and 25 U/mL glucose oxidase (GO; Cat #G7141,
Sigma-Aldrich). As a negative control, plants were also placed in a 10 mM PB with 50
mM Glu, 25 U/mL GO, and 25 U/mL catalase (CAT; Cat #C1345, Sigma-Aldrich).
Leaves were harvested at 0 and 8 h after treatment. The leaves from three plants were
pooled together and the sample fresh weight was weighed at 500 mg. Harvested leaf
tissue was flash frozen with liquid nitrogen and stored at -80°C until use. Three
biological replicates and three technical replicates of the experiment were performed for
quantitative real-time polymerase chain reactions (QRT-PCR) analysis.

Methyl jasmonate treatments

For methyl jasmonate (MeJA) (Cat #392707, Sigma-Aldrich) treatment for identifying
LAP-A and LAP-N interactors, three wild-type, LapA-SI and LapA-OX plants that were
four-weeks-old were excised at the base of the shoot and placed in flasks with 10 uM
MedJA for 24 h as previously described (Chao et al. 1999). Leaves from three plants were
harvested and pooled. Harvested leaf tissue was flash frozen with liquid nitrogen and
stored at -80°C until use for protein isolation and affinity purification. There was not a

time course experiment conducted in this study.
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Sample preparation for thiols, H.O., GSH, and GSSG Measurements

Frozen wounded leaf tissue (500 mg) was ground in liquid nitrogen with a cold mortar
and pestle. Four samples were processed at a time. Due to the number of samples and
need for simultaneous processing, this was a two-person procedure. Under my direction,
Dr. Maria Irigoyen or Ms. Diana Medina-Yerena helped to prepare the samples for thiol
quantification for LC-MS. The protocols for measuring H.O,, GSH, GSSG and other thiol
metabolites were described in (Queval et al. 2008; Queval and Noctor 2007; Rao et al.
2000). Methods were adapted to assay all metabolites from a single sample using
microtiter plate assay. Methods were first developed in Scranton (2013) and modified
and deployed here for wound time course samples (n=3).

Metabolites were extracted from ground leaves with minor modifications (Queval
and Noctor 2007). Six volumes of 0.2 M HCI (3 mL) were added to each tissue sample in
15-mL tubes and gently mixed. Four samples were processed simultaneously (Fig 3.3).
HCI extracts were incubated on ice for 5 min. The 3-mL volume was split into three 0.8-
mL aliquots of the HCI extract by transferring to 1.5-mL tubes. Extracts were centrifuged
at 14,000 g for 20 min at 4°C. Each cleared supernatant was transferred to a 1.5-mL
tube. The three 0.8-mL aliquots were used for three assays to quantify reactive oxygen
species (ROS; luminol assay), glutathione redox status (glutathione reductase activity
assay), and relative thiol levels (LC-MS). Each 0.8-mL HCI aliquot was once again
transferred to a 15-mL tube. All samples were brought to pH 5-6 with the addition of 50
pl of 0.2 M NaH2PO4 (pH 5.6) and approximately 400-500 uL of 0.2 M NaOH.

The four samples for the glutathione reductase enzymology assay were processed
immediately (see below). At the same time, four samples were processed by Dr. Maria

Irigoyen or Ms. Diana Medina-Yerena for thiol quantification for LC-MS (see below). The
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four samples for the luminol assay were immediately flash frozen in liquid nitrogen,
stored at -80 °C and processed within 48 h.

Glutathione reductase assay for total and oxidized glutathione

Total and oxidized GSH were determined immediately using a glutathione reductase
assay (Queval and Noctor 2007) and modifications described in (Scranton 2013). Briefly,
for each sample, two 0.2-ml aliquots were removed from the neutralized HCI
supernatant. Samples were split into two aliquots. One of the two aliquots were spiked
with GSH. Aliquots were again split into two more for a total of four aliquots. Two of the
four aliquots were incubated with 1 pl of 2-vinylpyridine (VPD; Cat #132292, Sigma) for
20 min at room temperature (RT); the other aliquot served as the non-VPD treatment
Three 20-ul aliquots of VPD- and non VPD-treated supernatants for each sample were
added to a 96-well CoStar clear-bottom plate wells with 0.11 mL Buffer B (0.2 M
NaH2PO., pH 7.2, 10 mM EDTA, 10 mM NADPH). The reaction was started by the
addition of 0.2 U glutathione reductase (GR; Cat #G3664, Sigma) in Buffer B with 2.4
mM 5,5'-dithiobis (2- nitrobenzoate) (DTNB; Cat #D8130, Sigma) for a total volume of 50
ul. The reaction was monitored at 405 nm for 5 min with shaking between each reading
using a Victor2 1420 Multilabel Counter (PerkinElmer Life Sciences, Waltham, MA).
LC-MS thiol quantification

Each sample was immediately neutralized NaOH; NaOH (0.2 M) was added slowly in
100-pl amounts and shaken gently between additions up to an approximate total of 500-
ul. When the tomato extract reached pH 5-6, it developed a clear color from a former
pink color and pH was confirmed with pH paper. A yellow color is indicative of pH above

6 and samples were no longer good for the experiments and would need to be
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discarded. The clear neutralized samples were immediately transferred to Dr. Maria
Irigoyen or Ms. Diana Medina-Yerena.

For each neutralized extract, two technical replicates (0.2 mL aliquots each) were
transferred into an amber 1.5-mL tube (Cat #05-408-134, Fisherbrand) from a method
modified in (Queval and Noctor 2007). The thiols in each sample were derivatized with
monobromobimane (mBB; Cat #69898, Sigma-Aldrich). The 0.340-mL volume reaction
included 0.2 mL of extract with final concentrations of 1.76 mM mbb, 0.59 mM DTT and
147 mM 2-(cyclohexylamino)ethanesulfonic acid (CHES, pH 8.5, Cat #C2885, Sigma-
Aldrich, ) at room temperature for 15 min. The reaction was terminated with the addition
of 10% v/v acetic acid (0.160 mL). The 0.5-mL samples were centrifuged at 10,000 g in
a microfuge for 10 min at 4°C. The supernatant was filtered through a 0.25-pym
hydrophilic polyethersulfone (PES) membrane filter screwed tightly onto the bottom of a
1-mL plastic syringe (Cat #SLGP033RS, Millipore Sigma) to clear excess salts from the
reaction. Prior to sample application, the filter was washed with 1 mL of 10 mM CHES
pH 8.5); this prevented sample volume loss. Approximately, 0.4 mL were recovered. A
0.160-mL aliquot of the filtered supernatant was transferred to a 2-mL amber glass vial
with a conical glass insert with poly-support spring (Cat #82030-974, Cat #46610-762,
VWR). The rest of the sample (approximately 0.2 mL) was transferred to another amber
1.5-mL tube and served as a backup. The cleared extracts were frozen in -80°C for no
more than three weeks.

Derivatization of Thiol Standards
Pure 1.4 mM individual derivatized analytes (Cys, y-Glu-Cys, Cys-Gly, GSH) (Cat #
G4251, C7352, G0903, C0166, Sigma-Aldrich) were individually processed for

standards (Table 3.5). The standard analytes were quantified prior to the quantification
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of the thiols from the experimental samples. The analytes were quantified by LC-MS
analysis.

LC-MS analysis

Targeted metabolomics of polar, primary metabolites in the processed thiol samples was
performed at the UC Riverside Metabolomics Core Facility. Metabolites were
fractionated and identified using an I-class UPLC system (Waters) coupled to a TQ-XS
triple quadrupole mass spectrometer (Waters). Separations were carried out on the T3
column (2.1 x 150 mm, 5 uM) (Waters). The mobile phases were water (A) and
acetonitrile (B), both with 0.1% formic acid. The flow rate was 250 uyL/min and the
column was held at 40°C. The injection volume was 3 pL. The gradient was as follows: 0
min, 1% B; 1 min, 1% B; 8 min, 35% B; 8.5 min, 100% B; 11 min, 100% B; 11.1 min, 1%
B.

The MS was operated in selected reaction-monitoring mode. Source and
desolvation temperatures were 150°C and 600°C, respectively. Desolvation gas was set
to 1100 L /h and cone gas to 150 L/h. Collision gas was set to 0.15 mL/min. All gases
were nitrogen, except the collision gas, which was argon. Capillary voltage was 1 kV in
positive ion mode. Samples were analyzed in random order. Targeted data processing
was performed with the open-source Skyline software (MacLean et al. 2010).

Luminol assay to quantify H20-

Neutralized extracts for each sample were analyzed for hydrogen peroxide (H202) (Rao
et al. 2000; Warm and Laties 1982; Queval et al. 2008) with minor modifications of
(Scranton 2013) method. Neutralized extracts (0.8 mL) were thawed within 48 h after
initial flash freezing. The samples were mixed thoroughly prior to use. A 0.5-mL sample

was transferred to a fresh 1.5-mL tube. Each sample was treated with 1 U ascorbate
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oxidase (Cat #A0157, Sigma) for 5 min at room temperature (Queval et al. 2008).
Treated extracts were passed over a 1-mL syringe filled with 500 mg Dowex 1-X8 50-
100 ion exchange resin (Cat #217417, Sigma). Extracts were eluted with 3 mL distilled
water. Fifty pyL of eluted extract was mixed with 850 uL of 0.2 M NH4sOH (pH 9.5) and 30
MM luminol (Cat #123072, Sigma). Luminescence was monitored after injection of 100 pl
of 0.5 mM potassium ferricyanide in 0.2 M NH4sOH (pH 9.5) using Turner Biosystems
20/20n Luminometer (Promega, Madison, WI) at the UCR Genomics Core. Five
biological replicates and three technical replicates were done.

RNA isolation and Quantitative real-time PCR

RNA was isolated from frozen leaf tissue samples previously treated with glucose, GO,
or CAT using the hot-phenol method (Pautot et al. 2001). Genomic DNA was removed
using RQ1 DNase (Cat# M6101, Promega). A total of 1 ug RNA was used for cDNA
synthesis with Impromll Reverse Transcriptase (Cat# A3803, Promega) and oligo-dT
(25-mer) primers. cDNAs were diluted with water 10 times for the qRT-PCR reactions.
These reactions were performed with the BioRad MylQ instrument using iQ SYBR
Green Supermix (Cat# 170-8884, BioRad), with 200 nM of primers and a total reaction
volume of 25 uL. Two reference genes, Tip41 and elF1a, were used to normalize the
relative transcript level of each gene (Table 3.1). The primers were designed using
Geneious Prime® 2021.1.1 The gqRT-PCR reaction efficiency and the fractional cycle
number at threshold (CT) was calculated using Real-time PCR Miner version 4.0 (Zhao
and Fernald 2005). # biological and technical reps.

Statistics

Statistical analysis of metabolite levels and transcript levels was performed by Welch’s t-

test using at adjusted P-value < 0.05 in software GraphPad Prism v. 9.1.2 for MacOS
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(GraphPad Software, San Diego, CA, USA; www.graphpad.com) or R Studio. 2-way
ANOVA test at adjusted P-value < 0.05 in software GraphPad Prism v. 9.1.2 was done for
analysis of GSH/GSSG ratio levels.

Protein Isolation and Affinity Purification

Frozen leaf tissue from 24-h MeJA-treated LapA-OX plants was ground in liquid nitrogen
in a cold mortar and pestle. Proteins were extracted from ground leaves (700 mg) in a
cold mortar and pestle using 3.5 mL of cold phosphate buffer (50 mM sodium phosphate
monobasic, 300 mM NaCl, and 10 mM imidazole buffer, pH 8) and protease inhibitor
(complete, mini, EDTA-free protease inhibitor cocktail tablet, Cat #11836170001,
Roche). The homogenate was transferred to five 1-mL microfuge tubes and spun in a
microcentrifuge at 10,000 g for 20 min at 4°C to remove debris. For each sample, the
supernatants were collected, pooled, and transferred to a 15-mL tube. The Bradford
method was used to determine protein concentrations using Bovine Serum Albumin
(BSA) as a standard (Bio-Rad Protein Assay Kit I, Cat #5000001, Bio-Rad). Fresh
protein homogenate (less than 12-h old) was used for the affinity purification assays.
Proteins were assessed for integrity using 12% Sodium Dodecyl Sulfate- Polyacrylamide
Gel Electrophoresis (SDS-PAGE) and Coomassie blue staining after 12-h incubation
time.

Hise-tagged LAP-A, LAP-A-R431A, LAP-N, and LAP-N-K357E were overexpressed
in Escherichia coli and purified as previously described (Gu et al. 1999). For the isolation
of LAP-interacting proteins, there were three technical replicates (one leaf protein
extraction and three columns) for each type of LAP protein incubated with leaf total
proteins. The technical replicates were staggered to execute all replicates per

experiment in one day and it required was a two people to execute; Dr. Maria Irigoyen
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enabled these experiments. Hiss-LAP proteins (20 ug) and 50 pyL Ni-NTA resin (Cat
#30210, Qiagen) were mixed in a microfuge tube and shaken gently at 4°C for an
incubation period of 2 h. The excess non-bound Hises-LAP proteins were removed from
resin-bound LAP by centrifugation in a microcentrifuge at 5,000g for 2 min. Leaf proteins
(200 pg) were incubated with the resin-immobilized Hise-LAP proteins in a
microcentrifuge with gentle shaking at 4°C for 2 hr. As a negative control, total leaf
protein (200 ug) was incubated with 50 pL Ni-NTA resin.

A 3-mL plastic syringe column (Cat #309657, BD Mfr) was prepared for the affinity
purification experiment. The syringe was fitted with a 3-way luer lock stopcock (Cat #50-
822-022, Fisher scientific) and a piece of glass wool was inserted to prevent resin loss
(Cat #11388, Fisher scientific). The resin-immobilized Hise-LAP proteins were
transferred to the column and sealed. The column was shaken gently at 4°C for an
incubation period of 2 h. Four sequential 4-mL wash steps with phosphate buffers with
increasing imidazole concentrations (0-, 20-, 40-, and 80-mM imidazole) cleared non-
bound protein. Hise-LAP proteins and their associated leaf proteins were eluted from the
Ni-NTA resin with 250 mM imidazole buffer (1 mL) in two eluates. Samples were
separated by SDS-PAGE and stained with Coomassie Blue (Figure 3.11).

Protein eluates were concentrated using StrataClean resin (hydroxylated silica
particles; Cat #400714, Agilent). Each eluate (0.9 mL) was incubated with StrataClean
(10 pL) for 20 min at room temperature in a microfuge tube with mixing gently for 30
seconds but not vigorous shaking. Samples were centrifuged at 5,000 g in a
conventional table-top microcentrifuge for 2 min at room temperature. The unbound
proteins in the flow-through fractions were discarded. Unbound protein was cleared

again in wash steps by centrifugation at 5,000 g for 2 min. The two eluates for each
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sample were combined in one microfuge tube for a final volume of 20 uyL. Proteins
bound to StrataClean resin were submitted to the UCR Proteomics core for
endopeptidase digestion and nano LC-MS/MS analysis.

Protein sample preparation

Protein samples were resuspended in 100 uL trypsin solution (10 pg/mL trypsin, 50 mM
ammonium bicarbonate (pH 8), 10% acetonitrile) and incubated at 37°C overnight. A
MudPIT approach was employed to analyze the trypsin-treated samples and details are
provided in Drakakaki et al. (2012). Samples were processed and analyzed on a
sensitive nanoflow liquid chromatography system coupled to a high resolution Orbitrap
Fusion mass spectrometer. A two-dimension nanoAcquity UPLC (Waters, Milford, MA)
and an Orbitrap Fusion MS (Thermo Scientific, San Jose, CA) were configured to
perform online 2D-nanoLC-MS/MS analysis. 2D-nanoLC was operated with a 2D-dilution
method that is configured with nanoAcquity UPLC. The first dimension LC fractionation
used 20 mM ammonium formate (pH 10) and acetonitrile. Five fractions were eluted
using 13%, 18%, 21.5%, 27%, and 50% of acetonitrile. The second dimension nano-
UPLC method was described previously (Drakakaki et al. 2012).

Orbitrap Fusion MS method was based on a data-dependent acquisition (DDA)
survey using a nano ESI source. Orbitrap mass analyzer was used for the MS1 scan.
For the MS2 scan, the lon-Trap mass analyzer was used in a rapid scan mode. Only
precursor ions with intensity 10,000 or higher were selected for MS2 scan. Sequence of
individual MS2 scanning was from most-intense to least-intense precursor ions. Higher-
energy CID (HCD) was used for fragmentation activation, quadrupole was used for
precursor isolation and MS2 mass range was set auto/normal with first mass set at 120

m/z.
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The raw MS files were processed and analyzed using Proteome Discoverer version
2.1 (Thermo Scientific, San Jose, CA). Sequest HT search engine was used to match all
MS data to the deduced proteome of tomato (ITAG 4.0) and the tomato chloroplast
protein Atlas (described in Chapter 1). Briefly, five protein localization algorithms were
used to assemble a tomato plastid protein dataset (Atlas), which was used to predict
subcellular localization of tomato proteins. The five protein localization algorithms
included: TargetP version 1.1b (Emanuelsson et al. 2000), ChloroP version 1.1
(Emanuelsson et al. 1999), WoLF PSORT version 0.2 (Horton et al. 2007), YLoc
(Briesemeister et al. 2010) and Predotar (Small et al. 2004). The search parameters
were the following: trypsin with one missed cleavage, minimal peptide length of six
amino acids, MS1 mass tolerance 20 ppm, MS2 mass tolerance 0.6 Da, and variable
modifications included oxidation (M) and N-terminal acetylation.
Protein Identification and Analysis
Non-specific binding proteins were identified from the negative control samples (leaf
protein non-specifically bound to Ni-NTA resin. Over 50 proteins were identified. These
proteins were removed from the putative LAP-A and LAP-N interactor protein lists. The
remaining proteins were used to identify putative LAP-A and LAP-N interactors. Proteins
identified in at least two of the three technical replicates of each experiment were
designated as putative LAP-interactors. Proteins were ranked and classified by their
reproducibility and the number of peptides, and unique peptides used to identify the
protein (Table 3.S1). The proteins functional categories were categorized using Mapman
bins (Schwacke et al. 2019) and were manually curated.

The LAP-A interactors were localized in the chloroplast stroma based on

comparing the tomato genes identified to those genes identified in the wild-type stromal
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proteome from Chapter 1. Those proteins that overlap meant that they were localized in
the chloroplast. The LAP-A interactors were also compared to the Methyl jasmonome to
identify if proteins were regulated by LAP-A and/ or MeJA (unpublished results). The
data analysis was performed in R Studio. The methyl jasmonome data acquired is
unpublished and part of the dissertation of a graduate student (Oindrila Bhattacharya) in

the Walling lab.
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Figure 3.1 LAP-Ais a Cys-Gly dipeptidase.

(A) Cys-Gly dipeptidase activity was measured from total soluble protein extracts from
healthy or methyl jasmonate (MeJA) treated leaves of WT plants +/- the LAP inhibitor
bestatin (20 uM). (B) Cys-Gly activity was measured control and MeJA- treated WT and
LapSl leaves. (C) Cys-Gly dipeptidase activity was measured in total soluble protein extracts
from healthy or wounded leaves of WT, LapSlI, and LapOX plants. Cys-Gly dipeptidase
experiments in total soluble protein extracts were conducted by Melissa Scranton (Scranton,
2013) and are provided here to provide perspective for the experiments in this Chapter.
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Number of tissue samples (4-week-old plants):

WT: 0,1, 8,12, 24 hr post wounding (4 replicate experiments) = 20 samples
LapSI: 0,1, 8,12, 24 hr post wounding (4 replicate experiments) = 20 samples
LapOX: 0, 1,8, 12, 24 hr post wounding (4 replicate experiments) = 20 samples

Grind one (0.5 g) leaf tissue sample
Day 1 Homogenize in 3 mL 0.2 M HCL (Day 1)
foor]  [oor ]

|

Neutralize sample Neutralize  Neutralize

/LN ]

I%' |:| Flash freaze samples, store at -80 °C
| |

Altach bimane | | + GR; Measure GR activity |
Store at -B0°C

Day 2 | Filtered through Dowex |

l l

I + Luminal, Measure Luminescence |

v

LC-MS to measure thiols
(3-4 weeks after sample preparations)

Figure 3.2 Flowchart of experiments to measure thiols in tomato leaves. Samples were
taken from WT, LapA-SI, or LapA-OX at 0, 1, 8, 12, or 24 h post wounding. From a
single tissue sample, metabolites were extracted and monobromobimane-conjugated
thiols, glutathione (reduced (GSH) and oxidized (GSSG)), and H202, measurements were
made. The experiment timeline is illustrated spanning two days for sample preparations.
It took four weeks to process the 80 samples and submit them for analysis at the UCR
Metabolomics Core using LC-MS. NAC (N-acetyl), VPD (2-vinylpryridine), GR
(glutathione reductase).
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Figure 3.3 H>O; levels in WT, LapA-SI, and LapA-OX leaves after wounding. The H>O»
(umol/g FW) was quantified in leaves 0, 1, 8, 12, and 24 h after wounding of LapA-SI, WT,
and LapA-OX plants using a luminescence assay (n=5). Significant differences in H2O-
levels within each genotype after treatment and between genotypes was determined by

Welch'’s t-test analysis. Adjusted P-values between <0.05 (*), <0.035 (**), <0.0025 (***) and
<0.0001 (****) are shown.

264



A) B)
GSH Cys-Gly

a1

0.0+ 0-
0181224 0 1 81224 0 1 8 1224 0181224 0 1 81224 0 1 8 1224

25y [+ |
E b

0.5

——

Relative Abundance (1x108)
Relative Abundance (1x105)

© P yGlu-Cys

Cys

‘ *k ‘ sokk

* ‘ *k ‘ Fok

N

Relative Abundance (1x10)
w
h } : ]
Relative Abundance (1x107)

-
1
-

>
(=]

|||||||||||

0181224 01 81224 0 1 8 1224 0181224 0 1 81224 0 1 8 1224

LapA-SI WT LapA-OX LapA-SI WT LapA-OX

Figure 3.4. Thiol-containing compound levels in WT, LapA-SI, and LapA-OX leaves after
wounding. Relative abundance of thiol-containing compounds, monobromobimane (mBB)-
conjugated GSH, Cys-Gly, yGlu-Cys, and Cys from leaves at 0, 1, 8, 12, and 24 h after
wounding of WT, LapA-SI and LapA-OX plants using the protocol outlined in Fig 3.3. mBB-
conjugated thiols were quantified by targeted metabolomics using LC-MS. Thiol-containing
compounds measured included (A) GSH, (B) Cys-Gly, (C) Cys, and (D) yGlu-Cys. Asterisks
represent statistically different values at adjusted P-values between <0.05 (*) and <0.035 (**)
<0.0025 (***) Welch’s t-test.
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Figure 3.5 Glutathione abundance and GSH:GSSG ratio in WT, LapA-SI, and LapA-OX
leaves after wounding. A) The total GSH levels and B) total GSSG levels were measured in
leaves 0, 1, 8, 12, and 24 h after wounding in LapA-SI, WT, and LapA-OX plants using
spectrophotometric assay (n=5). The sample preparation protocol is outlined in Fig 3.2. D)
GSH:GSSG. Two-way ANOVA statistics was done. Asterisks represent statistically different
values at adjusted P-values between <0.05 (*), <0.035 (**), <0.0025 (***) and <0.0001 (****)
are shown.
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Figure 3.6 Glutathione relative abundance after MeJA treatments. A)Total GSH and B)Total
GSSG was measured in WT, LapA-Sl, and LapA-OX leaves at 0, 8, 12, and 24 h after MeJA
treatment in untargeted metabolomics analyses using LC-MS (see Chapter 2 for primary
data set and methods) Welch’s t-test was used to determine statistical significance at
adjusted P-values <0.05 (*). D) GSH:GSSG abundance for total GSH and total GSSG levels
in Two-way ANOVA statistics was done. Asterisks represent statistically different values at
adjusted P-values between <0.05 (*), <0.035 (**), <0.0025 (***) and <0.0001 (****) are
shown.

267



B) C)

GGT1 Asparaginase 2
Readings in Spectrophotometer 0.04 0.05:

0.03

0.

o

2

0.

o

1

Abs240
e 9o
w >
Relative Expression
Relative Expression
e 9
o o
=N

o. T —t= T T 0.00-——— E— 0.00 T
3 sec 1 min 2min 3 min & 2 & 2 N 2 g @ & 3 \g @
& 0% S & 0% & 0% S & 0V o & 0 o S 0V o
Time after reaction \$°0 Q’q’(b\o \(‘\g Q’w\'&’b &\z Qﬂ'\'&'b \&0 Y ‘&0 \({‘ Q‘wo‘,}’b &\0 QW‘D\'} i
\&'b & @0 & \@’b & « 4 & o
) o o &® & o
< <& <&
-~ 1 mM glucose and 25 u/ml gluc ox
LapA-SI WT LapA-OX
LapA-SI WT LapA-OX P P
~e- 1 mM glucose, 25 u/ml gluc ox and 25 u/ml catalase
D) E) F)
GRX1
Fe-SOD2
* *
MDHAR1 *
*
0.006 *
5 c 015 5 3
3 2 2
] ? o
S 0.004 2 g *
] g o0.10 o 2
X
2 u 2
k4 s 8
- 0.002 = <
[T} = e 1
& ’Jr‘ & 0.05: ﬂ ﬂ &
£ [
& o S ov g & o & P’ & o & o S ov e o & o
e @ e @’ & @’ & OV S OV S OV & @ &' @’ &
55 VR0 STRNGT RS ERGE F G s RT STGT F0e®
& & & 5 & & & & & & & J & & & [
IS IS IS & © &® & & &
LapA-SI WT LapA-OX LapA-SI WT LapA-OX

LapA-SI WT LapA-OX

Figure 3.7 Transcript levels for selected ROS-response genes in WT, LapA-SI, and LapA-
OX leaves after H2O, and catalase treatments. A) Plants were treated with 1 mM glucose
and 25 U/ml glucose oxidase (gluc ox) in phosphate buffer to demonstrate H202
evolution, which was measured as increases in absorbance at 240 nm. Readings were
taken every 3 sec for a total of 3 min. Catalase control reactions with 1 mM glucose, 25
U/ml glucose oxidase (gluc ox), and 25 U/ml catalase in phosphate buffer (1 mL volume)
demonstrated that catalase effectively catabolized H,O- to O, and H.O. B-F) WT, LapA-SI
and LapA-OX shoots were excised and immediately immersed for 8 h in water (no
treatment), in (glucose and glucose oxidase for the H2O, treatment), or in (glucose, glucose
oxidase, and catalase to catabolize H202 to Oz and H20 (control treatment)). RNAs were
extracted and relative RNA levels were determined using RT-gPCR with Tip41 (TAP42
interacting protein of 41 kDA) and elF1 (Elongation factor 1-alpha) as controls for
normalization. B) GGT1 (Gamma-glutamyltransferase), C) Asparaginase 2 D) MDHAR1
(NADH-monodehydroascorbate reductase 1) E) SOD2 (Superoxide dismutase2) F) GRX
(Glutaredoxin). Data was analyzed using a Welch'’s t-test and values that varied significantly
(adjusted P-value < 0.05) after wounding or between genotypes are indicated (*).
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Figure 3.8 Sulfur metabolism. Sulfate undergoes several intermediate steps in plant cells
before converted into a nutrient source for plants. Acronyms used are: APS (ATP
sulfurylase/ Sulfate adenylyltransferase), APR (5'-adenylylsulfate reductase), SIR (sulfite
reductase), oas (O-acetylserine sulfhydrylase), Cys (Cysteine), Glu (Glutamate), Gly
(Glycine), Met  (Methionine), SAM (S-adenosylmethionine), SAH (S-
adenosylhomocysteine). Yellow boxes represent plant metabolites. PlantCyc was used
as a source to inform the sulfur pathways. Metabolites highlighted in orange were
detected in the targeted or untargeted metabolomics studies.
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Figure 3.9 Sulfate is used in a secondary metabolic pathway to synthesize PAPS (3'-
phosphoadenosine 5’phosphosulfate). In the secondary sulfur metabolic pathway,
sulfate undergoes several biochemical steps in the cytoplasm and plastid before
beginning converted into sulfated compounds associated with retrograde signaling. PAP
(3’-phosphoadenosine 5’phosphate) is catalyzed by SAL1 (phosphoadenosine
phosphatase) in the plastid. During stress due to high light (sun image) or drought, there
is an accumulation of R-OH, which leads to inactivation of SAL1, which results in PAP
accumulation. PAP activates stress responses such as transcription of stress-responsive
genes. PlantCyc was used as a source to inform the secondary sulfur pathways.
Metabolites highlighted in orange were detected in the targeted or untargeted
metabolomics studies.
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Figure 3.10 Transcript levels for APR and SAT1 in WT, LapA-SI, and LapA-OX leaves after
H.O, and catalase treatments. A) SAT1 (Serine acetyltransferase1), B) APR3B
(Phosphoadenosine phosphosulfate reductase 3B), C) APR3A, D) APR2. Asterisks
represent statistically different values at adjusted P-value < 0.05 for Welch'’s t-test.
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Figure 3.11 Putative LAP-A interactors identified by affinity chromatography. Total leaf
protein (12 pg), His-tagged proteins and non-His-tagged proteins were loaded onto a
column with nickel-affinity resin (n=3). Purified LAP-A (3 pg) was used as a LAP-A mass
reference. Proteins were separated by SDS/PAGE and visualized by Coomassie blue
staining. The masses of marker proteins are indicated (kDa).
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Figure 3.12 LAP-interactors classified by function. A total of 299 leaf proteins interacted

with His-tagged LAP-A and His-tagged R431A.
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Figure 3.13 Venn Diagram shows overlap between LAP-A and LAP-N interactors. There are
68 shared proteins. There are 584 specific LAP-A and/ or LAP-A mutant R431A interactors.
There are 231 specific LAP-N and/ or LAP-N K357E interactors.
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Figure 3.14 High affinity LAP-A and LAP-N interactors. A) Number of proteins that interact
only with WT or mutant forms (R431A or K357E) of LAP-A or LAP-N or both WT and mutant
proteins. B) Percentage of interacting proteins in each interaction category.
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Figure 3.15 LAP-A-dependent redox model. LAP-A may directly interact with NADPH
thioredoxin reductase-C (NTRC). By binding to or hydrolyzing NTRC, LAP-A enhanced the
reductase activity of NTRC to reduce 2-Cys-Peroxiredoxin (2-CysPrx) and, thereby,
enhances 2-CysPrx antioxidant activity to scavenge H>O.. 2-CysPrx is a redox sensor that
changes its form (dimer, decamer, and high molecular weight (HMW) oligomers) and activity
(peroxidase vs chaperone vs inactive aggregate) dependent on the redox status. This model
also needs a way to restore redox homeostasis and H.O- catabolism.
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Conclusions

Our challenge is to identify the retrograde signal(s) that LAP-A generates to
modulate nuclear genes (Fowler et al. 2009; Jung and Chory 2010; Jiang and Dehesh
2021; de Souza et al. 2017). Previous studies have shown that the chloroplast-localized
LAP-A positively and negatively regulates nuclear genes encoding antiherbivory proteins
(eg., Pins and PPOs) and stress-induced proteins (eg., PR1c and dehydrins),
respectively (Fowler et al. 2009; Scranton et al. 2013). | initially proposed to in silico
identify LAP-A substrates, which could lead me to a likely retrograde signaling
mechanism. This was proposed because while the tomato LAP-A is well characterized
biochemically, we only understood the nature of residues in the P1 and P2 positions that
were preferred by LAP-A but we did not understand the influence on the P3-P6 residues
in putative LAP-A substrates (Gu et al. 1999; Gu and Walling 2000; Walling 2013; Gu
and Walling 2002; Duprez et al. 2014). For this reason, | constructed an in silico
database that included proteins predicted to be in tomato chloroplast (the Atlas). |
proposed to identify putative LAP-A substrates using the knowledge of the geometric
constraints of the LAP-A substrate-binding pocket based on the emerging X-ray crystal
structure. | proposed to use the residues at the +1 to +4 positions of chloroplast localized
proteins to identify LAP-A substrates. The subsequent determination of the X-ray crystal
structure (Duprez et al. 2014) showed the substrate-binding pocket of each LAP-A
protomer was relatively large and predicting the residues at the +2, +3 and +4 positions
was not possible.

Never-the-less, the Atlas has had a lot of utility. | used the Atlas to help define the
tomato stromal proteome in a collaborative project with Ms. Oindrila Bhattacharya (UC

Riverside PhD candidate). It was imperative to identify the chloroplast stromal proteome
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using the Atlas because to date there are few chloroplast stromal proteome studies, and
they have primarily emerged from studies in Arabidopsis (Olinares et al. 2010; Peltier et
al. 2006; Lundquist et al. 2017). Therefore, tomato stromal proteome described in
Chapter 1 is a significant contribution to the chloroplast proteome field and
bioinformatics field for proteins’ subcellular predictions. In addition, it is possible one of
the proteins identified in the stromal proteome will be or will modulate the LAP-A-
dependent retrograde signal. With the Walling lab’s current multi-omics approaches to
define LAP-A’s regulatory roles, we anticipate in the near future that the LAP-A signal
will be defined.

Comparisons of the characteristics of LAP-dependent signaling in tomato with
several known retrograde operational signals, that are best characterized in Arabidopsis,
has revealed both similarities and differences. The best known operational signals,
MEcPP and PAP-SAL1 share similarities to LAP-A as they have a link to plant defense.
High levels of MEcPP induce the expression of the SA biosynthetic enzyme gene
ISOCHORISMATE SYNTHASE 1 (ICS1) and, the ceh1 mutant that causes MEcPP
accumulation also induces high levels of SA leading to enhanced resistance to the
biotrophic pathogen Pseudomonas syringae (Xiao et al. 2012). In addition, high levels of
MECPP causes elevation of JA-response gene transcripts, despite the presence of SA
(Lemos et al. 2016). It seems unlikely that LAP-A mutants are associated with high
levels of MEcPP. First, MEcPP was not detected in our metabolomics studies; although,
this should be taken with a grain of salt since we did not detect any metabolites of the
MEP pathway; even though the stroma proteome described in Chapter 1 identified all
MEP pathway enzymes. Second, LAP-A does not modulate JA or SA levels (Scranton

2013), while ceh1 causes increases in both phytohormones (Xiao et al. 2012). Third,
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LAP-A is suppressed by SA (Chao et al. 1999) and it modulates a regulatory step
downstream of JA biosynthesis and perception (Fowler et al. 2009). Fourth, LAP-A
deficiency or overexpression does not impact P. syringae virulence on tomato plants
(Pautot et al. 2001)(Medina-Yerena and Walling, unpublished results). Finally, similar to
the ceh1 mutant, LAP-A does influence herbivore success. LapA-SI plants are more
susceptible to herbivores and LapA-OX plants are more resistant than wild-type plants.

PAP also has impacts on defense (Ishiga et al. 2017). High levels of PAP in
Arabidopsis salf mutants (fry7-2 and alx8) are less resistant to the pathogens
Pseudomonas syringae pv. tomato DC3000 (a hemibiotroph) and Pectobacterium
carotovorum subsp. carotovorum EC1 (a nectrotroph) compared to wild-type Col-0 and
SAL1-overexpression plants (Ishiga et al. 2017). There is a striking reciprocity of the
MECcPP and SAL1 impacts on plant defense. Unlike sal1 mutants, P. syringae replicates
to equivalent levels in LapA-SI and LapA-OX plants (Pautot et al. 2001)(Medina-Yerena
and Walling, unpublished results). LAP-A clearly regulates the wound signaling in tomato
and the role of PAP in herbivory has not been investigated to date.

Despite these differences, it would be interesting to determine if MEcPP or PAP
levels are significantly different in LapA-S/ and LapA-OX plants in a targeted
metabolomics assay. SAL1 was reliably detected in the tomato stromal proteome
(Chapter 1) and was also identified as an upregulated protein in the MeJA proteome. the
SAL1 protein was 2-fold more abundant in LapA-OX plants compared to wild-type
(Bhattacharya, Ortiz and Walling, unpublished results). Finally, SALT transcripts were
not MeJA-regulated in wild-type plants (Roche and Walling, unpublished results).

In Chapters 2 and 3, there were several sets of data that suggested that sulfur

metabolism was controlled by MeJA, and in part by LAP-A. While LAP-A did not control
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the levels of glutathione (GSH) or its redox status, we discovered that GSH was
differentially regulated by wounding and MeJA treatments. GSH levels were upregulated
by wounding and downregulated by MeJA treatments (Figs. 3.4, 3.6). While MeJA is a
proxy for wounding, our data indicate that it is clearly does not mimic all events of
wounding. The differences in GSH levels could be due to the fact, unlike MeJA,
wounding significantly damages cells and releases DAMPs (eg., eATP, DNA, etc) that
can be perceive and trigger plant defenses (Hou et al. 2019). Alternatively, MeJA
treatments are likely to provide levels of MeJA that are above physiologically relevant
concentrations. The differences in GSH levels after MeJA and wounding is intriguing. It
will be interesting to determine if wounding and MeJA treatments differentially impact the
metabolites MEcPP, PAP and PAP’s regulatory enzyme SAL1.

Solid genetic and metabolomics data in Chapter 2 indicated that MeJA and LAP-A
regulated primary and secondary metabolism as 78 MeJA regulated and 57 MeJA and
LAP-A modulated metabolites were identified. Of these metabolites several were
associated with plant defense: 5-amino valeric acid, pipecolic acid and steroidal
glycosides. Using untargeted metabolomics, 5-aminovaleric acid and pipecolic acid were
detected, derived from Lysine and are involved in plant defense (Adam et al. 2018). This
is the first report of the regulation of these metabolites and biosynthetic enzymes by
MeJA. 5-aminovaleric acid is produced by two pathways. It is produced from 5-
aminopentanal or 6-amino-2-oxohexanoate/ketocaproic acid (KAC) (Chapter 2, Fig 2.9A)
(Shimizu et al. 2019). KAC reacts spontaneously with H.O> to form 5-aminovaleric acid.
Although the precursors for 5-aminovaleric acid were not identified in the untargeted
metabolomics assay, there were higher levels of H.O, in LapA-SI compared to wild-type

plants, which was well correlated with increased levels of 5-aminovaleric acid in LapA-S/
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lines compared to wild-type plants (Chapter 3, Fig 3.3). However, LapA-OX plants did
not display a reciprocal phenotype. Instead, the LapA-OX plants had a phenotype similar
to LapA-SI lines suggesting that the regulation is complex. In addition, LAP-A regulation
was demonstrated for pipecolic acid, which is also derived from KAC, and serves as the
precursor of N-hydroxy-pipecolic acid. N-hydroxy-pipecolic acid is an SA induced signal
that is associated with SAR in Arabidopsis (Chen et al. 2018; Hartmann and Zeier 2018;
Wang et al. 2018). We did not detect N-hydroxy-pipecolic acid in our metabolomics
studies and this is likely to do the strong negative regulation of FMO1 RNAs by MeJA.
This is in alignment with the antagonism for many SA and JA-regulated responses
during pathogen and pest attack. Finally, there are MeJA- and LAP-dependence of
several steroidal glycoside alkaloids, which negatively impact bacteria, fungi and
herbivorous insects. LAP-A induces tomatidine and enzymes for the synthesis of
tomatidine and dehydrotomatine (Fig 2.13 and 2.14). LAP-A suppresses the metabolites
dehydrotomatine (Fig 2.13). These data suggest that LAP-A may enhance production of
the more toxic compound tomatidine compared to dehydrotomatine.

In Chapter 3, | demonstrated LAP-A negatively regulates H>O> levels, which is a
known positive regulator of the late branch of wound signaling (Orozco-Cardenas et al.
2001) and a retrograde signal (Exposito-Rodriguez et al. 2017). As LAP-A did not
regulate GSH levels or redox status, LAP-A must regulate another step within the
chloroplast that produces or dissipates H.O- levels. In Chapter 3, | discovered NADPH
thioredoxin reductase-C (NTRC1) is a strong LAP-A interactor and therefore LAP-A may
exert its effect on H,O, via NTRC1 (Chapter 3). In Arabidopsis, NTRC controls the status
of the major plastidial redox hub, as it reduces the antioxidant 2-CysPrxA and B (2-Cys

peroxiredoxin) that scavenges H>O, (Muthuramalingam et al. 2009). | proposed the LAP-
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A dependent redox model (Fig 3.15) builds upon on the 2-Cys-Prx and NTRC pathway
elucidated in Arabidopsis. As LAP-A-deficient LapA-S/ plants accumulate more H2O;
than wild-type plants, LAP-A must enhance NTRC1’s reduction of 2-CysPrx to control
the H>O> burst that occurs in response to wounding. | hypothesize that LAP-A indirectly
enhances the amount of bioactive 2-CysPrx (reduced form) to: (1) control H.O: levels (2)
limit protein and lipid damage, (3) limit accumulation of insoluble protein aggregates that
cause plant cell death, and (4) regulate key redox sensitive chloroplast enzymes (Table
3.3). As LAP-A is not an on-off switch, it must act as a modulator or rheostat that finely
tunes H.O. levels after wounding, MeJA treatments and herbivory. LAP-A allows
sufficient H.O» to accumulate to signal the presence of a stressor, but must maintain
H20; at sufficiently low levels to prevent excessive cellular damage. In LapA-SI/ plants,
the rheostat is lost and | propose excessive damage to cellular components may occur
to prevent H.O; signaling.

Interestingly, the preliminary data from a transcriptomics study that examined
transcript abundance in wild-type, LapA-SI and LapA-OX plants after MeJA treatment
showed that MeJA downregulated NTRC1 transcript levels within 30 min after treatment
(Paul Roche and Linda Walling, unpublished results). Furthermore, NTRC1 protein
levels are downregulated by MeJA in LapA-SI plants compared to wild-type plants
treated with MeJA (Bhattacharya, Ortiz and Walling. unpublished results). Therefore,
LAP-A must be important in maintaining the activity of NTRC1 after rises in JA after
pathogen or pest attack.

The impact of LAP-A on NTRC1 is a solid direction for future experiments. As LAP-
A is both an aminopeptidase and chaperone, it may alter the N-terminal residues of

NTRC1 and enhance its turnover. Alternatively, LAP-A may keep NTRC1 in an active
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folded state to promote the 2-CysPrx-NTRC1 redox hub’s ability to catabolize H.Ox. It
will be of interest to determine if LAP-A hydrolyzes the N-terminal residue(s) of the
mature NTRC1 using a standard aminopeptidase assay. NanoLC-MS/MS can be used
to detect the number of residues hydrolyzed in the N-termini of NTRC1. In addition, the
peptide profiles of NTRC1 from the stromal proteome (Chapter 1) will be compared to
NTRC1 peptides from LapA-S/ and LapA-OX plants treated with MeJA to detect if there
are changes in the N-terminal residues of NTRC1. Finally, our stromal proteomics
studies may be able to determine if LAP-A, NTRC1 and or 2-CysPrx is oxidatively
damaged after MeJA treatments and it the damage is correlated with LAP-A levels in
wild-type, LapA-SI and LapA-OX plants.

In the future, it would be prudent to provide additional evidence to support my model
that predicts LAP-A suppresses H2O; in planta after wounding. | propose that LAP-A
serves a modulator (or a rheostat) to produce sufficient H.O> for signaling acute attack
by herbivores but to keeps H.O: at low levels to prevent excess damage to photosystem
proteins, and other proteins and lipids within the chloroplast. If LAP-A is a rheostat to
control H»O,, additional experiments that exogenously manipulate H,O. levels might
provide further support for this model. | should be able to follow these responses by
monitoring transcript levels for several sentinel genes that are up or down-regulated by
LAP-A (e.g., Pins and PPO vs PR1c and Dehydrins, respectively) (Fowler et al. 2009;
Scranton et al. 2013). This can be achieved by treating excised shoots of wild-type,
LapA-SI and LapA-OX plants with: (1) a range of glucose/glucose oxidase
concentrations to deliver different levels of H.O2, (2) glucose/glucose oxidase levels as
described in Figure 3.7 and alter the amounts of catalase to control the levels of H2O5, or

(3) with glucose/glucose oxidase as described in Figure 3.7 but varying the time of
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treatment. Furthermore, we can generate and dissipate H-O- using paraquat or vitamin
B6 and concentration. The time dependence of H>O, generation and sentinel gene
expression can be monitored in wild-type, LapA-SI and LapA-OX plants. | could also
monitor the levels of 5-aminovaleric acid (Chapter 2), which is produced spontaneously
in the presence of H,O; (Fig 2.9) and is LAP-A dependent.

I hypothesize that in our current experiments and in vivo, H2O; is high enough to
damage the residual LAP-A that exists in LapA-SI plants and this will prevent LAP-A
from promoting NTRC1 activity. But at lower H20. treatment levels, the residual levels of
LapA-SI may be able to promote NTRC1 activity and promote the H>O, signal to activate
the wound-response pathway. Whereas at higher H>O» concentrations, LapA-S/ plants
will incur sufficient protein damage and wound signaling would be impaired. We expect
similar responses in wild-type but we anticipate higher concentrations of H.O, may be
needed to impair wound signaling.

The large-scale studies performed in the Walling lab (transcriptomics, proteomics,
interactome and metabolomics) has opened the door to infinite possibilities of LAP-A’s
role in plant defense, retrograde signaling and cell's redox status. My contributions were
in the proteomics, interactome and metabolomics fields to demonstrate LAP-A’s many

roles.
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