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ABSTRACT

The plant apoplast, an essential extracellular space, contains diverse proteins crucial for
plant defence. This study focuses on Phytolacca americana (American pokeweed), examining the
interaction between the ribosome inactivating protein Pokeweed Antiviral Protein (PAP) and a
putative papain-like cysteine protease, Phytolacca americana cysteine protease 1 (PaCP1).
Bioinformatic predictions identified PaCP1 as a papain-like cysteine protease with conserved
structural features, while enzymatic assays confirmed its functionality. Yeast-two hybrid assays
validated the interaction between PAP and PaCPIl, and localization studies indicated their
extracellular co-localization in the apoplast. Enzymatic assays further demonstrated PaCP1's
ability to cleave PAP, with mass spectrometry identifying the resulting degradation products.
Differential expression studies under salicylic acid and Flg22 treatment revealed different patterns
of expression for both PAP and PaCP1. This research enhances our understanding of PAP and its

protein interactions as well as its potential role in the pokeweed apoplast.
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1. INTRODUCTION

1.1 The Apoplast
1.1.1 General characteristics

The plant apoplast, an integral component of a plant’s physiology, plays a crucial role in
various biological processes, including nutrient transport, signalling, and defence against
pathogens. It encompasses the cell walls, intercellular space, and the xylem, extending from the
plant’s outer surface to the internal tissues (Figure 1; Farvardin et al., 2020). The apoplast serves
as both a physical barrier and a dynamic site for the plant’s immune responses, making it a frontline
defence against pathogenic attacks. This complex matrix is the first barrier between plant cells and

their environment, mediating numerous interactions that are vital for plant adaptation and survival

(Darino et al., 2022).

The cell walls, which are primarily composed of polysaccharides such as cellulose,
hemicellulose, and pectin, provide mechanical support and protection against environmental
stresses (Cosgrove, 2015). Intercellular spaces, filled with aqueous solutions, facilitate the
movement of water, nutrients, and signalling molecules between cells (Cosgrove, 2018). The
xylem vessels function in the long-distance transport of water, minerals and organic compounds
throughout the plant (Taiz et al., 2015). Water and mineral nutrients are transported through the
apoplast via the transpiration stream, facilitated by the cohesive and adhesive properties of water

and the presence of ion channels and transporters (Taiz et al., 2015).

The apoplast exhibits a diverse biochemical composition, comprising sugars, amino acids,
enzymes, hormones, secondary metabolites, and stress-related proteins essential for various
physiological processes (Darino et al., 2022). Its content varies significantly depending on the
plant’s physiological state, environmental conditions, organ and tissue type, underscoring its
dynamic nature and fundamental role in plant response to abiotic and biotic stresses (Farvardin et
al., 2020). In response to environmental stresses such as drought, salinity, and pathogen attacks,
the apoplast undergoes dynamic changes, including alterations in cell wall composition, activation
of defence related enzymes, and accumulation of antimicrobial compounds (Miedes et al., 2014).
The apoplast serves as a signalling hub, mediating communication between cells and tissues and

coordinating responses to internal and external cues (Darino et al., 2022). Proteomic analyses have



identified a wide array of proteins in the apoplast, including cell wall remodelling, defence
proteins, and signalling molecules (Delaunois et al., 2013; Delaunois et al., 2014; Gupta et al.,
2015; Jiang et al., 2023). The diversity of proteins present in the apoplast underscores its versatile
roles in plant physiology and defence, supporting fundamental processes like growth and nutrient
transport while equipping plants with the tools needed to sense and respond to environmental

challenges.

Apoplast/Extracellular space <

Xylem

Figure 1. Schematic of the apoplastic/extracellular space in plant cells as distinct from cytoplasm. The purple arrow

indicates the connection between the apoplast and the xylem. Created with BioRender.com

1.1.2 Apoplast during environmental stresses

In the context of plant-pathogen interactions, the apoplast is a primary battleground where
initial contact and early stages of infection occur. Pathogens, such as bacteria, fungi, and
oomycetes, must navigate and exploit the apoplast as a route of entry into plant tissues, secreting
virulence factors to overcome plant defences (Mott et al., 2014). In response, plants deploy an
array of defence strategies, including the secretion of antimicrobial compounds, reinforcement of
the cell wall, and activation of defence-related signalling pathways that trigger broader immune

responses (Darino et al., 2022)

One of the earliest responses is the production of reactive oxygen species (ROS), which

have direct deleterious effects on pathogens and lead to the strengthening of the cell wall to prevent



pathogen penetration (Wang et al., 2020; Farvardin et al., 2020). ROS are natural products
generated by various metabolic reactions in cells. They serve as secondary messengers in different
physiological processes and play a dual role in plant biology (Mott et al., 2014). While ROS are
crucial for signalling pathways that control plant growth and response to stresses, their
overaccumulation can lead to oxidative damage and programmed cell death (PCD) (Farvardin et
al., 2020). The balance between ROS production and scavenging is therefore vital for maintaining

cellular homeostasis and effective immune response.

Nutrient availability in the apoplast also plays a critical role in plant defence. Pathogens
often manipulate the apoplastic sugar content to facilitate their own growth and proliferation. For
example, bacteria can induce the expression of plant sugar transporters like SWEET11, which
releases sugars into the apoplast, providing a nutrient rich environment for the pathogens (Chen et
al., 2010). In response, plants can alter the expression of other sugar transporters to reduce free
sugar levels in the apoplast, thereby restricting pathogen access to these nutrients (Chen et al.,

2010).

Moreover, the pH of the apoplast is a dynamic attribute that plays a vital role in various
physiological processes, including nutrient uptake, enzyme activity, and defence responses. The
apoplastic pH typically ranges from 4.5 to 5.5, but it can fluctuate in response to environmental
conditions and stress factors (Geilfus et al., 2020a). It has been demonstrated in several cases that
a variety of abiotic and biotic stresses can induce alkalinization of the apoplast (Felle, 2001; Felle
et al., 2004; Felle et al., 2009; Geilfus, 2017). Since measuring apoplastic pH in real-time without
disrupting the plant is challenging, many aspects of its dynamics remain unclear, making it a
continued focus of research. However, it has been suggested that changes in the apoplastic pH

during pathogen infection can influence the availability of various defence molecules and nutrients

(Geilfus et al., 2020b).

Recent studies have highlighted the importance of small RNAs (sRNA) in apoplastic
defence. These include microRNAs (miRNAs) and small interfering RNAs (siRNAs), which
regulate various cellular processes, including immune responses during plant-pathogen
interactions via RNA interference (RNA1) pathways (Karimi et al., 2022). sSRNAs are often found
outside extracellular vesicles (EVs) in the apoplast, protected by RNA-binding proteins, which
prevent their degradation by nucleases (Karimi et al., 2022). Additionally, long non-coding RNAs



(IncRNAs) are secreted into the apoplast, and their function still remains unknown, however the
authors suggest they may play a role in sequestering pathogen-derived sRNA effectors, thus

enhancing host immunity (Karimi et al., 2022).

Pathogen recognition in the apoplast involves the detection of microbe-associated
molecular patterns (MAMPs) by pattern recognition receptors (PRRs) located on the plant cell
surface (Jones & Dangl, 2006; Zhou & Zhang, 2020). This interaction triggers the secretion of
pathogenesis-related (PR) proteins and other defence related proteins into the apoplast. Proteases,
such as papain-like cysteine proteases (PLCPs), are particularly important in apoplastic immunity.
Their activity produces small peptides that act as damage-associated molecular patterns (DAMPs),

further activating the plant’s immune response (Ziemann et al., 2018; Chen et al., 2023).

1.2 Proteases
1.2.1 General overview of proteases

Proteases, also known as peptidases or proteinases, are enzymes that catalyse the
hydrolysis of peptide bonds in proteins, leading to their degradation into smaller polypeptides or
amino acids (Godson & van der Hoorn, 2021). They play essential roles in all forms of life through
various biological processes, including protein turnover, signal transduction, apoptosis, and the
immune response (van der Hoorn, 2008). In plants, proteases are involved in development, stress
responses, and defence mechanisms. They regulate processes such as seed germination,
senescence, and programmed cell death (PCD), which are crucial for plant growth and survival
(Godson & van der Hoorn, 2021). The MEROPS database classifies plant proteases into five
families based on their catalytic mechanisms: aspartic, cysteine, metalloproteases, threonine, and
serine (Rawlings & Bateman, 2020). Each class of proteases has unique characteristics and
functions that contribute to the overall proteolytic activity within the plant system. The activity of
proteases must be tightly regulated to ensure proper cellular function and to prevent unintended

proteolysis that could be detrimental to cells (van der Hoorn, 2008).

1.2.2 Apoplastic proteases

Apoplastic proteases are those located within the extracellular space and are critical for
plant-environment interactions. These proteases play a vital role in maintaining cellular
homeostasis and mediating plant responses to various environmental challenges by participating

in cell wall remodelling, signalling, and defence mechanisms against pathogens (Jashni et al.,



2015; Godson & van der Hoorn, 2021; Wang et al., 2020). Apoplastic proteases are particularly
important in the context of plant immunity, where they modulate the plant’s defence responses
through the processing of immune-related proteins and peptides (Godson & van der Hoorn, 2021;

Wang et al., 2020).

1.2.3 Cysteine proteases in the apoplast

Among the various classes of apoplastic proteases, cysteine proteases play significant roles
in plant physiology and defence. Cysteine proteases utilise a cysteine residue in their active site to
catalyse the cleavage of peptide bonds (Misas-Villamil et al., 2016). They are involved in processes
such as PCD, senescence, and defence against pathogens (Misas-Villamil et al., 2016). The activity
and function of these proteases are tightly regulated to prevent unwarranted proteolysis that could
be detrimental to the plant cells (van der Hoorn, 2008). Papain-like cysteine proteases (PLCPs)
constitute a prominent subclass of cysteine proteases. They are named after papain, a well-studied
protease from the papaya plant, and are characterised by their conserved cysteine-histidine-
asparagine catalytic triad (Figure 2; Misas-Villamil et al., 2016). PLCPs are implicated in a variety
of plant functions, including protein turnover, maturation of defence proteins, and regulation of
signalling pathways (Liu et al., 2018; Misas-Villamil et al., 2016). These proteases are also central
to the plant’s immune response, where they participate in the degradation of pathogen-derived
proteins and the activation of immune signalling (Misas-Villamil et al., 2016; Shindo & van der

Hoorn, 2007).

The regulation of PLCP activity is crucial for maintaining cellular homeostasis and
effective immune responses. PLCPs are regulated at multiple levels, including transcriptional
control, post-translational modifications, and interaction with inhibitors (Misas-Villamil et al.,
2016). For example, the expression of certain PLCPs is upregulated in response to pathogen
infection, while cysteine protease inhibitors, such as cystatins, can directly inhibit PLCP activity
to prevent excessive proteolysis (Pérez-Lopez et al., 2021). Moreover, PLCPs are often
compartmentalised within specific subcellular locations, including the apoplast and vacuole, where
their activity can be precisely controlled in response to external stimuli. This spatial regulation
allows plants to deploy PLCPs effectively during pathogen attack, ensuring a rapid and targeted

immune response (Wang et al., 2020).



Figure 2. Cartoon representation of the 3D structure of papain. The 3D structure of papain was obtained from the
AlphaFold Protein Structure Database (Jumper et al., 2021; Varadi et al., 2023). The structure of the active form of
papain is coloured in orange. The residues of the active site are coloured in blue, red and green and represent cysteine

(C158), histidine (H292), asparagine (N308), respectively.

1.2.4 Role of PLCPs in plant immunity

PLCPs are involved in the activation and regulation of plant immune responses. They
process and activate pathogenesis-related (PR) proteins and other defence molecules that are
secreted into the apoplast during pathogen attack. For example, PLCPs such as Arabidopsis
thaliana xylem cysteine protease 1 (XCP1) cleave pathogenesis-related (PR) proteins into smaller
peptides that enhance the plant's immune response (Chen et al., 2023). Additionally, PLCPs can
generate damage-associated molecular patterns (DAMPs) by degrading endogenous substrates,

which then act as signals to trigger further immune responses (Misas-Villamil et al., 2016).



1.3 Elicitors of plant immune response
1.3.1 Salicylic acid (SA) and jasmonic acid (JA)

Salicylic acid (SA) and jasmonic acid (JA) are critical phytohormones involved in the
regulation of plant immune responses. SA, in particular, plays a role in orchestrating defence
mechanisms against biotrophic pathogens, which derive nutrients from living host tissues
(Glazebrook, 2005). Upon pathogen detection, SA synthesis is rapidly upregulated, leading to the
reprogramming of the plant’s transcriptome to initiate defence responses (Zhou & Zhang, 2020).
SA is perceived by two classes of receptors, NPR1 and NPR3/NPR4 (Spoel & Dong, 2024). The
binding of SA to NPR1 or NPR3/NPR4 have opposing roles in regulating the transcription of SA-
associated defence genes (Figure 3; Ding et al., 2018). At low SA concentrations, NPR1 is found
in the cytoplasm as an oligomer. Upon pathogen infections and subsequent increase in SA levels,
redox changes trigger the monomerization of NPR1, allowing it to localise to the nucleus (Verma
et al., 2016). In the nucleus NPR1 acts as a transcriptional coactivator, allowing TGA transcription
factors (TFs) to promote the transcription of SA-responsive defence genes. Conversely,
NPR3/NPR4 serves as transcriptional co-repressors by binding TGA TFs when SA is absent. The
presence of SA disrupts this binding, enabling NPR1 to interact with TGA TFs (Ding et al., 2018).
Moreover, increases in SA concentrations induce the expression of pathogenesis-related (PR)
genes, including PR1, PR2, and PRS, which are involved in reinforcing plant defence (Koo et al.,
2020). Furthermore, increased SA levels enhance both local and systemic acquired resistance
(SAR), providing broad-spectrum protection against various microbial pathogens (Verma et al.,
2016), a feature analogous to the innate immune system in animals. In addition to its direct role in
defence, SA also modulates the production of other defence hormones and signalling molecules,
such as reactive oxygen species (ROS), which are crucial for amplifying the immune response

(Spoel & Dong, 2024).

JA, on the other hand, is primarily associated with defence against necrotrophic pathogens,
which kill and feed on dead plant tissues, and herbivorous insects (Glazebrook, 2005). JA regulates
a wide range of physiological processes, including germination, senescence, fruit ripening, and
responses to both biotic and abiotic stresses (Koo et al., 2020). Although SA and JA often function
antagonistically, where the activation of one can suppress the other’s signalling pathways, their
coordinated action is essential for mounting an effective defence response (Koo et al., 2020). The

interplay between SA and JA allows plants to tailor their immune responses based on the type of

7



pathogen encountered, ensuring optimal defence while minimising resource expenditure (Verma
et al., 2016). Understanding the intricate regulation and interactions of SA and JA signalling
pathways not only highlights the complexity of plant immune systems but also underscores the
importance of these hormones in maintaining plant health and resilience against a wide range of

environmental challenges.

i 5o T @D~

SA-responsive
—
0 — OH defence gene
expression
o ~ s
Jasmonic Acid Salicylic Acid TGAs

Figure 3. Regulation of SA-responsive defence gene expression. Jasmonic acid and salicylic acid have antagonistic
activity. SA activates NPR1 which then activates SA-responsive defence genes. NPR3/4 act as repressors of SA-
responsive defence gene expression. Both NPR1 and NPR3/4 partner with TGA transcription factors. Adapted from
Ding et al., 2018 and Zhou & Zhang, 2020. Created with BioRender.com

1.3.2 Flg22

Flg22, a well-studied microbe-associated molecular pattern (MAMP), is a conserved 22-
amino acid peptide derived from the N-terminus of bacterial flagellin (Yamaguchi & Kawasaki,
2021). This peptide plays a crucial role in the plant immune response by acting as a potent elicitor
of plant defences. The recognition of Flg22 by plant cells is mediated through pattern recognition
receptors (PRRs), specifically the receptor-like kinase FLS2 (Flagellin-Sensing 2) located on the
plasma membrane (Boller & Felix, 2009; Chinchilla et al., 2006). Plants recognize MAMPs in the
apoplast to initiate immune responses (Pengpeng Lii et al., 2022). Upon Flg22 perception, FLS2
forms a complex with another receptor-like kinase, BAK1 (BRI1-Associated Receptor Kinase 1),
leading to the phosphorylation of both receptors (Sun et al., 2013). Upon recognition of FIg22 by
the FLS2-BAK1 receptor complex, a series of rapid and extensive transcriptional changes occur
in the plant cell to mount an effective immune response (Macho & Zipfel, 2014). These changes

are mediated by a complex network of signalling pathways, leading to the activation of numerous



defence-related genes (Zhou & Zhang, 2020). The early signalling events include the production
of reactive oxygen species (ROS), which further serve as signalling molecules to amplify the
immune response (Bigeard et al., 2015), as well as the activation of mitogen-activated protein
kinases (MAPKs) (Macho & Zipfel, 2014). The MAPK cascade leads to the phosphorylation and
activation of transcription factors that induce the expression of defence-related genes (Asai et al.,
2002). Finally, the ability of FIg22 to elicit strong immune responses makes it a valuable tool for
studying plant immunity and understanding the molecular mechanisms underlying PRR-mediated
signalling (Boller & Felix, 2009; Jelenska et al., 2017). Research has shown that Flg22 not only
triggers local immune responses but also enhances systemic acquired resistance (SAR), providing
long-lasting protection against secondary infections (Jelenska et al., 2017; Yamaguchi &

Kawasaki, 2021; Zhou & Zhang, 2020).

1.4 Ribosome inactivating proteins
1.4.1 General overview

Ribosome inactivating proteins (RIPs) are a class of N-glycosylases with a distinctive
capability to hydrolyse purine bases from ribonucleic acid (RNA) (Marchant & Hartley, 1995;
Karran & Hudak, 2008; Fabbrini et al., 2017; Zhu et al., 2018). Specifically, RIPs cleave the N-
glycosidic bond linking adenine bases from the ribose phosphate backbone of RNA, a process
known as depurination. This depurination event primarily targets the ribosomal RNA (rRNA) at
the highly conserved a-sarcin/ricin loop (SRL) of the large ribosomal subunit (Figure 4; Endo &
Tsurugi, 1988). The consequential inactivation of ribosomes disrupts the GTP-dependent binding
of elongation factor 2/G, thereby impeding the translation elongation process and ultimately
inhibiting protein synthesis (Irvin, 1983; Montanaro et al., 1975; Osborn & Hartley, 1990). While
RIPs predominantly depurinate ribosomal RNA, their enzymatic activity extends beyond rRNA,
including diverse polynucleotide substrates such as supercoiled DNA, mRNA, poly(A) and viral
RNA (Barbieri, 1997; Hudak et al., 2002; Rajamohan et al., 1999a; Gandhi et al., 2008). Notably,
the antiviral potential of RIPs against both animal and plant viruses has garnered significant
attention, as they have demonstrated the ability to inhibit viral RNA translation through
depurination (reviewed in Citores et al., 2021 and Kumar et al., 2021). Furthermore, RIPs have
been shown to be inducible by a range of abiotic and biotic stresses as well as plant hormones such
as abscisic acid (ABA), JA and SA (Chuang et al., 2013; Iglesias et al., 2005; Qin et al., 2009;
Song et al., 2000; Zhu et al., 2018). Nevertheless, the precise regulatory mechanism that controls
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endogenous RIP expression and their specific integration within stress response pathways remains

elusive.

Abasic Site

a0

Figure 4. SRL depurination by RIPs. The sarcin ricin loop is indicated in red on the large ribosomal subunit. The
bubble takes a closer look at the depurination caused by RIPs. The targeted adenine is coloured in red. A schematic of
the adenine base is below the sarcin ricin loop. Depurination of the red adenine leaves an abasic site on the SRL,

leading to ribosome inactivation. Created with BioRender.com

1.4.2 Pokeweed Antiviral Protein (PAP)

Pokeweed Antiviral Protein (PAP), derived from the American pokeweed plant
(Phytolacca americana), is a notable member of the RIP family. Despite pokeweed not being a
model organism, its genome has been sequenced and transcriptome experiments under various
stress conditions have been conducted (Neller et al., 2019; Dougherty et al., 2024). Within the

pokeweed genome, multiple PAP isoforms are encoded by distinct genes. While PAP-I represents
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the first and most extensively studied isoform (Irvin, 1975), other detected isoforms include PAP-
II, PAP-a, PAP-S1, PAP-S2, and a novel PAP variant (Neller et al., 2019). All PAP isoforms feature
an N-terminal sequence guiding protein translation to ribosomes positioned on the surface of the
endoplasmic reticulum (ER), thereby facilitating entry of the translated protein product into the
ER lumen (Barbieri et al., 1993). The maturation of PAP involves post-translational proteolytic
processing of the N- and C-termini, ultimately yielding a 29 kDa mature protein. The functional
significance of the processing of the C-terminal end of the protein remains unknown. Moreover,
PAP contains the conserved RIP amino acids within its active site, including arginine and glutamic
acid responsible for depurination activity, along with valine and serine, which contribute to

stabilising the adenine base (Figure 5; Shi et al., 2016; Prashar et al., 2023).

Figure 5. Cartoon representation of the 3D structure of mature PAP. The 3D structure of PAP was obtained from the
AlphaFold Protein Structure Database (Jumper et al., 2021; Varadi et al., 2023). The structure of the mature form of
PAP is coloured in grey (without the N- and C-terminal sequences). The residues of the PAP active site are coloured
as follows: tyrosine (Y72) in cyan, tyrosine (Y 123) in orange, glutamic acid (E176) in pink, and arginine (R179) in
yellow.

The predominant localization of PAP within the apoplastic space suggests an alternate
functionality beyond its known interaction with ribosomes (Ready et al., 1986). PAP has been

reported to comprise 0.5% of total soluble proteins in pokeweed leaf tissue (Bonness et al., 1994).
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Transcriptome analyses revealed a significant upregulation of multiple PAP genes in response to
jasmonic acid (JA) (Neller et al., 2019), emphasising their potential involvement in defence
mechanisms. In 1925, Duggar and Armstrong observed a reduction in tobacco mosaic virus (TMV)
infectivity in tobacco leaves following the application of soluble extracts from pokeweed leaves
(Duggar & Armstrong, 1925). Although the specific RNA structural features essential for PAP’s
antiviral activity remain elusive (Hudak et al., 2000; Vivanco and Tumer, 2003), emerging
evidence indicates its capacity to directly target the genomes of both animal and plant RNA viruses,
disrupting critical stages in their life cycles (He et al., 2008; Karran and Hudak, 2008; Mansouri
et al., 2009; Krivdova & Hudak, 2015). PAP-I has demonstrated depurination activity against
various animal viruses including influenza (Tomlinson et al., 1974), poliovirus (Ussery et al.,
1977), herpes simplex virus (Aron & Irvin, 1980), and genomic HIV-1 RNA (Rajamohan et al.,
1999a; Rajamohan, et al., 1999b; Uckun et al., 2003). Its antiviral properties have also been
demonstrated for economically significant plant viruses, such as TMV (Chen et al., 1993), brome
mosaic virus (BMV) (Picard et al., 2005), tobacco etch virus (TEV) (Domashevskiy et al., 2012),
cucumber mosaic virus (CMV) (Tomlinson et al., 1974), potato virus X and Y (PVX and PVY)
(Lodge et al., 1993). Despite these findings, the antiviral activity of PAP-I and its role in plant

defence within its endogenous environment remains unknown.

1.5 Research objectives

Currently, our understanding of PAP protein interactions is limited, with ribosomal proteins
being the primary known interactors. However, recent research conducted by a former graduate
student in our lab has revealed a potential interaction between PAP and a putative cysteine protease,
as identified through immunoprecipitation and mass spectrometry. The objective of my research is
to characterise this newly discovered cysteine protease in pokeweed and elucidate its interaction
with PAP. My primary focus is to verify whether the identified pokeweed protein functions as a
cysteine protease and assess its enzymatic activity. Additionally, I will confirm the binding
between this protein and PAP, determine its subcellular localization, and investigate the
consequences of its interaction with PAP. I hypothesise that this interaction may lead to the
inhibition of either protein's activity or potentially involve proteolytic processing of PAP by the

cysteine protease, thereby impacting PAP's function.
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2. MATERIALS AND METHODS

2.1 Plant Cultivation
2.1.1 Phytolacca americana

Phytolacca americana (pokeweed) seeds were provided by the Tumer laboratory at
Rutgers University, NJ (USA) and have been grown and maintained at York University, ON
(Canada). To assist with germination, seeds were covered in sulphuric acid and rotated for 5
minutes and rinsed under running water for 10 minutes. The seeds were then submerged in water
for 10 to 12 days, with the water being changed everyday, until about 90% of the seed coats were
visibly cracked. The seeds were sown in individual square 2 inch pots containing soil mix (1-part
garden soil: 1-part Pro-mix all-purpose soil: 0.5-part cattle manure: 0.5-part sand). The trays
containing the individual pots were placed on an electric heat pad and covered with clear plastic

domes to aid in germination speed and maintain humidity until cotyledons fully emerged.

2.1.2 Nicotiana benthamiana

Nicotiana benthamiana (tobacco) seeds were originally obtained from Tumer laboratory at
Rutgers University, NJ (USA). The seeds were sown directly in the aforementioned soil mix and
grown for 21 days under a plastic dome. Individual seedlings were then transplanted into individual
square 2 inch pots and grown for another 14 days under a plastic dome, after which the dome was

removed.

2.1.3 Growth conditions

All pokeweed and tobacco plants were grown in growth chambers and were given a 14
hour light/10 hour darkness light cycle. The chamber lighting consisted of 75% fluorescent and
25% incandescent bulbs (180 pE/m?/s). The temperature was held at 24°C during the light period
and 21°C during the dark period and the fan speeds were set at 65%. The plants were watered
approximately every 2 days and fertilised weekly with 20:20:20 (NPK) fertiliser.

2.1.4 Leaf harvest

All pokeweed and tobacco plant tissue used for the subsequent methods (unless otherwise
stated) were harvested at the 6 to 8 leaf stages. The leaves without their midvein were stored in a

50 mL conical tube, flash frozen in liquid nitrogen and stored at -40°C until further processed.
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2.2 Bioinformatic analysis of PAP interactor
2.2.1 Identification of homologous proteins

The previously performed mass spectrometry analysis identified the pokeweed protein with
gene ID annol.g16742 as the PAP interactor. The amino acid sequence was inputted into Blastp
and searched against the Embryophyta clade in the SWISS-PROT database for annotated proteins
exclusively. Hits with expected values (E-value) below 1 x 10 were considered significant to
ensure that homologous proteins shared a relation with the query sequence with an error rate below
0.01%. The top scoring protein hit was used to annotate the pokeweed protein. Subsequently, the
subcellular localizations and biological functions of the pokeweed protein were annotated, using

information from homologous proteins sourced from the UNIPROT database (Bateman et al.,

2020).

2.2.2 In silico analysis of PaCP1

An InterProScan (v. 5.67; Jones et al., 2014) search was performed to identify protein
domains, protein superfamily, and the active site encoded by the PaCP1 amino acid sequence. The
global alignment of AtXCP1 and PaCP1 was performed using Blastp. Signal-P (v. 6.0; Teufel et
al., 2022) and Target-P (v. 2.0; Almagro Armenteros et al., 2019) were used to confirm the presence
of the signal peptide. DeepLoc (v. 2.0; Thumuluri et al., 2022) was used to predict the subcellular

localization of PaCP1 using its amino acid sequence.

2.2.3 AlphaFold protein structure prediction modelling

The PaCP1 structural prediction was generated using the open source colab implementation
of AlphaFold2 using the default settings (Jumper et al., 2021; Mirdita et al., 2022). The PAP-PaCP1
interaction structural predictions were generated using the open source colab implementation of
AlphaFold multimer using the default settings (Evans et al., 2021). The generated structures were
then formatted in PyMol to colour different proteins and their domains, as well as to highlight the

amino acid residue of the active site.

2.3 Generation of His-tagged PaCP1 clone
2.3.1 Total RNA isolation

Leaf tissue from healthy pokeweed plants had their mid vein removed, were flash frozen
in liquid nitrogen, and stored at -40°C until further processing. No more than 100 mg of frozen

tissue was homogenised using a chilled mortar and pestle and total RNA was extracted with the
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Monarch Total RNA Miniprep Kit (New England Biolabs #T2010) according to the manufacturer’s
protocol, except that samples were eluted with 75 puL of dH,O instead of 100 pL. In-column
DNAse treatment was performed according to the manufacturer’s instructions. RNA concentration
was measured using a spectrophotometer (A260 nm) and RNA quality was evaluated by separating

approximately 500 ng of sample on a 1% agarose gel at 100 V for 20 minutes.

2.3.2 Reverse Transcription (RT)

Total pokeweed RNA (500 ng) was combined with 1 puL. of 10 uM gene specific reverse
primer to a final volume of 10 pL and denatured at 65°C for 10 minutes. Following denaturation,
samples were cooled on ice for 2 minutes and mixed with Mashup reverse transcriptase
(Alekseenko et al., 2021) master mix which contained the following components: 0.5 pL of
purified Mashup reverse transcriptase, 20 units of murine RNase inhibitor (New England Biolabs
#MO0314), 4 uL of 5X First Strand Buffer (375 mM KCIl, 15 mM MgClz, 250 mM Tris-HCI1 pH
8.3), 1 uL of 0.1 M DTT, 1 pL of 10 mM dNTPs, and dH>O to a final volume of 10 puL. Samples
(20 pL) were incubated at 50°C for 60 minutes, followed by heat inactivation of the RT enzyme at
70°C for 10 minutes. cDNAs were stored at -20°C until further processed.

2.3.3 PCR for cloning
PCR was used for amplification of DNA fragments for cloning. 1 pL of RT product

(generated in section 2.3.2) was used as a template. The primers used to amplify the fragments
during PCR introduced restriction enzyme cut sites corresponding to those present in the pET28a
vector at the appropriate sites (all primers are listed in Table 2). All 25 pL PCR reactions contained
the following components: 5 uL of 5X QS5 buffer (New England Biolabs #B9027), 1.25 puL of 10
uM forward primer, 1.25 pL 10 uM reverse primer, 0.5 pL. 10 mM dNTPs, 0.25 pL. Q5 High-
Fidelity DNA polymerase (New England Biolabs #M0491), 5 ng plasmid template, and dH>O.
PCR amplification was carried out using an ep gradient S thermocycler (Eppendorf AG) with the
following settings: 60 second initial denaturation at 98°C; followed by 40 cycles with a 15 second
denaturation at 98°C, a 30 second annealing step at primer specific temperature, and an extension
step at 72°C for 60 seconds per kb of DNA. The cycles were followed by a final 2 minute extension
step at 72°C. The PCR products (5 pL) were visualised on a 1.5% agarose gel to check for correct
size of product amplification. The PCR products were then pooled and subject to PCR clean up

described in section 2.3.4.
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2.3.4 PCR clean-up

PCR products generated in section 2.3.3 were purified to remove any PCR reaction
components. All PCR reactions were combined into a single microcentrifuge tube. Equal volume
of basic phenol:chloroform:isoamyl alcohol (25:24:1, pH 8.0) (basic PCI) was added, vortexed for
30 seconds and centrifuged at 16,000 x g for 15 minutes. The upper aqueous layer was removed
and added to a new tube along with 2.5 volumes of 100% ethanol, 0.1 volume of 3 M NaOAc and
3 uL of linear acrylamide. The DNA fragment was left to precipitate at -20°C overnight. Following
incubation, the fragment was pelleted by centrifuging at 16,000 x g for 30 minutes at 4°C. The
pellet was washed with 300 pL of 70% ethanol and resuspended in 20-50 pL of dH>O depending

on pellet size. The DNA concentration was measured using a spectrophotometer (Azeo nm).

2.3.5 Digestion with EcoRI and Blpl
The plasmid backbone used for the generation of HIS-PaCP1 was the bacterial pET28a

(Millipore Sigma #69864) expression vector where the inserted genes are under the control of the
T7 lac promoter. The genes can also be expressed with an N-terminal or a C-terminal 6xHIS tag.
The plasmid also encodes the lacl repressor protein gene for the lac operon system and expresses
a kanamycin resistance gene. The pET28a vector and PaCP1 PCR product were subjected to a
digestion reaction with EcoRI (New England Biolabs #R3101) and Blpl (New England Biolabs
#R0585) restriction enzymes. These restriction sites allow for the removal of the C-terminally
expressed 6x-HIS tag from the backbone. The digestion reaction contained the following
components: 20 ug of pET28a plasmid DNA or 100 uL of PaCP1 PCR product, 20 units of EcoRI,
10 units of Blpl, 12 pL 10x rCutsmart buffer (New England Biolabs #B6004S) and dH>O up to a
total volume of 120 pL. The reaction was incubated for 2 hours at 37°C. After the initial incubation,
an additional 20 units EcoRI and 10 units Blpl was added, and the reaction was incubated for
another 2 hours at 37°C. The digested DNA was loaded onto a 1% low-melt agarose gel and was

purified using the described method in section 2.6.2.

2.3.6 Ligation of inserts to vector
Digested PaCP1 and pET28a vector in the ratio of 2:1 was mixed with 400 units of T4

DNA ligase (New England Biolabs #M0202), 1 uL 10x T4 DNA ligase buffer (500 mM Tris-HCl
pH 7.5, 100 mM MgCl,, 10 mM ATP, 100 mM DTT, pH 7.5) and dH>O up to a total volume of 10
pL. The ligation reaction was incubated overnight at 16°C. A ligation reaction with no insert was

also incubated as a negative control. After incubation, the ligation reactions were transformed into
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chemically competent DHSa E. coli cells using the method described in section 2.6.4. The
plasmids were isolated from single E. coli colonies as per the method described in section 2.6.5.
Plasmid DNA concentration was measured using a spectrophotometer (A2¢0 nm) and subjected to
a digestion with EcoRI and Blpl. The samples were separated on a 0.8% agarose gel to check for
correct insertion size. Correct insertion of the PaCP1 sequence was verified by Oxford Nanopore

Technologies sequencing by Plasmidsaurus (USA).

2.4 Expression and isolation of His-tagged PaCP1 in E. coli
2.4.1 LOBSTR E. coli transformation

500 ng of plasmid DNA was added to 100 pL of thawed chemically competent LOBSTR
(Low Background Strain) E. coli cells and the mixture was incubated on ice for 30 minutes. The
cells were then heat shocked at 42°C for 40 seconds followed by a 2 minutes cooling period on
ice. Next, 400 uL of LB was added and the cells were incubated horizontally at 37°C for 1 hour
with shaking at 250 rpm. The cells were then pelleted by centrifuging at 16,000 x g for 1 minute.
400 pL of supernatant was removed and the cells were plated on LB agar plates with

chloramphenicol (35 pg/mL) and kanamycin (50 pg/mL) and incubated at 37°C overnight.

2.4.2 Protein isolation

Transformed LOBSTR cells were grown in 5 mL LB medium at 37°C overnight,
supplemented with chloramphenicol and the appropriate plasmid-based antibiotic selection. 4 mL
of the saturated culture was transferred to 250 mL LB with the necessary antibiotics and incubated
at 37°C until the optical density (ODgoonm) reached 0.8. Induction was initiated by introducing
IPTG at a final concentration of 0.6 mM and the culture was transferred to an 18°C shaking water
bath in a cold room for 16 hours. Following this, the culture was centrifuged at 10,000 x g for 20
minutes at 4°C. The resulting cell pellet was either stored at -20°C or directly used in the following
lysis step.

2.4.3 Disruption via sonication

The cell pellet was resuspended in 10 mL of lysis buffer (50 mM Tris pH 8.0, 300 mM

NaCl, 5% glycerol) and subjected to sonication (10 seconds ON; 30 seconds OFF) at a peak-to-

peak amplitude of 18 microns for 25 cycles, depending on the size of the culture (more sonication

is needed for a larger cell count). The lysate was then subjected to centrifugation at 10,000 x g for
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30 minutes at 4°C. The supernatant, containing the soluble components, was filtered through a

0.22 um syringe filter to eliminate potential debris that did not precipitate during centrifugation.

2.4.4 Purification via nickel column
500 pL of 1:1 nickel sepharose bead slurry (GE Healthcare #175318-01) in 20% ethanol

was layered on the column bed of 5 mL propylene gravity columns (Thermo Fisher Scientific
#29922). The column was washed once with 5 mL of dH2O, then 5 mL of lysis buffer and was
emptied by gravity flow. The supernatant was applied to the column followed by a 30 mL wash of
1 mM imidazole in lysis buffer followed by a 30 mL wash of 25 mM imidazole in lysis buffer. The

purified was eluted from the column with 6 mL of 250 mM imidazole in lysis bufter.

2.4.5 Column concentration

The column-based concentration method allows for buffer exchange and protein
concentration. The Amicon Ultra-15 centrifugal filter unit concentrator (UFC901008) with a
10kDa cutoff was used so that the heavier proteins were retained. The concentrator was initially
washed with 10 mL of dH>O and centrifuged at 3000 x g for 15 minutes at 4°C, until the volume
reached approximately 1 mL. The eluted protein from the nickel purification step was introduced
into the concentrator and underwent centrifugation following the same protocol. Subsequently, 10
mL protein storage buffer (20 mM Tris-HCI pH 8.0, 1 mM EDTA, 1 mM DTT, 100 mM NH4Cl,
without glycerol) was added to the concentrator and centrifuged. This process was repeated four
more times to reduce the imidazole content from the elution step. After buffer exchange, the protein
was concentrated to 500 uL and transferred to a fresh microcentrifuge tube. An aliquot was
separated through 12% SDS-PAGE along with BSA standards (1, 0.5, 0.25, 0.125 and 0.06 pg)
and stained with Coomassie to visualise protein bands and assess the quality of purification. The
concentration of purified PaCP1 was estimated by comparison to the BSA standard bands. The

remaining PaCP1 was aliquoted and stored at -80°C.

2.5 Enzymatic Activity Assays
2.5.1 Determining optimal pH for PaCP1 enzyme activity

The fluorescent protease enzymatic activity assays were performed according to the
manufacturer’s protocol (Thermo Fisher Scientific #23267) with the following modifications. For
the determination of the pH for optimal proteolytic activity, buffers at different pHs were used. For

pH 4, 4.5, 5, 5.5, and 6, FTC-Casein and purified PaCP1 were diluted in 0.1 M sodium citrate
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buffer, while for pH 6.5, 7, and 7.5 they were diluted in 50 mM MOPS buffer. The purified PaCP1
was diluted to a concentration of 1 pg/mL and this was the working concentration for all future
enzymatic activity assays. 100 uL of 1 pg/mL purified PaCP1 was added to a black 96-well plate
along with 100 pL of FTC-Casein working reagent (10 pg/mL; 1:500 dilution of 5 mg/mL stock).
Blank control samples were also made using 100 pL of buffer only (at working pH) and 100 puL
of FTC-Casein working reagent. This was repeated three times on the same plate to serve as
technical replicates for each pH. The plate was then wrapped in tinfoil and incubated in the dark
for 3 hours at room temperature. Fluorescence values were measured at room temperature using a
Synergy H4 Hybrid microplate reader using excitation at 485 nm and emission at 538 nm.
Proteolytic activity was measured as relative fluorescence units (RFU). RFU values were obtained
by subtracting fluorescence measurements of blank controls from those of experimental samples

(RFU = experimental - blanks). This assay was independently repeated three times for each pH.

2.5.2 Enzyme inhibition assay

The enzymatic inhibition assays were performed based on the fluorescent protease
enzymatic activity assays described above in section 2.5.1 with the following modifications. After
determining that PaCP1 was most active at pH 6, all subsequent dilutions (for PaCP1, FTC-Casein
and Papain) were performed using 0.1 M sodium citrate buffer pH 6. To test enzymatic inhibition,
100 pL of purified PaCP1 or 1 pg/mL papain (Millipore Sigma #P5306) was added along with 100
uM of E-64 (Thermo Fisher Scientific #78434). This was incubated at room temperature for 30
minutes and was followed by the addition of 100 uL of FTC-Casein working reagent (same
concentration as in section 2.5.1). This was repeated three times on the same plate to serve as
technical replicates. This assay was also independently repeated three times. The plate was then
wrapped in tinfoil and incubated in the dark for 3 hours. Fluorescence values were measured using

the same setup as described in section 2.5.1.

2.5.3 Effects of PAP on PaCP1 activity

To test the effects of PAP on PaCP1’s enzymatic activity, a modified version of the enzyme
inhibition assay described above was used (section 2.5.1). 100 pL of 1 pg/mL purified PaCP1 was
added to a black 96-well plate along with varying concentrations of purified PAP-1 protein
(previously purified by a Hudak Lab alumni). Three concentrations of PAP-1 were tested, 1 pg/mL,
10 pg/mL, and 100 pg/mL, thereby testing a 1:1, 1:10, and 1:100 ratio of PaCP1 to PAP protein.

PaCP1 and PAP were incubated for 30 minutes at room temperature followed by the addition of
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100 uL of FTC-Casein working reagent (same concentration as in section 2.5.1). This was repeated
three times on the same plate to serve as technical replicates. This assay was also independently
repeated three times. The plate was then wrapped in tinfoil and incubated in the dark for 3 hours.

Fluorescence values were measured using the same setup as described in section 2.5.1.

2.5.4 Enzyme Kkinetics assay

To assess the rate of PaCP1°s enzymatic reaction, a modified version of the enzyme activity
assay was used (section 2.5.1). 0.1 pg of purified PaCP1 (100 puL of 1 pg/mL) PaCP1 was added
to a black 96-well plate along with varying concentrations of FTC-Casein (0.3125, 0.625, 1.25,
2.5, 5,10, 20, 40 uM). The reaction was incubated at 22°C for 1 hour. Fluorescence values were
measured using the same set up as described in section 2.5.1. GraphPad prism 10 was used to

determine the Vmax and the Ky, values using the Michaelis-Menten method.

2.6 Confirming PAP-PaCP1 interaction by yeast two-hybrid
2.6.1 attB adapter PCR

The attB-PCR products were generated according to the manufacturer’s protocol (Thermo
Fisher Scientific #12536017). Briefly, two PCR reactions were used for the amplification and
generation of DNA fragments with attB1 (5°) and attB2 (3”) sites. The primers for the first PCR
reaction were designed by including half of the attB1 or attB2 sequence along with a gene-specific
sequence. The primers for the second PCR amplification contained the full attB1 and attB2
sequence. All primer sequences are listed in Table 2. All 25 pL PCR reactions contained the
following components: 5 pL of 5X QS5 bufter (New England Biolabs #B9027), 1.25 uL of 10 uM
forward primer, 1.25 pL 10 uM reverse primer, 0.5 pL. 10 mM dNTPs, 0.25 pL Q5 High-Fidelity
DNA polymerase (New England Biolabs #M0491), 1 pL attB PCR products, and dH>O. PCR
amplification was carried out using an ep gradient S thermocycler (Eppendorf AG) with the
following settings: 60 second initial denaturation at 98°C; followed by 40 cycles with a 15 second
denaturation at 98°C, a 30 second annealing step at primer specific temperature, and an extension
step at 72°C for 60 seconds per kb of DNA. The cycles were followed by a final 2 minute extension
step at 72°C. The PCR products (5 pL) were visualised on a 1.5% agarose gel to check for correct
size of product amplification. The attB-PCR products were then purified using low-melt agarose

gel extraction as described in section 2.6.2.
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2.6.2 Low-melt agarose gel extraction

The DNA was loaded onto a precast 1% low-melt agarose with 4 puL of Midori Green dye
(Nippon Genetics #MG10) and separated for 90 minutes at 80V. A handheld blue light with a
510/520 nm bandpass filter was used to view the DNA fragments. The desired DNA fragment was
then excised and extracted using 100 puL of 2x elution buffer (20 mM Tris-HCI pH 8, 400 mM
NacCl, 2.5 mM EDTA) per 100 mg of agarose and heated at 65°C for 30 minutes to melt the agarose.
Once melted, equal volume of phenol (pH 8) was added, vortexed for 30 seconds, and centrifuged
at 16,000 x g for 15 minutes. The top layer of the supernatant was transferred to a new tube with
an equal volume of basic phenol:chloroform:isoamyl alcohol (25:24:1, pH 8). The mixture was
vortexed for 30 seconds and centrifuged at 16,000 x g for 15 minutes. The upper aqueous layer
was transferred to a new tube along with 2.5 volumes of 100% ethanol, 0.1 volume of 3 M NaOAc
and 5 pL of linear acrylamide (Thermo Fisher Scientific #AM9520). The DNA was left to
precipitate at -20°C overnight. Following precipitation, the DNA was pelleted by centrifugation at
16,000 x g for 30 minutes at 4°C. The pellet was then washed with 500 pL of 70% ethanol and
resuspended in 20-50 pL of dH>O depending on pellet size. DNA concentration was quantified

using a spectrophotometer (Az60 nm).

2.6.3 Generation of entry clone by Gateway™ cloning BP recombination reaction
The BP recombination reaction between attB-PCR products and pDONR221 (Thermo

Fisher Scientific #12536017) was performed according to the manufacturer’s protocol. Briefly,
150 ng of attB-PCR products and 150 ng of pPDONR221 were mixed with 2 pL of BP Clonase II
enzyme mix (Thermo Fisher Scientific #11789100) and TE buffer pH 8.0 (10 mM Tris-HCI pH
8.0, I mM EDTA) to a final volume of 10 pL. The reaction was incubated at 25°C for 18 hours.
After the incubation, the reaction was terminated by the addition of 1 uL of Proteinase K (2 pg/uL)
and a final incubation at 37°C for 10 minutes. 2 pL of the BP recombination reaction was used to

transform DH5a E. coli cells as per the method described in section 2.6.4.

2.6.4 DHS5a E. coli plasmid transformation
2 uL (approximately 500 ng) of plasmid DNA was added to 100 uL of thawed chemically

competent DHS5a E. coli cells and the mixture was incubated on ice for 30 minutes. The cells were
then heat shocked at 42°C for 40 seconds followed by a 2 minute cooling period on ice. Next, 400
puL of LB was added and the cells were incubated horizontally at 37°C for 1 hour with shaking at
250 rpm. The cells were then pelleted by centrifuging at 16,000 x g for 1 minute. 400 pL of
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supernatant was removed and the remaining 100 uL of resuspended cells were plated on selective

LB agar plates and incubated at 37°C overnight.

2.6.5 Small-scale plasmid isolation (miniprep)

A single E. coli colony carrying the plasmid of interest was grown in 5 mL LB with the
appropriate selective antibiotic. The cultures were incubated overnight at 37°C with shaking at 250
rpm. The following day, 2 mL of culture was centrifuged at 16,000 x g for 1 minute and the
supernatant was discarded. Plasmid DNA was obtained with the Monarch Plasmid Miniprep kit
(New England Biolabs #T1010) following the manufacturer’s protocol. The DNA concentration
was measured using a spectrophotometer (A2s0 nm). All plasmids were sequenced by Oxford
Nanopore Technologies sequencing by Plasmidsaurus (USA) to ensure correct and expected

plasmid sequence.

2.6.6. Generation of destination clone by Gateway™ cloning LR recombination reaction

The LR recombination reaction between the entry clone generated in section 2.6.3 and the
destination vector (pDEST22 or pDEST32) was performed according to the manufacturer's
protocol. Briefly, 150 ng of entry clone plasmid and 150 ng of destination plasmid was mixed with
2 uL of LR Clonase II enzyme mix (Thermo Fisher Scientific #11791020) and TE buffer pH 8.0
to a final volume of 10 puL. The reaction was incubated at 25°C for 18 hours. After the incubation,
the reaction was terminated by the addition of 1 pL of Proteinase K (2 pg/uL) and a final incubation
at 37°C for 10 minutes. 2 uL of the LR recombination reaction was used to transform DH5a E.

coli cells as per the method described in section 2.6.4.

2.6.7 Small scale yeast transformation

Yeast strain MaV203 (Saccharomyces cerevisiae) was streaked on a YPAD agar plate from
a glycerol stock and grown for 3 days at 28°C. A single colony was used to inoculate 10 mL of
YPAD liquid medium and incubated overnight at 28°C with shaking at 200 rpm. The overnight
culture was diluted to an ODeoo 0f 0.4 in 50 mL of YPAD and grown for an additional 4 hours until
the ODsoo reached 0.6-0.7. The cells were then pelleted at 2000 x g for 3 minutes at room
temperature. The pellet was resuspended in 40 mL of 1X TE buffer (10 mM Tris-HCI pH 7.5, 1
mM EDTA) and pelleted again for 3 mins at 2000 x g at room temperature. The cells were
resuspended in 2 mL 1X LiAc/0.5X TE (0.1M LiAc, 5 mM Tris-HCI pH 7.5, 0.5 mM EDTA)

followed by a 10 minute incubation at room temperature. 100 pL of resuspended cells was added
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to a microtube containing 500 ng of each plasmid (bait and prey) along with 100 pg denatured
sheared salmon sperm DNA. 700 puL of 1X LiAc/40% PEG-3350/1X TE (0.1M LiAc, 5 mM Tris-
HCIl pH 7.5, 0.5 mM EDTA, 40% PEG-3350) was added and the cells were incubated at 28°C for
30 minutes. After incubation, 88 uL. of DMSO was added and the cells were heat shocked at 42°C
for 7 minutes. The cells were centrifuged at 16 000 x g for 30 seconds and resuspended in 1 mL of
1X TE buffer. The centrifugation was repeated, and the cells were resuspended in 100 uL 1X TE
buffer. Finally, the cells were plated on SC selective media lacking leucine and tryptophan (SC -
Leu -Trp) and incubated for 3 days at 28°C.

2.6.8 Testing for the interaction

One colony from each co-transformation was added to 25 mL of SC -Leu -Trp and
incubated overnight at 28°C with shaking at 200 rpm. The overnight cultures were diluted to an
ODeoo of 0.3 in a total volume of 25 mL of fresh SC -Leu -Trp and incubated for an additional 4
hours (until ODeoo reached ~0.6). The cells were pelleted at 3000 x g for 3 mins, resuspended, and
washed in 2 mL of 0.9% filter sterilised NaCl. The cells were then re-pelleted and resuspended in
1 mL of 0.9% NaCl. To assess the 3-Amino-1,2,4-triazole (3AT) (Sigma #A8056) sensitivity of
the interaction, the cells from each transformation pair were serially diluted (10-fold) in a 96 well
plate up to a dilution of 10”7 (including undiluted). Using a multichannel pipette, 8 puL of each
dilution was then plated on SC -Leu -Trp -His plates with increasing concentration of 3AT (0 mM,
10 mM, 25 mM, 50 mM, 75 mM, 100 mM). The plates were incubated for 48 hours at 28°C. To
increase the sensitivity of the interaction and eliminate false positives, a 25 mM 3 AT concentration

was used for the final plate.

2.7 Subcellular localization of PaCP1
2.7.1 Generation of PaCP1-eGFP expression clone

Total pokeweed RNA was isolated using the method described in section 2.3.1. Reverse
transcription coupled with PCR using attB primers for the full length nucleotide sequence of
PaCP1 (including signal peptide, pro-inhibitory domain and protease) was performed as described
in sections 2.3.2 and 2.6.1 to obtain the sequence needed for cloning. Gateway cloning was used
to generate a full length PaCP1 entry clone and the final destination vector as described in sections
2.6.3. The full length PaCP1 sequence was cloned in pGWB405 (a Gateway ™ compatible binary
vector which C-terminally tags the protein of interest with eGFP; Nakagawa et al., 2007) as per
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the method in section 2.6.6. As the constructs were cloned using gateway cloning, the empty
vector-eGFP construct was cloned by using the PaCP1 nucleotide sequence with the introduction
of an early stop codon after the first 21 nucleotides which served as a negative expression control.
The constructs were transformed in DH5a E. coli as per section 2.6.4 and plasmid DNA was

extracted as per the method in section 2.6.5.

2.7.2 Agrobacterium tumefaciens transformation
Plasmid DNA (100-150 ng) was added to 100 puL of thawed Agrobacterium tumefaciens

(Agrobacterium) AGL1 electrocompetent cells and the mixture was transferred into 2 mm cuvettes
(BioRad #1652082). Cells were electroporated (2.5 kV, 25 uF capacitance, and 400 Q resistance)
and allowed to recover in 3 mL of non-selective YEP medium for 3 hours at 28°C with shaking at
250 rpm. After recovery, 50 pL of non-pelleted cells were plated on YEP agar plates containing 50
pg/mL carbenicillin and 50 pg/mL spectinomycin (YEP Carb/Spec) and incubated at 28°C for 3
days.

2.7.3 Agroinfiltration in Nicotiana benthamiana leaves

Agrobacterium cultures transformed with PaCP1-eGFP or EV-eGFP (empty vector)
constructs were used to agroinfiltrate four-leaf stage Nicotiana benthamiana leaves. Freshly
transformed (< 1.5 weeks) Agrobacterium AGL1 cells were grown overnight at 28°C with shaking
at 250 rpm in 5 mL of YEP Carb/Spec liquid medium. Agrobacterium cells that had previously
been transformed with a helper component protease (HcPro) plasmid were grown overnight in 5
mL YEP Carb/Kanamycin (50 pg/mL carbenicillin and 50 pg/mL kanamycin). The following day,
50 pL of culture was transferred to 25 mL of YEP Carb/Spec or YEP Carb/Kan medium and
incubated with shaking at 275 rpm for an additional 12-14 hours, until late log phase (ODgoo = 0.7
—1.2). Cells were pelleted by centrifugation at 3000 x g for 10 minutes and washed with 15 mL of
agroinfiltration solution (10 mM MES-KOH, pH 5.6, 10 mM MgCl,, 200 uM acetosyringone).
After washing, cells were resuspended in agroinfiltration solution to a final ODeoo of 0.5 and
incubated at room temperature in the dark for 3 hours. Prior to agroinfiltration, cultures
transformed with the PaCP1- or EV-eGFP constructs were each mixed in a 2:1 ratio with the HcPro
culture. Agrobacterium cells were infiltrated into the abaxial surface of leaves using a needleless

5 mL syringe.
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2.7.4 Sample preparation and imaging

At 72 hours post agroinfiltration, epidermal peels from the abaxial surface of the N.
benthamiana leaves were taken and added to 50% glycerol in dH2O to induce plasmolysis. A drop
of 50% glycerol was added to a glass slide and the epidermal peel was carefully placed on the slide
ensuring the peel did not fold onto itself. The GFP fusion protein was detected under epifluorescent
microscope (x40) with a Zeiss Axio Observer Al equipped with a 489 nm excitation and 509 nm

emission filter and photographed with a digital camera.

2.8 Co-localization of PAP and PaCP1
2.8.1 Apoplastic fluid extraction

This protocol was adapted and modified from the method of O’Leary et al. (2014). Intact
pokeweed leaves had their mid-veins removed and the two halves were further cut in half (4 pieces
per leaf). The pieces were rinsed with deionized water to remove the cellular proteins from the cut
ends. The leaf pieces were then blotted dry and placed in a 60 mL needleless syringe along with
40 mL of apoplastic infiltration buffer (20 mM ascorbic acid, 20 mM NaCl, pH 4.0). After removal
of'the air, the opening of the syringe was sealed using a folded piece of parafilm to create an airtight
seal. The buffer was infiltrated into the apoplast by pulling the syringe plunger upwards without
breaking the vacuum seal. After a 10 second pause in the fully extended position, the plunger was
slowly pulled back into the syringe. This was repeated until the leaves had been fully infiltrated
which was visualised by their darker, more translucent appearance. The leaves were gently patted
dry without disrupting any of the cellular integrity. The leaves were then wrapped in parafilm and
inserted into a 15 mL tube with miracloth forming a suspended bag within the tube. The tubes were
centrifuged at 2000 x g for 25 minutes at 4°C and apoplastic fluid was collected at the bottom.
Apoplastic proteins were dissolved in 2X Laemmli buffer (125 mM Tris-HCI pH 6.8, 4% (w/v)
SDS, 20% (v/v) glycerol, 10% (v/v) b-mercaptoethanol, 0.02% (w/v) bromophenol blue) and
separated on 12% SDS-PAGE. The presence of proteins of interest was detected by immunoblot

analysis (as described in section 2.8.3).

2.8.2 Total protein isolation

Pokeweed and tobacco leaf tissue (0.2 g) were homogenised by grinding in liquid nitrogen
using a chilled mortar and pestle. 400 pL of cold protein extraction buffer (50 mM Tris-HCI pH
7.5, 1 mM EGTA, 1 mM DTT, Ix protease inhibitor (Thermo Fisher Scientific #A32963), 5%

glycerol) was added. Lysates were transferred to a new 1.7 mL tube and vortexed until
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homogenised, incubated for 5 minutes on ice for proteins to solubilize and centrifuged at 10,000 x
g for 5 minutes at 4°C to pellet cellular debris and supernatants were transferred to new tubes. A
second centrifugation was performed, and supernatants were again transferred to a new tube. Total

protein concentration of lysates was measured by Bradford assay.

2.8.3 Immunoblotting

Proteins to be separated by SDS-PAGE were solubilized in equal volume of 2x Laemmli
buffer. The proteins were then denatured for 5 minutes at 90°C. Equal pg amounts of protein were
loaded onto a 12% gel. The proteins were separated at 200V for 45 minutes in an SDS running
buffer (192 mM glycine, 25 mM Tris-HCI pH 8.3, 0.1% SDS). Proteins were then transferred to a
nitrocellulose membrane using a wet transfer system at 120V for 25 minutes in transfer buffer (160
mM glycine, 25 mM Tris-HCI pH 8.3, 20% (v/v) methanol, 0.02% SDS). The membrane was then
blocked with either 5% milk in PBS-T (PBS with 1% Tween 20) or 5% BSA in TBS-T (TBS with
1% Tween 20) for 2 hours at room temperature with rocking. The blot was then incubated overnight
at 4°C with rocking with the appropriate primary antibody in fresh 5% milk in PBS-T or 5% BSA
in TBS-T. The next day, the blot was washed 4 times in PBS-T or TBS-T for 10 minutes each at
room temperature with rocking. The blot was then incubated for 1.5 hours with rocking at room
temperature with 5% milk in PBS-T with the appropriate horseradish peroxidase-conjugated
secondary antibody. The blot was then washed again four times in PBS-T for 10 minutes and then
once with dH20 for 5 minutes, all at room temperature with rocking. After washing, 1 mL of
luminol reagent and 1 mL of peroxide reagent (Thermo Fisher Scientific #32109) were applied to

cover the blot which was then imaged using a MicroChemi imager (DNR Bio-imaging systems).

Table 1. List of antibodies and their corresponding buffers used for immunoblot analysis.

Antibody Dilution Buffer used Supplier and Catalog #
Rabbit Anti-PAP polyclonal 1:10 000 [ 5% milk in PBS-T [ Gift from N. Tumer (Rutgers
University)
Rabbit Anti-Papain polyclonal 1:500 5% BSA in TBS-T | Bethyl Laboratories #A150-114
Rabbit Anti-Ribosomal Protein 1:1000 5% BSA in TBS-T | New England Biolabs #9538S
uS3 polyclonal
Mouse Anti-f-actin monoclonal | 1:1000 5% milk in PBS-T | Novus Biologicals #74340
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2.9 PAP degradation by PaCP1
2.9.1 Incubation and immunoblotting

To test whether PaCP1 cleaves PAP, 100 ng of purified PaCP1 (purified in section 2.4) was
combined with 10 000 ng of purified PAP-1 protein (previously purified by a Hudak Lab alumni)
in 0.1 M sodium citrate buffer at pH 6 and incubated at room temperature for 4 hours with shaking
at 120 rpm. The proteins were then denatured in equal volume of 2x Laemmli buffer and heated
for 5 minutes at 90°C. Subsequently, the proteins were either used for immunoblotting analysis (as

described in section 2.8.3) or mass spectrometry analysis as described below.

2.10 Mass spectrometry analysis of PAP degradation products
2.10.1 In-gel reduction and alkylation

Proteins were separated through 12% SDS-PAGE for 40 minutes at 200 V in an SDS
running buffer (192 mM glycine, 25 mM Tris-HCI pH 8.3, 0.1% SDS). The gel was stained in
Coomassie stain solution (0.1% (w/v) Coomassie blue R250, 50% (v/v) methanol, 10% (v/v)
glacial acetic acid) for 1 hour with rocking at room temperature, quickly rinsed two times with
water, and then rinsed in water with rocking for 1 hour. Bands were excised with a clean razor
blade and then cut into cubes (approx. 1x1 mm). Gel pieces were transferred to a 1.7 mL microtube
and briefly spun down. To destain gel pieces, 200 pL of destaining solution (50 mM ammonium
bicarbonate (ABC)/acetonitrile (1:1, v/v)) was added to each tube and incubated at 37°C for 30
minutes at 300 rpm. The liquid was removed and the destaining step was repeated a second time.
30 pL of reducing buffer (0.05 M of Tris(2-carboxyethyl)phosphine (TCEP) in 25 mM ABC buffer
pH 7.4) was added to the tube, briefly vortexed and incubated at 60°C for 15 minutes. After cooling
down the samples to room temperature, the liquid was removed. 30 pL of alkylation buffer (0.1 M
iodoacetamide (IAA)) was added and the samples were incubated in the dark for 1 hour at room
temperature. The alkylation buffer was removed, and the samples were washed in destaining

solution again twice as described above.

2.10.2 In-gel digestion and peptide extraction

To shrink the gel pieces, 50 puL of acetonitrile was added and the samples were incubated
at room temperature for 15 minutes. The acetonitrile was removed, and the samples were air dried
for 20 minutes. 20 pL of 1% Rapigest SF solution (1 mg Rapigest SF in 100 pL of 25 mM ABC
buffer at pH 7.4; Waters #186001860) was added and the samples were incubated for 10 minutes
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at 37°C. Trypsin buffer (20 ng/uL trypsin in 10 mM ABC + 10% (v/v) acetonitrile; Promega
#V5071) was added to cover gel pieces, and samples were incubated at room temperature for 15
minutes to allow for saturation with the buffer. After 15 minutes, more trypsin buffer was added
as necessary to cover gel pieces, followed by the addition of 25 pL of 25 mM ABC and tubes were
incubated at 37°C for 4 hours at 300 rpm. The liquid was removed from gel pieces to a new 1.7
mL microtube. Trifluoroacetic acid (TFA)/dH>O (50/50 v/v) was added to stop the reaction
ensuring the pH was below 2. The samples were incubated at 37°C for 30 minutes at 300 rpm,
followed by a 10-minute centrifugation at 15, 000 x g. The supernatant was aliquoted and stored

at -20°C until further processed.

2.10.3 Mass spectrometry

Mass spectrometry analysis was performed by Maxime Rossato at the mass spectrometry
centre (York University) using the TimsToF Pro 2 mass spectrometer (Bruker Daltonics®) coupled
to a nanoelut2 LC system (Bruker Daltonics®). Separation of peptides was performed on an
analytical column (PepSep Ten Unlimited series, 150 pum x 10 ¢cm, 1.5 pm particle size, 100 A pore
size) using a gradient of solvent A (0.1% formic acid in water) and solvent B (acetonitrile (ACN)
with 0.1% formic acid) over 45 minutes from 1 to 35 % B at a flow rate of 500 nL/min with
duplicate injection. Data-dependent MS acquisition with PASEF technology in positive mode was
achieved with 10 PASEF ramps and a total cycle time of 1.17 s between m/z 100 and 1700, an
intensity threshold of 2500 and a target intensity of 20 000 to trigger an MS/MS from a parent ion.
TIMS was enabled with 1/Ko between 0.6 V.s.cm™ and a collision energy ramping from 20 eV at

1/Ko=0.6 V.s.cm™to 59 eV at 1/Ko= 1.6 V.s.cm™.

2.10.4 Data analysis

Three samples of the 24 kDa and 18 kDa protein products were sent for analysis by mass
spectrometry. The peptide list obtained from the mass spectrometry analysis was aligned to the
mature PAP-1 sequence using Peptigram (Manguy et al., 2016). The alignments were compared
for each of the PAP breakdown products and only the peptides present in two or three of the

samples were considered for the analysis.
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2.11 Stress treatments of pokeweed plants
2.11.1 Salicylic Acid

Six to eight leaf pokeweed plants were sprayed with 2 mM SA (solubilized in 0.5% ethanol
to improve solubility). Plants sprayed with only 0.5% ethanol served as negative controls. Three
leaves from each plant were harvested at the following time points: 0, 1, 2, 4, and 6 hours. The
leaves were flash frozen in liquid nitrogen and stored at -40°C until further processed. Leaves from
three independent plants were pooled together into a single biological replicate. There were three

biological replicates for each time point; therefore, nine plants were used per time point.

2.11.2 Flg22
Six to eight leaf pokeweed plants were infiltrated using a needless syringe with 1 uM flg22

(PhytoTech Labs #P6622) solubilized in dH>O. Plants infiltrated with dH2O only served as
negative controls. Three leaves from each plant were harvested at the following time points: 0, 2,
4, and 6 hours. The leaves were flash frozen in liquid nitrogen and stored at -40°C until further
processed. Leaves from three independent plants were pooled together into a single biological
replicate. There were three biological replicates for each time point; therefore, nine plants were

used per time point.

2.11.3 Quantitative PCR (qPCR)

Total RNA was isolated from frozen leaf tissue using the method described in section 2.3.1.
Using the isolated RNA, a reverse transcription step was then performed according to the method
in section 2.3.2. The RT reaction products (3 pL) were combined with 2 pL. 10 uM forward and 2
L 10 uM reverse primers, 33 uL of 2X SYBER Green qPCR Master Mix (GeneBio #P2092), and
dH>O to a final volume of 67 pL. Each sample was mixed by pipetting and divided into three 0.2
mL microtubes to make 20 pL technical replicates. gPCRs were conducted in a QIAGEN Rotor-
Gene Q thermocycler with the following settings: hold at 50°C for 20 seconds, initial denaturation
and hot-start DNA polymerase activation for 10 minutes, followed by 40 cycles alternating
between denaturation at 95°C for 15 seconds and combined annealing/extension at 60-66°C for 45
seconds. RNA levels were quantified using the AACt method (Taylor et al., 2019). The transcript
levels of polyA-binding protein and dynamin served as internal controls (Dougherty et al., 2024).
Melting curve analyses were performed to ensure that only one PCR product was present for each

reaction.
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3. RESULTS

3.1 Bioinformatic predictions of putative pokeweed cysteine protease

The pokeweed protein with gene ID annol.gl16742 was previously identified by co-IP and
mass spectrometry as a PAP interactor. This protein was identified as a putative cysteine protease
through a blastp search of its amino acid sequence against the Embryophyta (land plants) clade in
the SWISS-PROT database, based on the highest degree of homology with annotated plant
proteins. Arabidopsis thaliana xylem cysteine protease 1 (AtXCP1) was the reference sequence
with the highest total score (score = 516 and E-value = 0.0) and was used to annotate the pokeweed
protein (Figure 6A). Global alignment of the amino acids encoded by the pokeweed gene and
AtXCP1 showed 69% identity between the two protein sequences, with 244/355 amino acids
conserved (Figure 6A). The pokeweed gene annol.gl6742 will therefore be referred to as
Phytolacca americana cysteine protease 1 (PaCP1). Using AtXCP1 as the homologous reference
sequence, subcellular localization and biological functions of the pokeweed protein were then
predicted using information from the UNIPROT database (Figure 6B) (Bateman et al., 2020).
Based on these results, PaCP1 is predicted to be localized to the extracellular space and to the
vacuole. It is also predicted to play a role in programmed cell death as well as proteolysis in protein
catabolism. To further support the inferred identity of PaCP1 as a cysteine protease, an
Interproscan search was performed using its amino acid sequence to identify conserved protein
regions (Supplemental Figure 1) (Jones et al., 2014). PaCP1 was identified as belonging to the
papain-like cysteine peptidases superfamily. Members of this family have been categorized as
subfamily C1A, in accordance with the protease-specific database MEROPS (Rawlings &
Bateman, 2020). The identified active site comprises cysteine, histidine, and asparagine (C156,
H291, N311). This catalytic triad is a characteristic of cysteine proteases (Misas-Villamil et al.,
2016). Residues 1-24 were identified as a signal peptide domain, residues 25-132 were identified
as a protease inhibitor domain and residues 133-345 were identified as a peptidase C1A domain
(Figure 6C). Inhibitor domains are conserved features of cysteine proteases, which are synthesized
as inactive precursors. The inhibitor prodomain blocks substrate access to the active site,
preventing inappropriate proteolytic activity and unwanted protein degradation (Misas-Villamil et
al., 2016). To confirm the presence and cleavage site of a signal peptide, the amino acid sequence
was inputted into Signal-P 6.0 and Target-P 2.0 (Teufel et al., 2022; Almagro Armenteros et al.,
2019). Both programs identified residues 1-24 as a signal peptide and identified its cleavage
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between residue 24 and 25 (Figure 6A, indicated by the white arrow). Furthermore, the cleavage
of the inhibitor prodomain was inferred based on sequence homology with AtXCP1 (Figure 6A,
indicated by the black arrow). Additionally, the structure of the mature PaCP1 protein (peptidase
C1A domain, residues 133-345) was predicted using the colab implementation of AlphaFold2 with
default settings (Jumper et al., 2021; Mirdita et al., 2022). Our PaCP1 model was compared to the
AtXCP1 model (obtained from the AlphaFold protein structure database; Varadi et al., 2023) and
the protein folding was very similar (Figure 6D).
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Score:516 bits(1330), Expect(E-value):0.0,
Identities:244/355(69%), Positives:296/355(83%), Gaps:6/355(1%)

AtXCP1 1 MAFSAPSLSKFSLLVAISASALLCCAFARDFSIVGYTPEHLTNTDKLLELFESWMSEHSK 60
PaCPl 1 MALSLYNLFCFTFTVFHVAYP————MﬁDFSIVGYSPDDLSSDEKLHDLFTTWVSKHHK 56

AtXCP1l 61 AYKSVEEKVHRFEVFRENLMHIDQRNNEINSYWLGLNEFADLTHEEFKGRYLGLAKPQFS 120
PaCPl 57 FYNSLEEKLLRFELFKDNLKHIDERNKHVSSYWLGLNEFADLSHEEFKNKYLGLRVAQQG 116

AtXCP1l 121 RKRQPSANFRYRDITD VDWRKKGAVAPVKDQGQCGSCWAFSTVAAVEGINQITTGN 180
PaCPl 117 RSKS-SEDFTYREVKS VDWRKKGAVTPVKNQGSCGSCWAFSTVAAVEGINQIVTGN 175

AtXCP1l 181 LSSLSEQELIDCDTTFNSGCNGGLMDYAFQYIISTGGLHKEDDYPYLMEEGICQEQKEDV 240
PaCPl 176 LTSLSEQELVDCDTS-NNGCNGGLMDAAFDFIVSNGGLHKDEDYPYMMEEGHCEQKKEEM 234

AtXCPl 241 ERVTISGYEDVPENDDESLVKALAHQPVSVAIEASGRDFQFYKGGVFNGKCGTDLDHGVA 300
PaCPl 235 DVVTISGHRDVPENDEVSLLKALAHQPLSVGIEASGRDFQFYSGGVFDGHCGTDLDHGVA 294

AtXCPl 301 AVGYGSSKGSDYVIVKNSWGPRWGEKGFIRMKRNTGKPEGLCGINKMASYPTKTK 355
PaCPl 295 AVGFGSTKGSDYIIVKNSWGSRWGEKGYIRMKRNTKRPEGLCGINKMASYPIKKK 349

Pokeweed Pokeweed Gene Homologous Homologous Subcellular Biological
Protein ID Protein Name Protein Species localization function
Phytolacca Programmed cell
a{nencana annolg.16742 Xylem cysteine Arab:c.iopss Extracellular deat.h, prote-oly5|s
cysteine protease protease 1 (XCP1) thaliana space, vacuole in protein
1 (PaCP1) catabolism
AtXCP1
355 aa
C H N
T T PaCP1
24 aa 108 aa 1 217 aa 11
1 L1 349 aa
Signal Propeptide C H N

Peptide inhibitor domain Peptidase C1A domain

AtXCP1
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Figure 6. Protein sequence characterization of PaCP1. (A) The amino acid sequence for PaCP1 was aligned to the
plant protein sequence with the highest homology, AtXCP1, using blastp. The score, E-value, identities, positives and
gaps values are shown at the top. Gray highlights indicate residues that are identical, blue highlights indicate residues
with similar chemical properties. Pink residues are required for recognition and cleavage of the signal peptide. Signal
peptide cleavage sites for both sequences are indicated by the white arrow. Yellow residues are required for the
recognition and cleavage of the propeptide inhibitor domain. The cleavage site of this domain for both sequences is
indicated by the black arrow. The residues of the active site are coloured in blue, red and green and represent cysteine
(C156), histidine (H291), asparagine (N311), respectively. (B) PaCP1 annotation inferred from homology with
AtXCPI. The subcellular localization and biological function were predicted using information from the UniProt
database. (C) Comparison schematic of the putative protein sequence organization for PaCP1 compared to the known
protein organization of AtXPCl1, obtained from UniProt. The location of the signal peptide, propeptide inhibitor
domain and peptidase C1 A domain for PaCP1 correspond with the results from Interproscan, Signal-P 6.0 and Target-
P 2.0. The active site residues responsible for the catalytic activity are presented as follows: cysteine (C; blue), histidine
(H; red), and asparagine (N; green), as well as three disulfide bridges shown in grey. (D) Structural prediction of the
mature PaCP1 protein (peptidase C1A domain, residues 133-345) using the colab implementation of AlphaFold2. The
protein structure of AtXCP1 was obtained from the AlphaFold protein structure database (Jumper et al., 2021; Varadi
et al., 2023). The three catalytic residues of the active sites are coloured in the same way as presented in (A and C).

3.2 PaCP1 Enzymatic Activity Assay

To validate the bioinformatic predictions regarding PaCP1 as a cysteine protease from
pokeweed, we performed enzymatic activity assays to evaluate its proteolytic capabilities. The
mature nucleotide sequence of PaCP1, devoid of the signal sequence or protease inhibitor domain,
was cloned and expressed in E. coli with a fused 6x Histidine tag (His tag). Following expression,
affinity chromatography facilitated the purification of the protein. For the enzymatic assay, purified
PaCP1 underwent incubation with FTC-casein, a casein substrate exhibiting fluorescence upon
proteolytic cleavage. Fluorescence intensity was quantified as relative fluorescence units (RFU)
which is obtained by subtracting fluorescence measurements of blank controls (FTC-casein
substrate incubated with buffer only) from those of experimental samples. As PaCP1 lacked prior
characterization, determining its optimal pH for enzymatic activity was imperative. Consequently,
PaCP1 and FTC-casein were incubated for 3 hours at room temperature in buffers spanning pH 4
to 7.5, revealing pH 6 as optimal for PaCP1's enzymatic activity (Figure 7A). Based on these
results, any subsequent enzymatic assay using purified PaCP1 was performed at pH 6. We then
compared PaCP1's activity with that of a known protease, employing papain as a positive control
due to PaCP1's classification as a papain-like cysteine protease. Notably, comparable levels of
enzymatic activity were observed between PaCP1 and papain following a 3-hour substrate
incubation (Figure 7B), thus confirming PaCP1's enzymatic functionality. Further confirmation of
PaCP1's classification as a cysteine protease was shown by its incubation with E-64, a known

irreversible inhibitor of cysteine proteases, resulting in significantly less substrate cleavage (Figure
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7B). To further characterize PaCP1’s enzymatic activity, we performed kinetic assays to determine
the rate of the enzymatic reaction. Using the Michaelis-Menten equation, we determined the Km
and the Vmax associated with 0.1 pg of purified PaCP1 (which was the working amount for all
previous characterization steps). After incubating purified PaCP1 with FTC-Casein at 22°C for 1
hour, we determined that 0.1 pg of enzyme cleaved the substrate with a Kn of 2.042 uM and a
Vimax 0f 4545 RFU/ug x mins (Figure 7C). The low value of the Ky, indicates a high binding affinity
of the enzyme for its substrate. These results not only confirm PaCP1's enzymatic activity and
classification as a cysteine protease but also lay a foundation for understanding its functional

significance within pokeweed.
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Figure 7. Enzymatic activity of purified PaCP1. (A) Proteolytic activity of purified PaCP1 over a range of pH (4-7.5).
RFU of the cleaved fluorescent substrate was measured after a 3-hour incubation with the protease at 22°C. Values
are means =+ standard deviation of n = 3 independent experiments. Independent experiment results were obtained from
three technical replicates. (B) Proteolytic activity of papain and purified PaCP1. Control samples represent an
incubation with the fluorescent substrate and papain or PaCP1 only. The E-64 samples are supplemented with 100 uM
E-64. Values are means =+ standard deviation of n = 3 independent experiments. Independent experiment results were
obtained from three technical replicates. p values were calculated by two-tailed unpaired t-test (***, p <0.001). (C)
Enzyme kinetics of 0.1 pg of purified PaCP1 at varying FTC-Casein substrate concentrations (0.3 uM to 40.0 uM)

after a 1 hour incubation at 22°C.

3.3 Confirming PAP-PaCP1 Protein-Protein Interaction

To validate the initial identification of PaCP1 as a PAP interactor, we conducted a yeast-
two hybrid assay using the ProQuest™ Two-Hybrid System (Invitrogen). The mature nucleotide
sequence of PaCP1 (comprising the C1A peptidase domain only) and the nucleotide sequence of
PAPx (an inactive PAP mutant with a single amino acid mutation in its active site; Hur et al., 1995)
were separately cloned into Gateway™ destination vectors pDEST™32 (bait) and pDEST™22
(prey) via gateway cloning. We opted for the PAPx sequence over the native PAP sequence to
prevent potential yeast growth issues stemming from rRNA depurination. Subsequently, these
plasmids were transformed into the Saccharomyces cerevisiae (S. cerevisiae; yeast) MaV203
strain. Initial confirmation of successful transformation was achieved by plating yeast on selective
media lacking leucine and tryptophan (-Leu/-Trp), yielding positive growth as a transformation
control (left panel, Figure 8). The interaction between PaCP1 and PAPx was confirmed by
observing yeast growth on selective media lacking leucine, tryptophan, and histidine (-Leu/-Trp/-
His), while empty vectors (EV) failed to show growth (right panel, Figure 8). Our experimental
setup included control plasmids based on the interaction of Krevl, a member of the Ras family of
GTP binding proteins, with RalGDS, the Ral guanine nucleotide dissociator stimulator protein
(Benincore-Florez et al., 2022). Utilizing RalGDS mutants, (RalGDS-m1 and RalGDS-m2 which
weaken or abolish the interaction with Krev1 respectively) served as positive and negative controls
for the assay. The self-activation controls, PAPx/22 and PaCP1/22, also show no growth on
selective media, indicating the absence of self-activation of the reporter gene (HI1S3) (right panel,
Figure 8). Moreover, to explore whether PAP binds to the inactive form of PaCP1 (Pro-PaCP1;

comprising the pro inhibitory domain and C1A peptidase domain) or to the mature proteolytically
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active protein, we cloned the Pro-PaCP1 nucleotide sequence into pDEST™?22 (prey) and assessed
its interaction with PAPx. Notably, no growth of PAPx/Pro-PaCP1 was observed on -Leu/-Trp/-
His selective media (right panel, Figure 8). These findings affirm the interaction between PAP and
mature PaCP1, corroborating the initial identification made via immunoprecipitation and mass

spectrometry techniques.

-Leu/-Trp/-His

Dilutions: 10t 102 103 10*

Krevl/wt

Krevl/m1

Krevl/m2

PAPx/PaCP1
PaCP1/PAPx

PAPx/EV
PaCP1/EV

PAPx/Pro-PaCP1

Figure 8. Confirmation of PAP-PaCP1 interaction. Yeast-two hybrid assay testing the interaction between PAPx and
PaCP1. Growth of yeast cells on -Leu/-Trp/-His selective media represent positive protein-protein interaction. The
same cells are plated on -Leu/-Trp to confirm yeast transformation. Different dilutions of cells are used to test the
interaction. Yeast transformed with empty vectors (EV) serve as negative activation control. Pro-PaCP1 is PaCP1 with
its pro-inhibitory domain. Krev1/wt: strong positive interaction control. Krevl/m1: weak positive interaction control.

Krev1/m2: negative interaction control.

3.4 Co-localization of PAP and PaCP1

From the bioinformatics analysis performed in section 3.1, we know that AtXCP1 localizes
in the extracellular space (Chen et al., 2023), implying a potential localization of PaCP1 in the

pokeweed apoplast. To support this assumption, the amino acid sequence of PaCP1 was analysed
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using DeepLoc 2.0 localization prediction software, which indicated a high probability (0.7699)
of extracellular localization (Figure 9A; Thumuluri et al., 2022). This prediction was subsequently
confirmed by cloning the full nucleotide sequence of PaCP1 (comprising all domains) into
pGWBA405, a plant expression vector enabling C-terminal tagging of the protein of interest with
eGFP, via Gateway™ cloning. Nicotiana benthamiana (N. benthamiana) plants were
agroinfiltrated with PaCP1-eGFP or empty vector-eGFP (EV-eGFP). Observation of leaf
epidermal cells from the PaCP1-eGFP agroinfiltrated plants under a fluorescent microscope
revealed the presence of eGFP in the extracellular space upon inducing plasmolysis (Figure 9B).
The plants agroinfiltrated with EV-eGFP showed no discernible presence of eGFP in the
extracellular space (Figure 9B). RT-PCR analysis employing PaCP1-specific primers validated
PaCP1 expression in the PaCP1-eGFP agroinfiltrated N. benthamiana leaves but not in EV-eGFP
(Figure 9C). Moreover, existing literature and previous research in our lab confirmed the
abundance of PAP in the pokeweed extracellular space (Ready et al., 1986). Subsequent validation
involved the extraction of apoplastic fluid (AF) from pokeweed plants using the infiltration-
centrifugation method (O’Leary et al., 2014). Western blot analysis of the extracted AF, probed
with a PAP-specific antibody, distinctly revealed the presence of PAP alongside discernible
degradation products (Figure 9D). To detect the presence of papain-like cysteine proteases in AF,
we probed the samples with a papain-specific antibody. Since we did not possess a PaCP1-specific
antibody, our approach does not definitively confirm the presence of PaCP1 in AF, but it does
confirm the presence of papain-like cysteine proteases (Figure 9D). The specificity of the antibody
to PaCP1 was validated by the presence of a band in the lane containing purified PaCP1 only
(Figure 9D; PaCP1 Std). To ensure that our AF samples were free from cytoplasmic contamination,
we also probed the samples with anti-B-actin and anti-ribosomal protein uS3 antibodies. The
absence of these cytoplasmic markers in the AF samples confirmed the purity of our AF extraction
process (Figure 9D). To verify the presence of all four proteins in pokeweed, total pokeweed lysate
was loaded into the far-right lane. These collective findings provide strong evidence supporting

the extracellular localization of both PaCP1 and PAP in pokeweed.
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Figure 9. PaCP1 and PAP localization to the extracellular space. (A) Results obtained from DeepLoc 2.0 localization
prediction software using PaCP1 amino acid sequence as the input. The probability score of the predicted localization
is highlighted in green. (B) Fluorescence microscopy images showing PaCP1-eGFP localized to the extracellular space
of N. benthamiana, after salt-induced plasmolysis. EV-eGFP serves as a negative control. Scale bars = 20 uM. Blue
arrow represents the plant cell wall and the yellow arrow represents the plasma membrane pulling away from the cell
wall. (C) RT-PCR using PaCP1 specific primers confirming PaCP1 expression in agroinfiltrated N. benthamiana. 25S
rRNA served as a positive loading control. (D) Western blot using anti-PAP and anti-papain antibodies confirming
presence of PAP and papain-like cysteine protease in apoplastic fluid extracted from pokeweed leaves. WB using anti-
B-actin and anti-ribosomal protein uS3 antibodies serve as controls for the absence of cytoplasmic protein
contamination. The pokeweed apoplastic fluid represents three samples of independent apoplastic fluid extractions. A
PAP and PaCP1 protein standard are loaded to serve as positive and/or negative controls. A sample of total pokeweed

proteins is loaded in the far-right lane.

3.5 Biological Significance of PAP-PaCP1 Interaction

A structural prediction of the PAP-PaCP1 interaction was generated using the colab
implementation of AlphaFold multimer using default settings (Evans et al., 2021). The prediction
model shows the two proteins interacting in a way that covers both of their active sites (Figure
10A). This configuration suggests the potential for the interaction to inhibit the activity of either
protein. To assess whether PAP inhibits PaCP1 activity, we conducted an enzymatic cleavage assay
(fluorescence assay mentioned section 3.2), incorporating PAP into the reaction mixture. Despite
increasing amounts of PAP relative to PaCP1, ranging from 1:1 to 1:100, fluorescence readings
showed no significant differences between incubations with or without PAP (Figure 10B). Even
when PAP was present in excess, PaCP1 maintained its enzymatic activity, consistent with control
conditions. Additionally, considering PaCP1 is an enzymatically active cysteine protease, we
explored its potential to proteolytically cleave PAP. Incubating PaCP1 and PAP at a 1:10 ratio for
3 hours, followed by western blot analysis using anti-PAP antibody, revealed bands of lower
molecular weight (approximately 24 kDa and 18 kDa) compared to mature PAP (29 kDa),
indicative of protein degradation (Figure 10C). Notably, these lower molecular weight bands
corresponded to those observed in the apoplastic fluid samples on the PAP western blot in Figure

10D, suggesting that PaCP1 may indeed cleave PAP within the apoplast.
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Figure 10. Potential biological significance of PAP-PaCP1 interaction. (A) Structural prediction of the mature PaCP1
(light blue) and PAP (grey) protein-protein interaction using the colab implementation of AlphaFold multimer. The
three catalytic residues of the PaCP1 active site are coloured in the same way as presented in Figure 1. The residues
of the PAP active site are coloured as follows: tyrosine (Y72) in cyan, tyrosine (Y 123) in orange, glutamic acid (E176)
in pink, and arginine (R179) in yellow. (B) Enzymatic activity of purified PaCP1 in the presence of increasing amounts
of PAP. Control sample represents the fluorescent substrate with PaCP1 only. This was supplemented with PAP in
ratios of 1:1, 1:10 and 1:100 (PaCP1: PAP) in subsequent samples. BSA served as a negative control. RFU of the
cleaved fluorescent substrate was measured after a 3-hour incubation at 22°C. Values are means =+ standard deviation
of n = 3 independent experiments. Independent experiment results were obtained from three technical replicates. p
values were calculated by two-tailed unpaired t-test (ns = no significant difference). (C) Western blot using anti-PAP
polyclonal antibody showing PAP degradation after 3-hour incubation with 0.1 pg purified PaCP1 and 10 ug of PAP
at 22°C. PaCP1 only and PAP only are loaded as negative controls. A protein ladder (kDa) is loaded in the left lane

and a PAP standard is loaded as a positive control in the far-right lane.
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3.6 Mass spectrometry analysis of PAP breakdown products

To determine the specific regions of PAP cleaved by PaCPl, we performed mass
spectrometry analysis on the 24 kDa and 18 kDa PAP breakdown products, which were extracted
from an SDS-PAGE gel. By aligning the resulting peptides to the mature PAP amino acid sequence,
we identified the regions that were absent due to proteolytic cleavage. The peptides identified by
mass spectrometry analysis are those shown in blue and green in Figure 11A for the 24 kDa product
samples, while the peptides in green only were found in the 18 kDa product samples. Both
breakdown products had missing amino acids from the N- and C-termini. Specifically, the 24 kDa
product lacked 15 amino acids from the N-terminus and 26 amino acids from the C-terminus.
Similarly, the 18 kDa product was missing 67 amino acids from the N-terminus, along with the
same 26 amino acids from the C-terminus. Notably, despite these cleavages, the active site of PAP
remained intact. To identify which parts of the 3D structure of PAP was missing, we compared the
truncated products to the original PAP 3D structure (Figure 11B). The missing amino acids from
the 24 kDa breakdown products are coloured in red (N-terminus) and blue (C-terminus) in Figure
11C, whereas the missing amino acids from the 18 kDa breakdown products are coloured in green
(N-terminus) and blue (C-terminus) in Figure 11D. The 18 kDa product was missing an alpha helix
and two antiparallel beta sheets in addition to a short beta sheet, alpha helix, and unstructured
region missing from the 24 kDa product. These results suggest that PaCP1 selectively cleaves
specific end regions of PAP, potentially modulating its function while preserving its enzymatic

activity.
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Figure 11. Mass spectrometry analysis of PAP breakdown products. (A) Amino acid alignment of the peptides
identified by mass spectrometry for the 24 kDa and 18 kDa PAP breakdown products. The amino acids sequence of
mature PAP is highlighted in grey. The amino acids of the PAP active site are coloured as follows: tyrosine (Y72) in
cyan, tyrosine (Y 123) in orange, glutamic acid (E176) in pink, and arginine (R179) in yellow. The peptides highlighted
in blue were found in the 24 kDa product samples only, while the peptides highlighted in green were found in both
the 24 and 18 kDa breakdown products. (B) 3D cartoon structure of PAP was obtained from the AlphaFold Protein
Structure Database (Jumper et al., 2021; Véaradi et al., 2023). The structure of the mature form of PAP is coloured in
grey (without the N- and C-terminal sequences). The PAP active site amino acids are coloured the same as in (A). (C)
3D cartoon structure of PAP with the amino acids missing from the 24 kDa breakdown product coloured in red (N-
terminus) and in blue (C-terminus). (D) 3D cartoon structure of PAP with the amino acids missing from the 18 kDa

breakdown product coloured in green (N-terminus) and in blue (C-terminus).

3.7 Gene expression of PaCP1 and PAP during SA and Flg22 treatment

To assess whether common immunity elicitors would cause transcriptional changes of
PaCP1 and PAP, pokeweed plants were subjected to treatment with SA and Flg22. We analysed
the isolated RNA from the treated leaves using qPCR to quantify any changes in transcript levels.
Our analysis revealed no significant changes in the gene expression of PaCP1 for both treatments,
indicating that these elicitors did not influence PaCP1 transcript levels (Figure 12A and 12D). In
contrast, the expression of PAP RNA displayed a response to SA, with a notable decrease at 1 and
2 hours post-treatment before returning to normal levels at 4 and 6 hours (Figure 12B). To confirm
the efficacy of salicylic acid treatment of pokeweed plants, we monitored the expression of the
PR1 gene, a well-established marker of salicylic acid response. PR1 expression remained steady
at 1 and 2 hours but showed a significant increase at 4 hours, maintaining this elevated gene
expression at 6 hours post treatment (Figure 12C). Additionally, Flg22 treatment induced a
significant reduction in PAP RNA levels at 2 and 4 hours, followed by an increase at 6 hours
(Figure 12E). Therefore, the transcript levels of each gene responded differently to these elicitors

of stress.
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Figure 12. PAP and PaCP1 gene expression by qRT-PCR analysis during SA and Flg22 treatment of pokeweed plants.
(A) PaCP1 transcript levels (Log,FC) after 1, 2, 4, and 6 hours post-treatment with SA. (B) PaCP1 transcript levels
(LogoFC) after 1, 2, 4, and 6 hours post-treatment with SA. (C) PR1 transcript levels (Log,FC) after 1, 2, 4, and 6
hours post-treatment with SA. (D) PaCP1 transcript levels (Log,FC) after 2, 4, and 6 hours post-treatment with Flg22.
(E) PAP transcript levels (Log,FC) after 2, 4, and 6 hours post-treatment with Flg22. Log,FC = Log, fold change.
Poly-A binding protein and dynamin served as reference genes for normalization. Values are means + standard
deviation of n = 3 independent experiments. Error bars represent the standard deviation. p values were calculated by

a one-way ANOVA test, ns = no significant difference, ** = p <0.001, *** = p <0.001, **** = p<0.0001.
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4. DISCUSSION

4.1 Summary of main findings

This study focused on characterising a novel cysteine protease from pokeweed, identified
as Phytolacca americana cysteine protease 1 (PaCP1), and investigating its interaction with PAP.
Through bioinformatics analysis, PaCP1 was predicted to be a papain-like cysteine protease with
an extracellular localization. Enzymatic activity assays confirmed its proteolytic activity, showing
optimal activity at pH 6 and inhibition by the cysteine protease inhibitor E-64. Kinetic analysis
revealed a high binding affinity for its substrate, further corroborating its classification as a
functional cysteine protease. Moreover, a yeast two-hybrid assay demonstrated a specific
interaction between mature PaCP1 and PAPx, with no interaction observed with the inactive
precursor form of PaCP1. This interaction was further supported by co-localization studies in N.
benthamiana, where PaCP1 was found in the extracellular space and PAP was present in apoplastic
fluid samples. Interestingly, we discovered the presence of PAP degradation products in pokeweed
apoplastic fluid. Furthermore, mass spectrometry analysis of these degradation products identified
specific cleavage sites, showing that PaCP1 cleaves PAP at both the N- and C-termini.
Additionally, qPCR analysis revealed differential expression patterns of PaCP1 and PAP in
response to SA and Flg22 treatments. While PaCP1 transcript levels remained unchanged, PAP
showed a transient decrease in response to SA and a fluctuating pattern with Flg22, indicating
complex regulation under stress conditions. Together, these findings provide new insights into the
functional roles of PaCP1 and PAP in pokeweed, suggesting a potential mechanism of immune
modulation through proteolytic processing. This study lays the groundwork for further exploration
of the biological significance of PAP cleavage by PaCP1 and its implications for plant defence

strategies.

4.2 Comparison of PaCP1 to other papain-like cysteine proteases

PaCP1, identified as a member of the papain-like cysteine protease (PLCP) family, exhibits
characteristics typical of this group, including a conserved catalytic triad of amino acids (C156,
H291, N311) (Misas-Villamil et al., 2016). Similar to other PLCPs, PaCP1 is synthesised as an
inactive precursor containing a signal peptide and a protease inhibitor domain, which undergoes
proteolytic processing to become active. The apoplastic localization of PaCP1 implies a potential

role in plant immunity, as the apoplast is the first barrier encountered by pathogens during invasion
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(Farvardin et al., 2020). Understanding the function and potential substrates of PLCPs is crucial
for elucidating the plant immune response. However, determining the potential substrates of plant
proteases is challenging due to the lack of common recognition motifs (Turk et al., 2012;
Fernandez-Fernandez et al., 2023). Additionally, identifying the regulatory mechanisms that
control plant protease activity remains an ongoing area of research (Fernandez-Fernandez et al.,

2023).

In Arabidopsis, AtXCP1 has been shown to cleave the propeptide of pathogenesis-related
protein 1 (AtPR1) and proteolytically activates AtCAPE9 (Chen et al., 2023). The release of
AtCAPE9 from PRI induces the accumulation of SA in Arabidopsis leaves. Increased SA levels
and infection by Pseudomonas syringae subsequently enhance the proteolytic activity of AtXCP1,
creating a positive feedback loop (Chen et al., 2023). This study also identified pH 6 as the optimal
pH for AtXCP1 enzymatic activity (AtXCP1 is the protein with the highest homology to PaCP1),
which is consistent with our enzymatic assay results for PaCP1 (Chen et al., 2023). As previously
mentioned, the pH of the apoplast ranges from 4.5 to 5.5 (Geilfus et al., 2020a,b) and several
studies have shown alkalinization upon exposure to a variety of abiotic and biotic stresses (Felle,
2001; Felle et al., 2004; Felle et al., 2009; Geilfus, 2017). The optimal pH for PaCP1 is slightly
higher than the pH of the apoplast. However, if the pokeweed apoplast also undergoes
alkalinization during exposure to stress, this would suggest a role for PaCP1 enzymatic activity in

the plant's stress response.

In maize, apoplastic PLCPs are responsible for the cleavage of Zipl from its propeptide
precursor ProZipl (Ziemann et al., 2018; Wang et al., 2020; Godson & van der Hoorn, 2021). The
Zipl peptide acts as a damage-associated molecular pattern (DAMP) and is involved in immune
signalling. Similar to AtCAPE9, Zipl enhances SA accumulation, which in turn induces PLCP
activity, forming a positive feedback loop (Ziemann et al., 2018; Godson & van der Hoorn, 2021).
The release of Zipl also upregulates defence genes in maize. Although the specific PLCP
responsible for ProZipl cleavage has not been identified, the authors suggested that multiple

apoplastic PLCPs may be involved (Ziemann et al., 2018).

A recent study has highlighted the role of an apoplastic PLCP in antiviral defence and
immunity, an area that has been largely unexplored. Liu et al. (2023) demonstrated that the

apoplastic PLCP TaRD21A from wheat plays a crucial role in conferring resistance to wheat yellow
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mosaic virus (WYMYV). The study revealed that TaRD21A's proteolytic activity releases a small
signal peptide, Wipl, from its precursor protein PROWIPI1. This peptide significantly reduced
WYMYV infection and viral RNA levels when applied to wheat, underscoring its potential as an
antiviral agent. The study concluded that TaRD21A’s contribution to wheat resistance against
WYMYV relies on its catalytic function, which generates the immune-facilitating Wip1 peptide (Liu
etal., 2023).

These findings emphasise the role of PLCPs in generating small peptides that enhance plant
immunity. Many apoplastic PLCPs contribute to plant defence through their proteolytic activity,
which involves cleaving proteins to release signalling peptides (Misas-Villamil et al., 2016). Our
research indicates that PaCP1, localised in the apoplast, not only exhibits proteolytic activity but
also cleaves PAP, releasing truncated protein products and small peptides. This suggests a role for
PaCP1 immune signalling and underscores its potential importance in the broader context of plant

immunity.

4.3 Known protein interactions of papain-like cysteine protease

Most of the documented interactions involving papain-like cysteine proteases (PLCPs) are
with inhibitors, either endogenous or pathogen-derived. These inhibitors play critical roles in
modulating protease activity and, consequently, plant immunity. Plant cystatins are a primary
group of endogenous inhibitors that target PLCPs, effectively regulating their activity (Martinez
et al., 2009; van der Linde et al., 2012). In maize (Zea mays), the biotrophic fungus Ustilago
maydis manipulates the host plant's immune response by inducing the expression of a cysteine
protease inhibitor, CC9, during early infection. The production of maize cysteine proteases is
upregulated upon U. maydis infection, but simultaneously, the fungus induces the production of
CC9 to inhibit these proteases, thereby aiding its pathogenicity (van der Linde et al., 2012a,b;
Mueller et al., 2013; Jashni et al., 2015). Furthermore, in Arabidopsis the protein Pirin2 (PRN2)
interacts with XCP2, a PLCP similar to AtXCP1, inhibiting its activity (Zhang et al., 2014). PRN2
stabilises XCP2 and prevents its autocatalytic degradation, despite lacking known protease
inhibitor domains like those in cystatins (Zhang et al., 2014). This interaction highlights a novel

mechanism of protease inhibition in plants.

In addition to plant cystatins, various pathogens secrete effector proteins that inhibit PLCPs

to facilitate infection (Martinez et al., 2012; Misas-Villamil et al., 2016). Numerous examples exist
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of different effector proteins from a variety of pathogens targeting diverse PLCPs involved in the
immune response. These interactions often lead to the suppression of the plant's immune response,
increasing its susceptibility to infections. For example, AtXCP1 in Arabidopsis is targeted by
SSPbP53, an apoplastic cystatin-like protein secreted by the parasitic protist Plasmodiphora
brassicae. SSPbP53 binds and inhibits XCP1's enzymatic activity (Pérez-Lopez et al., 2021).
Additionally, downregulation of AtXCP1 expression is observed in infected Arabidopsis roots
compared to mock-inoculated controls, underscoring the pathogen's strategy to suppress host
immune responses (Pérez-Lopez et al., 2021). Moreover, in tomato, the Avr2 effector from
Cladosporium fulvum binds to the apoplastic cysteine protease Rcr3, which is essential for plant
immunity. Avr2 directly inhibits Rcr3's protease activity, promoting infection by C. fulvum (Shabab
et al., 2008; van Esse et al., 2008; Wang et al., 2020). This interaction exemplifies how pathogen
effectors can manipulate host protease activity to evade immune responses. Another example is
the interaction between the sugarcane mosaic virus (SCMV) and maize. SCMV enhances the
activation of Corn Cysteine Protease 1 (CCP1) and induces the SA signalling pathway in maize
(Yuan et al., 2024). However, the SCMV-encoded Nla-Pro protein interacts with CCP1 to inhibit
its activity, undermining maize's resistance to SCMV (Yuan et al., 2024). This highlights the role
of PLCPs in plant defence against a wide range of microbial pathogens, including bacteria, fungi,

and viruses.

These interactions underscore the complexity of PLCP regulation and its crucial role in
plant immunity. While our results show that PAP does not inhibit PaCP1 activity (Figure 10B), it
is clear that the interaction between these two proteins must serve a different purpose. PAP does
not act as an endogenous inhibitor of PaCP1, but this does not preclude PAP from inhibiting other
apoplastic proteins or PaCP1 being inhibited by other molecules or proteins, such as cystatins.
Understanding these interactions can provide deeper insights into the regulatory mechanisms

governing pokeweed immune responses.

4.4 Interaction of PAP and PaCP1
In the context of pokeweed, PaCPl1's interaction with PAP does not inhibit PaCP1’s

enzymatic activity (as shown in Figure 10B); however, the interaction could be part of a broader
mechanism regulating PAP's depurination activity. Considering that PAP is known to inhibit

translation elongation, the interaction with PaCP1 might modulate PAP's activity or stability,
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thereby influencing its enzymatic activity. PAP has been well-documented to interact with the L3
ribosomal protein, and translation initiation factor elFiso4G (Hudak et al., 1999; Wang & Hudak,
2006). These interactions underline PAP's primary function as a ribosome-inactivating protein
(RIP), which cleaves the N-glycosidic bond of adenine residues in rRNA, thus inhibiting protein
synthesis (Ready et al., 1986).

The identification of PAP-PaCP1 interaction in the apoplast, however, introduces a novel
aspect of PAP's function within the extracellular space. The apoplast is a critical site for plant-
pathogen interactions and immune responses. The presence of PAP in the apoplast and its
interaction with PaCP1 suggest a potential role in the extracellular defence mechanisms of
pokeweed. This novel interaction may influence how PAP contributes to pokeweed's overall
immune strategy, possibly by interacting with other apoplastic proteins involved in defence or
acting as an RNA binding protein protecting extracellular RNAs (Gnanasekaran & Moffett, 2015;
Lee et al., 2010; Karimi et al., 2022).

Notably, the interaction between PAP and PaCP1 might suggest a mechanism where PAP’s
activity is regulated in the apoplast. Given that the two proteins do not interact when PaCP1 is in
its inactive form (Figure 8), this further supports the idea that PaCP1 interacts with PAP primarily
to cleave it and that this interaction would not likely exist until each protein reached the apoplast.
This proteolytic regulation aligns with the broader role of cysteine proteases in modulating the
function of key proteins involved in plant defence (van der Hoorn & Kamoun, 2008; Delauré¢ et
al., 2008). The cleavage of PAP by PaCP1 might alter its activity or stability, potentially generating

peptide fragments with distinct functions.

4.5 Role of PAP cleavage by PaCP1
Though the crystal structure of PAP has been determined (Monzingo et al., 1993; Zeng et

al., 2003), the importance of specific structural regions of PAP remains underexplored. The
cleavage of PAP by PaCP1 could potentially regulate PAP’s depurination activity by altering its
structure and function. In plant immunity, proteolytic processing by cysteine proteases often
modulates the activity of defence-related proteins, either activating or deactivating thereby

adjusting the immune response (van der Hoorn & Kamoun, 2008; Delauré et al., 2008).

PaCP1's cleavage of PAP may possibly convert PAP into a form with altered activity against

pathogens. Notably, previous studies have demonstrated that the deletion of the first 16 amino
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acids of the mature PAP N-terminus eliminated its cytotoxicity and ribosomal depurination activity
in yeast (Hudak et al., 2004). Based on our results, the 24 kDa PAP breakdown product lacks the
first 15 amino acids, indicating a potential loss of depurination activity. The 18 kDa product is
missing 67 amino acids from the N-terminus, suggesting an even higher likelihood of losing
depurination activity against ribosomes. Similarly, the same study shows that deletion of the last
19 amino acids of the mature PAP C-terminus abolishes its cytotoxicity and ribosomal depurination
activity in yeast (Hudak et al., 2004). Given that both the 24 and 18 kDa PAP breakdown products
identified in our study are missing the last 26 amino acids, it is likely that neither of these products

retain depurination activity against ribosomes.

Considering that this cleavage likely occurs in the extracellular space, where intact
ribosomes are absent, the loss of rRNA depurination activity may not be critical. However, this
does not exclude the possibility that the breakdown products could still depurinate RNA molecules
due to differences in their structural configurations. Alternatively, the 24 and 18 kDa PAP products
may have lost all enzymatic activity. Despite PaCP1's cleavage of PAP, it does not completely
eliminate wild-type mature PAP, as significant amounts of intact PAP remain in the apoplastic fluid
samples (Figure 9D). This suggests that the breakdown products may have additional functions
beyond merely being degradation products of PAP. A potential role for the PAP breakdown
products could be to act as RNA binding proteins to protect extracellular RNAs. Recent studies
have shown the presence of extracellular RNAs outside of vesicles in the Arabidopsis apoplast
(Karimi et al., 2022). If those PAP breakdown products have lost their depurination capabilities
due to the cleavages of the N- and C-termini, they could act as RNA binding proteins protecting

extracellular RNAs from apoplastic nucleases.

Another potential role for the PAP breakdown products is the release of the small peptides
from the N- and C-termini. These small peptides, generated by cleaving 15 amino acids from the
N-terminus and 26 amino acids from the C-terminus of PAP, could be acting as damage-associated
molecular patterns (DAMPs). DAMPs, unlike pathogen-associated molecular patterns (PAMPs),
are derived from endogenous host cells and are typically released during pathogen invasion,
serving as signals to trigger immune responses (Hou et al., 2019). These small peptides could
function similarly to CAPE9, derived from PR1 in Arabidopsis, or Zip1 from maize, both of which
are known DAMPs (Chen et al., 2023; Ziemann et al., 2018). Since most identified and studied
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DAMPs are apoplastic peptides or extracellular components (Hou et al., 2019), the PAP breakdown
products could serve as DAMPs in pokeweed, contributing to the plant's immune response. This
would explain why only a portion of the extracellular PAP is cleaved, suggesting a regulated

process aimed at maintaining immune signalling rather than simply deactivating PAP.

4.6 Significance of PAP and PaCP1 gene expression during SA and Flg22 treatment
The gPCR analysis conducted in this study provided valuable insights into the

transcriptional dynamics of PaCP1 and PAP in pokeweed under treatment with SA and Flg22, both
known elicitors of plant immunity (Meena et al., 2022). The results revealed that while PaCP1
transcript levels remained relatively stable, PAP exhibited a distinct pattern of expression in
response to these treatments, suggesting differential regulatory mechanisms for PAP and PaCP1.
The stable expression of PaCP1 may reflect its role in maintaining basal proteolytic activity in the

apoplast, ensuring a ready state for defence activation.

PAP showed a transient decrease in expression upon SA treatment, reaching its lowest level
at 2 hours post-treatment before gradually returning to baseline (Figure 12B). This transient
suppression could indicate a rapid modulation of PAP levels as part of a regulated immune
response, potentially to prevent excessive cytotoxicity during early stages of pathogen attack. The
antagonistic nature of SA and JA could also explain this decrease in expression, as PAP is known
to be upregulated by JA (Neller et al., 2016; Dougherty et al., 2024). In Arabidopsis, SA treatment
downregulates the expression of JA responsive genes (Tamaoki et al., 2013; Yang et al., 2015;
Wang et al., 2021). In the case of pokeweed, treatment with SA can cause PAP transcript levels to

decrease due to an inhibition of JA-responsive genes by the increased levels of SA.

In contrast, Flg22 treatment elicited a more complex response in PAP expression,
characterised by an initial decline at 2 hours, further decline at 4 hours, and subsequent
upregulation at 6 hours (Figure 12E). This pattern suggests that PAP may not be involved in the
early recognition of PAMPs and that its expression is tightly regulated to balance defence and
potential self-damage. However, PAP is highly expressed in leaves as it has been reported that
0.5% of total soluble protein in pokeweed leaves is PAP (Bonness et al., 1994). Therefore, a
downregulation at 2 and 4 hours post treatment with Flg22 may not have such a significant

influence on the levels of PAP protein.
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The stability of PaCP1 transcript levels in response to both treatments is intriguing and
suggests that its regulation may occur post-transcriptionally or that its expression is constitutively
maintained to provide a ready supply of protease for immediate defence needs. Constitutive
expression of cysteine proteases involved in plant defence has been reported in other species. For
instance, the PLCP RD21 in Arabidopsis is expressed at a constant level and regulated primarily
through post-translational modifications and activation (Yamada et al., 2001). There are some
examples, although very few, of other stresses inducing transcript levels of PLCPs. One example
is a gene expression analysis in barley that has shown upregulation of PLCPs during leaf
senescence, a form of plant cell death (Diaz-Mendoza et al., 2014; Misas-Villamil et al., 2016).
Additionally, the Rcer3 PLCP from tomato is upregulated upon pathogen infection (Kruger, 2002;
van der Hoorn, 2008). Finally, a recent study has shown that CCP1 from maize is upregulated upon
infection with sugarcane mosaic virus (Yuan et al., 2024). This indicates that while SA and Flg22

may not alter PaCP1 transcript levels, other treatments could have different effects.

Although few studies have reported changes in PLCP transcript levels upon stress, many
have shown an increase in proteolytic activity. For example, SA treatment activates PLCPs in
maize but does not directly affect gene expression (van der Linde et al., 2012a,b; Misas-Villamil
et al., 2016). Another study showed increased activity of multiple apoplastic PLCPs in tomato
upon infection by Ralstonia solanacearum (Planas-Marques et al., 2018; Godson & van der Hoorn,
2021). This suggests that while the transcript levels of PaCP1 may not increase upon treatment
with SA or Flg22, its enzymatic activity could still be enhanced to perform its necessary functions

under these stress conditions.

Furthermore, the differential expression patterns of PAP and PaCP1 highlight the
complexity of their roles in the pokeweed immune system. While PAP's fluctuating levels suggest
a responsive mechanism to specific stress signals, PaCPl's steady expression implies a
fundamental role in maintaining homeostasis or readiness for pathogen encounter. In summary, the
qPCR results underscore the nuanced regulation of PaCP1 and PAP in pokeweed, reflecting their

distinct but complementary roles in plant immunity.

4.7 Future directions

Building on the findings of this study, several avenues for future research are suggested to

further elucidate the roles of PaCP1 and PAP in pokeweed immunity. First, investigating the post-
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transcriptional mechanisms that regulate PaCP1 activity is crucial. Determining the specific
environmental cues or stress conditions that trigger the removal of the pro-domain from PaCP1
and activate its proteolytic function will enhance our understanding of its regulation. Additionally,
exploring different stress conditions, such as pathogen infection, drought, or other abiotic stresses,
could reveal circumstances under which PaCP1 transcript levels are upregulated, providing

insights into its role in plant stress responses.

With the recent sequencing of the pokeweed genome (Dougherty et al., 2024), we can now
utilise bioinformatic tools to identify potential cystatins that may inhibit PaCP1. Homology-based
searches could uncover candidate cystatins, which could then be experimentally tested for their
ability to interact with and inhibit PaCP1. This would shed light on the regulatory networks
controlling PaCP1 activity and their implications for plant immunity. Further investigation is
needed to determine whether SA or Flg22 treatments increase the proteolytic activity of PaCP1.
Understanding if PaCP1 becomes more enzymatically active under these stress conditions will
help clarify its role in the immune response. Additionally, examining the extent of PAP degradation
in the apoplastic fluid following various stress treatments, including SA, Flg22, and JA, could
provide valuable insights into how stress conditions influence the interaction and processing of

PAP by PaCP1.

Exploring the potential depurination activity of the PAP breakdown products is another
critical area of future research. It will be important to determine whether these truncated forms of
PAP can depurinate ribosomes or mRNAs effectively or if they have lost this activity entirely. Such
investigations will clarify the functional consequences of PAP cleavage and its impact on plant
physiology and immune responses. Furthermore, the possibility that the small peptides released
from the cleavage of PAP by PaCPl act as damage-associated molecular patterns (DAMPs)
warrants investigation. These peptides could play significant roles in immune signalling, similar
to other known DAMPs in plants. Experimental approaches could involve treating plants with
synthetic peptides corresponding to the cleaved fragments and assessing their effects on immune

gene expression and overall plant defence responses.

Finally, conducting co-immunoprecipitation and mass spectrometry analyses to identify
additional interacting partners of PaCP1 and PAP in the apoplast could reveal new components of

the pokeweed immune system. Understanding these interactions will provide a more
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comprehensive picture of the complex regulatory networks and defence mechanisms in which

PaCP1 and PAP are involved.

Overall, these future research directions aim to deepen our understanding of the functional
roles and regulatory mechanisms of PaCP1 and PAP in pokeweed, contributing to the broader

knowledge of plant immunity and protease-mediated regulation of defence responses.
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APPENDIX A: SUPPLEMENTAL FIGURE
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APPENDIX B: LIST OF PRIMERS

Table 2: List of primers used for various methods

Name Sequence What it was used for
PAP-I-35-For ATAACTGCATGTTCTCATAAAAAAGCCTCAGC PAP qPCR
PAP-1-112-83 Rev |CTTCCTACTAGCTAGTTCCAATACTTTCGC PAP qPCR

PAP-I- RT-Rev23 |GTTTATGATCAGAATCCTTCAAATAGATCACCAAG |PAP qPCR RT

attB1 adapter

GGGGACAAGTTTGTACAAAAAAGCAGGCT

Generation of full attB PCR products

attB2 adapter

GGGGACCACTTTGTACAAGAAAGCTGGGT

Generation of full attB PCR products

attB1 For PAP-1

AAAAAGCAGGCTGTGAATACAATCATCTACAATGT
TGGAAGTACCAC

Generation of mature PAP clone for
Y2H

attB2 Rev PAP-1

AGAAAGCTGGGTTCATCAATAAGTTGTCTGACAGC

Generation of mature PAP clone for
Y2H

attB1 For Pro-
PaCP1

AAAAAGCAGGCTCTCGTGACTTCTCAATCGTCGGT
TATTC

Generation of Pro-PaCP1 clone for
Y2H

attB1 For mPaCP1

AAAAAGCAGGCTCTAAGTCTGTAGACTGGAGAAA
GA

Generation of mature PaCP1 clone
for Y2H

attB2 Rev PaCP1

AGAAAGCTGGGTTCATCATCATTTCTTCTTGATAGG

Generation of mature PaCP1 and
Pro-PaCP1 clone for Y2H

attB1 For Full

AAAAAGCAGGCTCTATGGCTCTTTCCCTATACAACT

Generation of PaCP1 agroinfiltration

PaCP1 T clone

attB2 Rev Full AGAAAGCTGGGTTTTTCTICTIGATAGGGTAAGA Generation of PaCP1 agroinfiltration
PaCP1 clone

PaCP1 For 1 GACACCGAGATGTTCCAGAGAATG PaCP1 qPCR

PaCP1 Rev 1 AAACTGAAAGTCCCTCCCAGATG PaCP1 qPCR

PaCP1 RT Rev

GCTTGGTGTTCCTCTTCATTC

PaCP1 qPCR RT

PR1 For 2 GGAGAGAACATTGCATGGAGTAGC PR1 gPCR
PR1 Rev 2 CAGGAGCACACGTGTTGGAATTA PR1 qPCR and RT
25S rRNA

reference

AGACCGTCGCTTGCTACAAT

Positive control Figure 9C
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25S rRNA

reference ATGACGAGGCATTTGGCTAC Positive control Figure 9C

23978 For GGGAGCAACCTTTGGGATTAC Internal control gene for gPCR
23978 Rev CATAGAGCAAGCTGCGGTTAG Internal control gene for gPCR
23978 RT TCAGAAACTTGCATCTTCAGTTGTGGGCCGT Internal control gene for gPCR
17908 For GTTGGTAAAGCCCAGAAGAAGG Internal control gene for gPCR
17908 Rev GTAGAGGTTTGTGCCTTGGTATTT Internal control gene for gPCR
17908 RT GGGAGCAACCTTTGGGATTAC Internal control gene for gPCR
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