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RESUMO 
Nas plantas existem centenas de milhares de diferentes tipos de proteínas. Todas 

possuem diferentes funções e, como tal, têm de ser direcionadas corretamente para um 

compartimento subcelular específico. Este estudo foca-se em proteínas vacuolares de 

plantas e nos seus trajetos de endereçamento para o vacúolo. Uma vez que a via 

convencional de endereçamento vacuolar já se encontra bem estudada e descrita, o 

interesse começa agora a ser direcionado para matérias menos estudadas, como é o 

caso das rotas não convencionais de endereçamento vacuolar. No nosso laboratório, 

duas proteinases aspárticas provenientes de Cynara cardunculus, cardosina A e 

cardosina B, têm sido matéria de estudo há vários anos. Recentemente, foi 

caracterizado um domínio constituído por 100 aminoácidos presente na sequência das 

cardosinas que é necessário e suficiente para o correto endereçamento vacuolar, 

denominado plant specific insert (PSI). Apesar do domínio PSI da cardosina A (PSI A) 

ser muito semelhante ao domínio PSI da cardosina B (PSI B), as rotas de 

endereçamento mediadas pelos mesmos são muito diferentes: A rota mediada pelo PSI 

A é independente do Golgi, fazendo com que as proteínas sejam diretamente 

translocadas para o vacúolo a partir do retículo endoplasmático. No entanto, a rota 

mediada pelo PSI B segue a via convencional e mais bem estudada: Retículo 

Endoplasmático – Golgi – Vacúolo. Neste momento, as vias não convencionais de 

endereçamento vacuolar estão a receber mais atenção por parte da comunidade 

científica e há cada vez mais estudos focados nestas vias de forma a descobrir e a 

caracterizar os determinantes moleculares que lhes estão subjacentes. Ao longo deste 

projeto, propusemo-nos estudar a rede de interações proteicas de ambos os PSIs assim 

como as vias de endereçamento que estes medeiam. Os resultados obtidos para os 

dois PSIs permitirão perceber que interatores proteicos estão envolvidos nestes 

processos de endereçamento e contribuir para a caracterização destas duas rotas 

vacuolares tão distintas. 

 

PALAVRAS-CHAVE 
Plant Specific Insert, 2in1 rBIFC, Interações Proteína-proteína, Co-imunoprecipitação, 

ER-Vacuole Sorting. 
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ABSTRACT 
In plants, there are several thousands of different types of proteins. All and each of these 

types have different functions and, therefore, must be correctly located to a specific 

subcellular compartment. This study focuses on plant vacuolar proteins and their sorting 

pathways to the vacuole. The conventional vacuolar sorting route is already well 

described, and research teams are now more interested in understanding the 

mechanisms behind how unconventional sorting routes work. Our laboratory has been 

working for a long time with two very similar aspartic proteinases from Cynara 

cardunculus: cardosin A and cardosin B. Recently, we found that a 100 amino acid 

domain inside the cardosins’ sequence is necessary and sufficient for correct vacuolar 

sorting - the plant specific insert (PSI). Even though both PSI domains from cardosin A 

(PSI A) and cardosin B (PSI B) present high similarity between them, their sorting 

mediated routes are very different: PSI A-mediated sorting route is able to Golgi bypass, 

directly delivering proteins from the Endoplasmic Reticulum (ER) to the Vacuole; while 

PSI B-mediated sorting route follows the conventional ER – Golgi - Vacuole sorting 

pathway. Unconventional sorting routes, like the one followed by PSI A, are now gaining 

more attention and efforts are being put together in order to characterize the molecular 

determinants beneath these pathways. In this project, we proposed to study the protein 

interaction network of both PSIs along their different sorting pathways. By comparing the 

results obtained, we expect to understand which protein interactors are involved in their 

sorting processes and contribute to the characterization of such different sorting 

pathways to the vacuole. 

 

 

 

 

KEYWORDS 
Plant Specific Insert, 2in1 rBiFC, Protein-protein Interactions, Co-immunoprecipitation, 

ER-Vacuole Sorting. 
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1. INTRODUCTION 
1.1. The endomembrane system  
  Plants have an overly complex endomembrane network system specialized in 

synthesizing, modifying, transporting and delivering various macromolecules, including 

proteins, to their final destination. The main compartments involved in this network are 

the Endoplasmic Reticulum (ER), the Golgi, the Trans Golgi Network (TGN), the Pre-

vacuolar Compartment (PVC), the Vacuole, secretory vesicles and endosomes (Frigerio 

and Hawes, 2008). In plants, the ER is the first organelle of the secretory pathway, being 

responsible for synthesis, modification and delivery of correctly folded proteins to the 

Golgi (Vitale and Denecke, 1999). Therefore, there is a vast range of ER-resident 

proteins that ensure retention of immature proteins for subsequent folding, assembly or 

that target them for amino acid recycling (Hadlington and Denecke, 2000). Transport 

between the different endomembrane compartments is dependent on a vesicle 

exchange process which involves budding, release, directional transport, tethering, 

membrane recognition and fusion of vesicle shuttles (Rojo and Denecke, 2008). A similar 

process is also found in apoplast secretion and protein recycling during endocytosis 

(Figure 1).  

Figure 1 – Organelles and sorting pathways.  

The major endomembrane trafficking routes in plant cells include the secretory and endocytic pathways.  Proteins start 

their trafficking process at the ER level and then move to the Golgi and TGN where they undergo post-translational 

modifications. Then, proteins are embedded in a vesicle such as MVP or PVC and fuse with the vacuole. Abbreviations: 

EE, early endosome; ER, endoplasmic reticulum; LE, late endosome; MVB, multivesicular body; PVC, pre-vacuolar 

compartment; TGN, trans Golgi network. Adapted from Wang et al. (2020). 

In fact, proteins that enter the cell coming from the plasma membrane are sent to the 

endosome, to the TGN and finally to the lysosome/vacuole to be recycled (Jürgens, 

2004; Bassham et al., 2008). In plants, and in most of the eukaryotes, vesicle trafficking 

is mediated by clathrin-coated vesicles (CCV), caveolin, coat protein complex I (COPI), 
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coat protein complex II (COPII) vesicles and dense vesicles (DVs). All of the mentioned 

vesicle types have an ubiquitous presence and appropriated budding machineries to 

provide correct function of the vesicle trafficking mechanism (Xiang et al., 2013). 

1.1.1. The endoplasmic reticulum (ER) 
The ER is the key organelle at the start of the secretory pathway and possesses 

a growing list of functions. In fact, it is responsible for initiating the synthesis, folding, 

quality control and modification, such as priming the glycosylation, of a large part of the 

cellular proteome. Furthermore, it has a unique architecture, characterized by a network 

of interconnected membrane tubules and sheets that form closed polygons in the cortical 

and inner parts of the cell (Bassham et al., 2008). Transmembrane and soluble proteins 

targeted to the secretory pathway contain an ER signal sequence including a 

hydrophobic 20–25 amino acid segment. As a result of its hydrophobic nature, the signal 

sequence is inserted into the ER membrane. The difference between the soluble and 

transmembrane proteins is that the hydrophobic sequence is removed by the ER signal 

peptidases from the soluble proteins, while it is kept intact in the transmembrane proteins 

(Johnson and Van Waes, 1999; Shan et al., 2009). Additionally, the ER is an important 

checkpoint of correct protein folding and assembly, known as stringent quality control 

(Claessen et al., 2012). Proteins must be properly folded and assembled in order to exit 

the ER. Misfolded proteins are recognized by molecular chaperones and retained in the 

lumen of the ER in an attempt to re-fold them to their correct, native structure (Trombetta 

and Parodi, 2003; Kleizen and Braakman, 2004; Liu and Howell, 2010). Persistent 

misfolded proteins are transferred to the cytosol and degraded by the proteasome 

system (Ellgaard and Helenius, 2003; Hebert and Molinari, 2007). Proteins that have 

erroneously reached the Golgi can also return to the ER when ER retention signals are 

present (Pimpl et al., 2006). The ER is also a calcium storage organelle and source of 

membranes necessary for the successful accomplishment of vital cellular processes, 

including direct biogenesis of other cell structures, such as peroxisomes, oil bodies and 

autophagic bodies (Galili, 2004; Heiland and Erdmann, 2005; Bernales et al., 2006). 

Furthermore, the ER is also a reservoir of receptors for plant-specific hormones (Chen 

et al., 2002; Friml and Jones, 2010), a sensor for several cellular stresses and serves as 

a membrane scaffold for the binding of various signaling proteins, including essential 

membrane-tethered transcription factors, which evoke fast transcriptional responses 

upon stress and growth clues (Chen et al., 2008). It also functions as a protein storage 

compartment and performs essential functions in the synthesis of lipids (Benning, 2009).  
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1.1.2. The Golgi  

Even though the sorting of plant vacuolar proteins starts at the ER (Swanson et 

al., 1998), the Golgi apparatus is the major sorting station in the plant cell (Matheson et 

al., 2006). The Golgi is a polarized structure that consists of one or more stacks of disc 

shaped cisternae. Each stack contains a group of at least three functionally different 

compartments: cis, medial and trans cisternae. Cisternae at the cis face of the Golgi 

contain resident enzymes that act at early steps of secretory cargo processing. Adjacent 

cisternae, in the medial portion of the stack, contain enzymes that act at intermediate 

steps, while cisternae near the trans face of the Golgi contain enzymes that act at late 

steps of protein processing (Rothman and Wieland, 1996; Ladinsky et al., 1999). The 

cis-Golgi and the trans-Golgi cisternae are connected to two major sorting stations inside 

the Golgi, the cis Golgi network and the TGN, respectively. Vesicles originated in the ER 

arrive at the Golgi through the cis-Golgi cisternae. After being released from the ER, 

COPII vesicles can either first fuse with each other and then to the cis-Golgi or directly 

fuse with cis-Golgi alone (Marti et al., 2010; Russell and Stagg, 2010; Jensen and 

Schekman, 2011). Proteins move along the Golgi from the cis to trans direction and 

acquire post-translational modifications (such as glycosylation, sulfation and 

phosphorylation) mainly through transmembrane processing enzymes. The freshly 

synthesized and covalently modified proteins end up in the TGN where they are 

packaged into vesicles and sent to their specific destination in the cell (Alberts et al., 

2002; Hwang, 2008).  

The intra-Golgi cargo transport is still a mystery, but two models are currently 

accepted: the stable compartment model and the cisternal maturation model (Glick and 

Nakano, 2009). According to the stable compartment model the cis- med- and trans-

Golgi cisternae and the TGN are stable compartments that retain a specific set of 

resident enzymes and other proteins. The cargo moves from one Golgi compartment to 

the next in COPI anterograde vesicles and exit the TGN through CCV or other secretory 

carriers (Figure 2A). ER-to-Golgi transport is regarded as a donor-acceptor pathway 

connected by COPII vesicles. This model possesses several advantages. It explains the 

polarity of the stack by viewing the Golgi as a series of distinct sub-organelles, each of 

which with a characteristic set of resident proteins (Dunphy and Rothman, 1985; 

Farquhar, 1985). It also accounts for the observation that COPI transport vesicles are 

abundant around the Golgi, apparently forming and fusing at the cisternal rims (Farquhar, 

1985; Orci et al., 1986).  



 
FCUP 

Dissect the PSIs’ interaction network involved in conventional and unconventional sorting routes 
4 

 

 

 
Figure 2 - Models for intra Golgi transport.  

(A) Stable compartment model. In this model, cis-, medial-, and trans-Golgi cisternae as well as the trans-Golgi network 

(TGN) are long-lived compartments that retain distinct sets of resident Golgi proteins. Cargo travels from one Golgi 

compartment to the next in anterograde COPI vesicles, and then exit the TGN in CCVs or other carriers. ER-to-Golgi 

transport is mediated by COPII vesicles. (B) Cisternal maturation model. According to this model, Golgi cisternae are 

transient structures that form de novo by fusion of COPII vesicles. A new cisterna matures from cis to trans and breaks 

down into transport carriers at the TGN level. Cargoes are transported through the Golgi by cisternal progression. 

Maturation is driven by the retrograde transport of resident Golgi proteins. This retrograde transport involves COPI vesicles 

within the Golgi and may also involve clathrin-mediated recycling from a maturing TGN compartment. Abbreviations: CCV, 

clathrin-coated vesicles; COPI, coat protein complex I; COPII, coat protein complex II; ER, endoplasmic reticulum; TGN, 

trans Golgi network. Adapted from Glick and Nakano, (2009).  

Biochemical evidence for the stable compartments model came from a cell-free 

reconstitution system, which implicated COPI vesicles and the vesicle fusion machinery 

in intra-Golgi transport (Rothman and Wieland, 1996). However, the stable 

compartments model has encountered difficulties. The Golgi stacks in many organisms 

transport cargoes that are too large to fit in conventional COPI vesicles, such as scales 

in algae (Becker and Melkonian, 1996) and procollagen in mammalian fibroblasts 

(Bonfanti et al., 1998). Moreover, strong evidence has been obtained for retrograde 

COPI dependent transport, but the evidence for anterograde COPI-dependent transport 
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is less solid (Rabouille and Klumperman, 2005). In contrast, to solve the mentioned 

disadvantages the cisternal maturation model was created (Figure 2 B). According to this 

new model, the cisternae are transient compartments that result from the coalescence 

of COPII vesicles. A new cisterna matures from cis to trans and then breaks down into 

carriers at the TGN level. Cargoes are transported through the Golgi by cisternal 

progression and maturation is driven by the retrograde transport of resident Golgi 

proteins. This retrograde transport involves COPI vesicles within the Golgi and may also 

involve clathrin-mediated recycling from a maturing TGN compartment (Glick and 

Nakano, 2009). Finally, in addition to its trafficking and sorting functions, the Golgi is also 

responsible for the synthesis of polysaccharides, lipids and the de novo synthesis of cell 

wall matrix polysaccharides such as hemicelluloses and pectins (Stefano et al., 2014). 

1.1.3. The Vacuole  

Vacuoles can occupy up to 80 % of the cell volume, serve physical and metabolic 

functions and are essential in cellular responses to general cell homeostasis, as well as 

abiotic and biotic factors (Marty, 1999; Martinoia et al., 2007). These organelles usually 

store water, nutrients, ions and secondary metabolites but can also be a deposit site for 

toxic cell residues, waste products and excess solutes (Bethke and Jones, 2000; Jiang 

et al., 2000a; Martinoia et al., 2000; Hatsugai et al., 2004) and are involved in the 

programmed cell death (Hara-Nishimura and Hatsugai, 2011). In plant cells, there are 

two main types of vacuoles: the protein storage vacuoles (PSV) and the lytic vacuole 

(LV). Typically, proteins accumulate in the PSVs due to their higher pH and lower 

hydrolytic activity, when compared to the LVs, and predominate in storage tissues 

(cotyledons, endosperm, tubers) and vegetative tissues of adult plants (bark, leaves, 

pods) (Müntz, 1998; Zouhar et al., 2010). In contrast, LVs are mostly found in vegetative 

tissues and are used for storage and deposit of unwanted products. Due to the LVs’ 

acidic pH and high hydrolytic activity, this type of vacuole modulates the degradation of 

a panoply of macromolecules and other compounds (Frigerio et al., 2008; Rogers, 2008). 

Initially, it was not expected to find both types of vacuoles in the same cell but studies 

done in root tip cells of barley and pea seedling showed otherwise (Paris et al., 1996; 

Olbrich et al., 2007). Additionally, a study done using the model plant Arabidopsis 

thaliana reported that, during its germination, the LV is embedded in the PSV and then 

derives from it, instead of being generated de novo (Martínez et al., 2008).The existence 

of two different types of vacuoles implies that plants have distinct trafficking pathways 

and mechanisms for different proteins. Additionally, the presence of LVs and PSVs in 
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the same cell might work as a plant flexibility mechanism that is hypothesized to relate 

with changing environmental conditions (Neuhaus and Rogers, 1998; Jürgens, 2004; 

Vitale and Hinz, 2005; Pereira et al., 2014).  

1.2. Vesicle exchange machinery 
The main proteins responsible for determining the specificity and subsequent 

fusion between a transport vesicle and their corresponding target membrane are, among 

others, Rab GTPases and specific vesicle soluble N-ethylmaleimide-sensitive-factor 

attachment protein receptors (SNAREs). Both Rab and SNAREs have a characteristic 

endomembrane distribution in eukaryotic cells determining the specificity of the 

recognition between transport vesicles and target membranes (Pompa et al., 2017). 

Basically, anchoring of a transport vesicle to the membrane compartment is regulated 

by a specific Rab GTPase and the specificity of membrane fusion is dependent on the 

pairing of the transport vesicle SNARE (v-SNARE) with the SNARE located in the 

acceptor membrane target SNARE (t-SNARE). The pairing between the v and t-SNAREs 

will allow a physical proximity between the two membranes necessary for fusion to occur 

and the subsequent release of the contents of the vesicle in the lumen of the target 

organelle (Sanderfoot and Raikhel, 1999; Pompa et al., 2017). After docking to the target 

organelle, the transport vesicle, already deprived from the coat, needs to fuse to the 

target membrane in a process that is executed by SNARE proteins.  

The SNARE family is conserved among all eukaryotes and is characterized by a 

common heptad-repeat motif. SNAREs are classified according to the conserved 

arginine or glutamine present at the “0-layer” in Q- and R-SNAREs, alongside of the 

operational t- and v-SNARE classification (Pratelli et al., 2004). Both operational (t- and 

v- forms) and structural (R- and Q- forms) designations are commonly used, despite the 

last ones are more frequently found. The SNARE complex is a stable complex composed 

of four SNARE molecules that will be responsible to pull in close proximity the membrane 

bilayer of the transport vesicle and the target membrane, to allow membrane fusion 

(Figure 3). This fusion is a highly specific process that requires a specific combination of 

SNARE proteins regulated by specific Rab GTPases (Ebine and Ueda, 2009).  

Vesicle traffic from the ER to the Golgi is achieved via a tightly regulated sorting 

system and is the first step in the biosynthetic trafficking pathway. The vesicle transport 

from the ER to the Golgi is named anterograde transport and is mediated by COPII 

vesicles. COPI mediates the retrograde system which is done in the opposite direction, 

this is, protein transport from the Golgi back to the ER (Yang et al., 2005; Matheson et 
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al., 2006; Spang, 2009; Jensen and Schekman, 2011). COPII vesicles are constituted 

by three components: Sar1, Sec23/24 and Sec13/31.  

 
Figure 3 - General mechanism for budding and docking process mediated by Rab and SNARE proteins.  

Cargo receptors recognize soluble cargo to be embedded. Then, motor proteins attach to the coat and help the vesicle 

move along the cytoskeleton. Then, RAB proteins aid the anchoring of the vesicle to the acceptor compartment 

membrane, v-SNAREs are recognized by t-SNAREs, membrane fusion occurs and vesicle cargo is delivered. Adapted 

from Gu et al, (2020). 

The PSV receives proteins that are transported through a Golgi-dependent or 

independent pathway depending on the vesicular cargo type and the plant 

developmental stage (Robinson et al., 2005; Rojo and Denecke, 2008). This transport is 

done by DVs. DVs are small, uniform and unique vesicles that only occur in plants (Vitale 

and Chrispeels, 1992; Hinz et al., 1997; Vitale and Hinz, 2005; Maruyama et al., 2006) 

and contain intrinsic membrane proteins destined for the PSV. They were first discovered 

in common bean (Chrispeels, 1983), and later in other plant species, such as wheat (Kim 

et al., 1988), pea (Hinz et al., 1999) and Arabidopsis (Hinz et al., 2007). Within the cis-

Golgi, the accumulation and condensation of storage proteins initiates the formation of 

DVs. Then, these small vesicles are transferred to the TGN and released. As DVs are 

not protein coated, they are able to either fuse with multivesicular bodies (MVBs), 

discharging their contents inside them, or to directly fuse with the PSV (Hohl et al., 1996; 

Robinson et al., 1998; Jiang et al., 2000a; Jiang et al., 2001; Tse et al., 2004; Hinz et al., 

2007; Hwang, 2008; Pereira et al., 2014; Peixoto et al., 2018; Di-Sansebastiano et al., 

2018). The protein transport to the PSV can also be done using globulins, following an 

alternative route that bypasses the Golgi (Hara-Nishimura et al., 1998, 2004). Globulins 
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are the major vacuolar storage proteins in pumpkins and were suggested to reach the 

PSV through precursor-accumulating compartments (PACs), which are bigger than DVs 

and are able to reach the PSV directly from the ER. Even though PACs receive proteins 

directly sent from the ER, they can also uptake glycosylated proteins from the Golgi 

through their route to the PSV (Hara-Nishimura et al., 1998; Jolliffe et al., 2005). Finally, 

the cargo of the PACs is delivered to the PSV lumen by a fusion between the PACs and 

the PSV by autophagy or by direct membrane fusion (Shimada et al., 1994; Robinson et 

al., 1995).  

In contrast, the LV receives proteins through CCVs using a pathway that seems 

to be conserved among all eukaryotes. In the TGN, specific sorting motifs are detected 

by the TGN membrane receptors, encapsulated into CCVs, sent to the PVC and then to 

the LVs (Robinson et al., 1998; Rouillé et al., 2000). Additionally, another unique process 

happens in plant cells, where LV resident proteins can be transported directly from the 

ER to the LVs using ER bodies as intermediate compartments, bypassing the Golgi 

apparatus (Hara-Nishimura et al., 2004). Nevertheless, there are some reports regarding 

unconventional ER trafficking in animal cells, where a Golgi bypass is also done 

(Teckman and Perlmutter, 2000). Therefore, it is thought that ER bodies in plants can go 

through a similar pathway, bypassing the Golgi and directly fusing with the LV, as seen 

under stress conditions (Hayashi et al., 2001; Herman and Schmidt, 2004). 

1.3. Vacuolar trafficking  
The endomembrane system contemplates multiple dynamic routes, being the 

most relevant ones the secretory pathway (including biosynthesis and sorting) and the 

endocytic pathway. Over the past decades, remarkable progress has been done to 

understand the mechanisms related to protein sorting. Special emphasis has been given 

to the study of proteins targeted to the vacuolar pathways and the sorting mechanisms 

involved, due to its importance in plant cell homeostasis. The knowledge acquired so far 

is quite detailed and several signals and protein effectors have been characterized. 

However, more recent data suggest that the classical view of protein transport to the 

vacuole might be challenged by alternative routes that started to be described in more 

recent years (Pereira et al., 2013; Di Sansebastiano et al., 2018). Proteins and other 

cargos are synthesized and programmed to follow a certain sorting pathway to reach 

their final destination. Although the dynamic activities of endomembrane systems are 

highly conserved among all eukaryotes, higher plants have developed some unique 

mechanisms (Jürgens, 2004). In plants, the secretory and biosynthetic trafficking 
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pathways are involved in a series of vital mechanisms, such as gravitropism, autophagy, 

hormone transport, cytokinesis and abiotic/biotic stress responses (Carter et al., 2004; 

Surpin and Raikhel, 2004) as well as in ion secretion by salt glands, nectar production, 

and the secretion of viscin, which is the elastic, mucilaginous and sticky tissue that 

attaches falling parasitic mistletoe seeds to branches (Echeverria, 2000). Over recent 

years, remarkable progress has been achieved in the understanding of plant protein and 

membrane trafficking by the use of different systems and approaches (Rojo and 

Denecke, 2008; Marcos Lousa et al., 2012). The path followed by a protein depends on 

the interactions between sorting motifs present in the protein and the motif-recognizing 

machinery. Many of these motifs are universally conserved among eukaryotes (yeast 

and humans) (Marcos Lousa et al., 2012). However, sorting motif studies in plants are 

still in their infancy compared to animal and yeast systems. Generally, the protein 

secretory pathway begins in the ER, passes through the Golgi complex, and finally 

reaches the vacuole, other compartments or the cell surface (Rojo and Denecke, 2008; 

Marcos Lousa et al., 2012). 

1.3.1. Vacuolar sorting determinants (VSDs)  
The path followed by a protein depends on the interactions between sorting motifs 

intrinsic to the protein and the motif-recognizing machinery (Pereira et al., 2014). These 

sorting motifs are named vacuolar sorting determinants (VSDs) and can be of three 

types: sequence specific VSDs (ssVSDs), C-terminal VSDs (CtVSDs) and VSDs 

dependent on the physical structure of proteins (psVSDs). The first type, ssVSDs, are 

conserved motifs normally located in the N-terminus of a protein and do not tolerate 

modifications in their sequence. The second category, CtVSDs, are rich in hydrophobic 

residues that are usually surface exposed, but in contrast to ssVSDs they are not 

conserved, and their size varies. The third type, psVSDs, are distributed along the 

protein, may have one or more motifs and as the name suggests, these motifs become 

exposed when the protein achieves its folded conformation (Nakamura and Matsuoka, 

1993; Neuhaus and Rogers, 1998; Jolliffe et al., 2003; Zouhar and Rojo, 2009). Theses 

VSDs are usually recognized at the late or post-Golgi level (Vitale and Hinz, 2005; 

Pereira et al., 2014), leading to a pathway change: the proteins are redirected away from 

the secretion pathway and end up being sent towards the vacuole.  
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1.3.2. Vacuolar sorting receptors (VSRs) 

In 1994, the first vacuolar sorting receptor (VSR) was identified from a pea 

cotyledon CCV preparation. This VSR was further termed BP80 (binding protein 80 kDa) 

by its ability to bind in vitro to the VSD of barley aleurain (Kirsch et al., 1994). VSRs are 

type I membrane proteins with a cytosolic motif and a large lumenal domain. They are 

not related to TGN sorting receptors such as the mannose 6-phosphate receptor (MPR) 

in animals or the vacuolar carboxypeptidase sorting receptor VPS10 in yeast (Seaman 

et al., 1997; Wang et al., 2011). VSRs generally recognize aspargine-proline-isoleucine-

arginine-leucine (NPIRL) and NPIRL-like consensus motifs in cargo proteins (mostly 

present at the N-terminus in cargo), whereas, in turn, VSRs themselves are recognized 

by adaptor protein 1 (AP1) via its tyrosine consensus motif at the C-terminus that 

promote packing into the CCV (Happel et al., 2004; Jürgens, 2004). VSRs are generally 

considered to mediate protein sorting to LV, as supported by several pieces of evidence 

as follows. To begin, VSRs recognize and bind the sequence-specific VSDs present in 

LV proteins, such as barley aleurain and sporamin (Ahmed et al., 2000). Furthermore, 

A. thaliana VSR1(also termed AtELP1), a BP80 homologue from Arabidopsis, interacts 

with AtEpsinR1, with its animal homologue being involved in CCV-mediated trafficking 

to lysosomes (Kalthoff et al., 2002; Song et al., 2006). Also, the A. thaliana VSR1 C-

terminal cytosolic tail interacts with AtVPS35, a PVC localized retromer from Arabidopsis 

(Oliviusson et al., 2006). Another piece of evidence is that despite the fact that VSR 

cargo ligand interaction might be initiated in the ER (Swanson et al., 1998), VSRs are 

accumulating to a high extent in the PVC and to a lower extent in the TGN (Miao et al., 

2006). Finally, the pH-dependent ligand binding indicates that the receptor-cargo 

complex needs to end up in the acidic environment of the LV to release its cargo (DaSilva 

et al., 2005). However, several studies also report interactions between VSRs and VSDs 

of storage proteins such as 2S albumins in castor bean (Cao et al., 2000; Brown et al., 

2003). PV72, a pumpkin homologue of VSR, was identified in the precursor accumulating 

compartments that are proposed as intermediates in the transport of storage proteins to 

the PSV (Hara-Nishimura et al., 1998; Shimada et al., 2002). Similar results have been 

found in sunflower (Molina et al., 2006)  and castor bean (Jolliffe et al., 2005). By contrast 

to the VSR BP80, ligand binding to PV72 is calcium-dependent because it is released at 

a low calcium concentration. Additionally, A. thaliana VSR1 was shown to play a role in 

sorting storage proteins in seeds, which also shows calcium-dependence (Shimada et 

al., 2003). These results indicate that different isoforms may be involved in different 

sorting pathways. Recent studies that showed the presence of VSRs in the plasma 
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membrane suggested an additional role for VSR proteins in mediating protein transport 

towards the plasma membrane and endocytosis in germinating pollen tubes of lily and 

tobacco (Wang et al., 2011). 

1.3.3. Pathways to reach the vacuole 

1.3.3.1. Sorting to the PSV 
Storage proteins are transported to the PSV via Golgi dependent or - independent 

pathways depending on many factors, such as the cargo protein and the plant 

developmental stage (Robinson et al., 2005; Rojo and Denecke, 2008). In contrast to 

LVs, the trafficking of storage proteins from the Golgi into the PSV is mediated by DVs 

rather than by CCVs (Chrispeels, 1983; Hohl et al., 1996). Within the cis-Golgi, the 

accumulation and condensation of storage proteins initiates the formation of DVs. 

Subsequently, these discrete small vesicles are transferred to the TGN concomitant with 

increased density and, finally, they are released from the TGN (Hinz et al., 2007; Hwang, 

2008). Since mature DVs are not protein coated they can directly fuse with the PSV or 

first with MVBs (Hohl et al., 1996; Robinson et al., 1998; Jiang et al., 2000a, 2001). MVBs 

contain multiple internal vesicles, are present in all eukaryotes and are involved in 

various post-Golgi processes of the biosynthetic trafficking pathway. DVs fuse into the 

MVBs where they discharge their contents (Tse et al., 2004). MVBs are then received 

by the PSV together with their cargos. Therefore, the Golgi-dependent PSV trafficking 

pathway could be defined as an ER - Golgi - DV- MVBs - PSV pathway (Figure 4). Protein 

transport to the PSV occurs mainly through aggregation sorting, although receptor-

mediated sorting might play a role as well (Molina et al., 2006). In this case, the involved 

VSRs are BP80 homologues (such as PV72, AtELP1) and receptor membrane ring-H2 

(RMRs) (Jolliffe et al., 2005; Vitale and Hinz, 2005; Li et al., 2006; Fuji et al., 2007; 

Hwang, 2008). Many proteins have been reported to be sorted to the PSV via DVs, such 

as legumin, vicilin and sucrose-binding-protein homologue (Wenzel et al., 2005; Molina 

et al., 2006). Transport of storage proteins to the PSV can also take an alternative route 

from the ER bypassing the Golgi, as shown in Figure 4. Globulins, the major vacuolar 

storage proteins in pumpkins, were suggested to reach the PSV via PACs directly from 

the ER (Hara-Nishimura et al., 1998; Toyooka et al., 2000). Similar results have been 

obtained for cysteine proteinases (Toyooka et al., 2000; Mitsuhashi et al., 2001). PACs 

contain unglycosylated precursors of storage proteins and mediate aggregation sorting. 

PACs have been found in pumpkin, castor beans and in wheat (Hara-Nishimura et al., 

1998; Mori et al., 2004; Takahashi et al., 2005). 
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Figure 4 - Protein sorting process to the PSV.  

Proteins destined for the PSV initiate their life in the ER and can be sorted to the PSV by two pathways: Golgi dependent 

or -independent pathways. In the Golgi-dependent pathway, proteins are transported to the Golgi via COPII vesicles, and 

then aggregate and become the cargo of DVs, being transported into multivesicular bodies and then fusing into the PSV. 

Moreover, some storage proteins that need processing in the Golgi reach the PSV via PACs. In the Golgi independent 

pathway, proteins directly coming from the ER are recognized by RMRs or VSRs (PV72 in the figure) and are packed into 

precursor accumulating vesicles and are transported to the PSV. MVB, multivesicular body; PAC, precursor-accumulating 

vesicle; PV72/ RMR, vacuole sorting receptor .Abbreviations: COPI, coat protein complex I; COPII, coat protein complex 

II; DV, dense vesicles; ER, endoplasmic reticulum; MVB, multivesicular body; PAC, precursor-accumulating 

compartments; PSV, protein storage vacuole; TGN, trans Golgi network. Adapted from Xiang et al, (2013). 

Even though PACs are directly generated from the ER, they can accept glycosylated 

proteins derived from the Golgi during their transport to the PSV (Hara-Nishimura et al., 

1998; Jolliffe et al., 2005). The content of PACs is incorporated in the lumen of the PSV. 

The incorporation follows one of two models: (a) fusion between PACs and PSV occurs 

through autophagy (Van der Wilden et al., 1980; Robinson et al., 1995) or (b) by direct 

membrane fusion (Shimada et al., 1994). 

1.3.3.2. Sorting to the LV 
Different pathways for post-Golgi sorting of proteins to lysosomes/vacuoles have been 

described for yeast and animals. The pathway through CCVs appears to be conserved 

among all eukaryotes (plants, yeast, animals). Inside the TGN, specific sorting signals 

are recognized by TGN membrane localized receptors, recruited into CCVs and 

transported into LVs/lysosomes (Robinson et al., 1998; Rouillé et al., 2000). In animal 

cells, the sorting of acid hydrolases to the lysosome is facilitated by the mannose 6-

phosphate receptors (MPR) (Ghosh et al., 2003). MPR-ligand complexes are recruited 

into CCVs at the TGN. This process is mediated by Golgi-localized, y-adaptin ear-



 
FCUP 

Dissect the PSIs’ interaction network involved in conventional and unconventional sorting routes 
13 

 

 
containing, ARF-binding proteins and by the AP1 complex through interactions with 

MPRs tyrosine (YXXФ) and dileucine (LL) motifs at the cytosolic tail (Doray et al., 2002; 

Ghosh et al., 2003). In yeast, the sorting and delivery to the LV is very similar to the MPR 

pathway of animal cells (Costaguta et al., 2001; Deloche et al., 2001). This mechanism 

is assumed to be used for trafficking to plant LVs as well, although LV proteins interact 

with VSRs, showing no homology to MPRs (Kirchhausen, 2000). Plant VSRs recognize 

sequence-specific VSDs (e.g. NPIRL-like consensus motifs) in LV targeted proteins, 

such as barley aleurain (Matsuoka and Neuhaus, 1999; Paris and Neuhaus, 2002). 

VSRs then interact with AP1 through a tyrosine- based sorting motif instead of interacting 

with a dileucine motif as observed in yeast and animals (Happel et al., 2004). CCVs, 

containing cargo-VSR, then bud from the TGN, and discharge their contents after fusion 

into the PVC (Hinz et al., 1999; Tse et al., 2004). As a result of the lower pH of the PVC, 

ligands dissociate from their receptor and the receptor is subsequently recycled back to 

the Golgi (Raiborg et al., 2003; Maxfield and McGraw, 2004; Seaman, 2005). 

Importantly, an MPR-independent and a VPS10-independent lysosome sorting pathway 

were found in animal cells and yeast, respectively (Iwaki et al., 2006; Reczek et al., 

2007). Recent studies on the sorting of tonoplast transporters in Arabidopsis mesophyll 

protoplasts suggest a similar route in plants (Figure 5) (Wolfenstetter et al., 2012). AP3, 

but not AP1, appears to fulfill a central role in this pathway. 
 

 

 

 

 

  

 

 

 

 

 

Figure 5 - Sorting to the LV.  

Proteins destined for the LV initiate their life in the ER and can be sorted to the LV through Golgi-dependent or -

independent pathways. In the Golgi-dependent pathway, the protein can be recognized by BP80/VSR and becoming the 

cargo of CCV, after which it is transported to the PVC and, finally, to the LV; or  transported via a putative AP3-mediated 

pathway to the LV. In the Golgi-independent pathway, the LV residents are transported through the ER bodies. 

Abbreviations: AP1, adaptor protein 1; AP3, adaptor protein 3; BP80, vacuolar sorting receptor; CCV, clathrin coated 

vesicle; COPI, coat protein complex I; COPII, coat protein complex II; DV, dense vesicles; ER, endoplasmic reticulum; 

MVB, multivesicular body; PAC, precursor-accumulating compartments; LV  lytic vacuole; PVC, pre vacuolar 

compartment; TGN, trans Golgi network; VSR, vacuolar sorting receptor. Adapted from Xiang et al, (2013). 
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In animals, AP3 can recognize both dileucine and tyrosine motifs, whereas, in yeast, only 

dileucine signals can be recognized (Bonifacino and Traub, 2003; Braulke and 

Bonifacino, 2009). Recent reports suggest that AP3 subunits are involved in the 

biogenesis, morphology and function of the PVC and vacuoles in plants (Niihama et al., 

2009; Feraru et al., 2010; Zwiewka et al., 2011). Remarkably, and uniquely in plants, LV 

resident proteins can be transported directly from the ER to the LV by means of ER 

bodies as intermediate compartments, bypassing the Golgi apparatus, as shown in  

Figure 5 (Hara-Nishimura et al., 2004). Thus, one of the emerging differences that 

appears to distinguish plants from other eukaryotes is the plasticity of the ER to form 

subcellular structures, termed ER bodies, which either stably accumulate or are 

transported to the LV. The ER bodies are in most instances spherical and consist of a 

dense core of a self-assembling or aggregating protein, oil or rubber, and a membrane 

of ER origin (Matsushima et al., 2003; Herman, 2008). However, there is some evidence 

for nonconventional ER trafficking bypassing the Golgi to the lysosome in animal cells 

(Teckman and Perlmutter, 2000). It is proposed that ER bodies in plants can follow a 

similar path, bypassing the Golgi and directly fusing with LV, as  observed under stress 

conditions (Hayashi et al., 2001; Herman and Schmidt, 2004). 

1.4. Unconventional Sorting Routes and PSIs 

1.4.1 Cardosins and Cynara cardunculus (cardoon) 
Aspartic Proteinases (APs) are one of the four existent classes of proteinases, the other 

three being: serine, cysteine and metallo proteinases, and have been subject of 

extensive study for several years. Our laboratory has been studying APs functions and 

trafficking for some time, having achieved a vast knowledge regarding these proteins’ 

biogenesis and sorting mechanisms. It is known that different APs can accumulate in 

different cellular compartments and that the same protein can be secreted to the apoplast 

or sorted to the vacuole depending on the cell type and developmental stage (Ramalho-

Santos et al., 1998; da Costa et al., 2010; Oliveira et al., 2010) supporting the hypothesis 

that different APs have different sorting motifs and that these motifs provide a certain 

plasticity depending on the conditions the cell is subjected to. Interestingly, some APs 

have two different VSDs in their protein sequence: a CtVSD and a more unconventional 

sorting determinant, that do not fall in any of the characterized VSD categories described 

so far – the Plant Specific Insert (PSI).  Our laboratory has been using as model study 

Cynara cardunculus’ APs: cardosin A and cardosin B. These APs are present in the 

plant’s pistils and provide milk-clotting activity used for cheese production. They are very 



 
FCUP 

Dissect the PSIs’ interaction network involved in conventional and unconventional sorting routes 
15 

 

 
similar in sequence but very different regarding the compartment in which they 

accumulate (Ramalho-Santos et al., 1997; Vieira et al., 2001). Earlier studies showed 

that cardosin A accumulates in LVs or PSVs depending on the development stage and 

specific cell needs (Ramalho-Santos et al., 1997; Pissarra et al., 2007; Pereira et al., 

2008; Oliveira et al., 2010) while cardosin B was found extracellularly (Vieira et al., 2001). 

Furthermore, cardosin A was also found to accumulate in vacuoles (both LVs and PSVs) 

after heterologous expression in A. thaliana and Nicotiana tabacum (Duarte et al., 2008; 

Pereira et al., 2013). The above-mentioned properties made cardosins to be taken 

seriously as proper reporters for studying APs vacuolar trafficking in plant cells, and 

VSDs in general. Cardosin A and cardosin B are both synthesized as a pre-proenzyme 

and obtain their mature form through multiple cleavages along their path in the 

endomembrane system. The precursor form of the enzymes is composed of a 

presegment (PRE), a prosegment (PRO), heavy and light chains and a PSI. Throughout 

the maturation process, the enzyme loses the PRO sequence and the PSI, being 

composed solely by a heavy and a light chain (Ramalho-Santos et al., 1997) (Figure 6). 

 

 
 

 

 

 

 

 

 

 

 

Figure 6 - Cardosins schematic representation and processing.    

Black arrows represent cleaving sites. In total, there are three: One between the prosegment and the 31 kDa fragment, 

another between the 31 kDa fragment and the PSI and the last one between the PSI and the 15 kDa fragment. PSI seems 

to be removed in the order mentioned, with presence of an intermediate form. Abbreviations: PSI, Plant specific domain; 

PRO, prosegment. Retrieved from Ramalho-Santos et al, (1998). 

1.4.2. Plant specific insert (PSI) 
  During cardosin maturation process (Figure 6), a very important domain is 

cleaved out, the PSI. This domain is a 100 amino acid insertion, whose function has been 

deeply studied mainly because it is only present in some APs (Simões and Faro, 2004; 

Soares et al., 2019). The PSI, when isolated and in vitro, has a wide range of functions 
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such as lipid membrane interaction behaving similarly to a detergent, putative 

antimicrobial activity, induction of membrane permeabilization and membrane 

modulation (Egas et al., 2000; Terauchi et al., 2006; Muñoz et al., 2010, 2014; Curto et 

al., 2014; De Moura et al., 2014; Frey et al., 2018). All the above-mentioned functions 

led the PSI to be considered as “an enzyme inside an enzyme”. However, it is not clear 

if these roles, attributed to PSI in vitro, also occur in vivo, after the PSI being cleaved 

from the proteinase precursor. Most importantly, there are reports showing that PSI is, 

in fact, responsible for the APs vacuolar targeting process (Egas et al., 2000; 

Törmäkangas et al., 2001; Terauchi et al., 2006; Pereira et al., 2013). In 2013, a fellow 

researcher from our laboratory was able to show that the PSI domains present in 

cardosin A and cardosin B are able to redirect secreted proteins to the vacuole through 

different routes, by a process that is not yet fully understood. Interestingly, cardosin A 

possesses two different vacuolar signals: the C-terminal peptide, which is considered to 

be a true CtVSD and the PSI, an unconventional sorting determinant, because it does 

not fall into the categories already described (Pereira et al., 2013). Thus, a poly-sorting 

mechanism for cardosin A has been described, where each of the two vacuolar signals 

corresponds to a different sorting route to the vacuole: The PSI is able to mediate a 

Golgi-bypass route, while the C-terminal peptide drives the proteins through the classical 

ER-Golgi-PVC route to the vacuole (Pereira et al., 2013). These two sorting signals seem 

to give some plasticity to the plant cells as they can be activated depending on the 

developmental stage and the environmental conditions (Pereira et al., 2008, 2013). All 

these findings increased our interest in the PSI domains of both cardosin A (PSI A) and 

cardosin B (PSI B) and to understand the basis of such different sorting routes even 

though they share a very similar sequence. In 2019, a study from our laboratory by Vieira 

and co-workers (Vieira et al., 2019) provided new insights to this discussion and the new 

findings obtained supported this thesis proposal. PSI A’s case is very interesting since 

there is another VSD present in the cardosin A sequence, a Ct-VSD. As shown in 2013 

by Pereira and co-workers, this CtVSD is dominant in cardosin A sorting process, but 

when the CtVSD was removed from the sequence, PSI A would assume command of 

the sorting process, acting as a true VSD being sufficient and necessary for directing the 

APs to the vacuole. The same thing happens for cardosin B: when removing the CtVSD, 

the PSI B was also sufficient and necessary to direct the proteinase to the vacuole. 
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1.4.3 PSI mediated routes 

Recently, a new and unconventional sorting route to the vacuole has been 

described, where proteins are able to do a Golgi-bypass, being directly sorted to the LV 

(De Caroli et al., 2011; De Marchis et al., 2013; Pereira et al., 2013; Stigliano et al., 2013; 

Di Sansebastiano et al., 2018). These findings encouraged the idea that the above 

described VSDs might not represent all the VSDs that exist and the fact that some 

proteins also carry two types of VSDs questions even further the sorting efficiency of the 

known VSDs (Nishizawa et al., 2006). 

Although both cardosin A and B PSIs are able to direct the proteinase to the 

vacuole, they do it in very different ways: PSI B mediated sorting is dependent on COPII 

for ER to Golgi transport, while PSI A mediated sorting is COPII independent. These 

findings were further investigated and it was shown that when co-expressed with SarIH74L, 

a dominant negative mutant that blocks COPII mediated transport, PSI A-mediated 

sorting is still able to deliver the protein to the lytic vacuole while the PSI B-mediated 

sorting was blocked, resulting in protein accumulation in the ER (Vieira et al., 2019). 

These findings confirmed that the PSI A-mediated route does not involve the Golgi, 

instead it takes the proteins directly to the vacuole using yet unknown mechanisms. 

Trying to fill this gap, both sequences were analyzed and compared and the most 

probable reason for the difference was an N-linked glycosylation site, present in PSI B 

but not in PSI A (Figure 7) (Vieira et al., 2019). Further investigation by our team, showed 

that when a glycosylation site is inserted into the PSI A sequence, the protein became 

retained in the ER when co-expressed with SarIH74L. The contrary was also observed, 

this is, when the glycosylation site from PSI B was removed, the sorting route changed 

and it was possible to detect PSI B in the vacuole, showing that contrary to what was 

thought, glycosylation may actually play a role in protein sorting. Nevertheless, results 

regarding PSI B are not clear as there was still some PSI B retained in the ER, 

additionally to the PSI B present in the vacuole. This fact deserves further studies to be 

done regarding other possible post-translational modifications in the PSI B sequence. 

As the classic route to the vacuole, that involves the ER, the Golgi and the PVC 

has been widely studied, researchers are now turning their attention to vacuolar proteins 

that are able to do Golgi bypass such as the PSIs, Chitinase A and other membrane 

proteins (Stigliano et al., 2013; Occhialini et al., 2016; Pompa et al., 2017). However, the 

mechanisms behind this unconventional sorting routes are still very uncertain and 

imprecise.  
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Figure 7 - Cardosins’ domains and glycosylation sites (٤). 

This model shows the glycosylation sites of both cardosins’ sequences. There is a total of 2 glycosylation sites in Cardosin 

A while in Cardosin B there are three, due to the glycosylation in the PSI B. Abbreviations: PSI, Plant specific domain; 

PRO, prosegment. Retrieved from Vieira et al, (2019). 

 

1.5. Objectives 
This dissertation was carried out in the frame of the StressNet project (PTDC/BIA-

FBT/32013/2017), funded by the Portuguese Foundation for Science and Technology 

(FCT). StressNet focuses on membrane remodeling under stress and unconventional 

protein sorting routes. The aim of this dissertation is to dissect the last-mentioned topic. 

In fact, many studies have been conducted to understand the protein sorting 

mechanisms that occur in plant cells, leading to a solid knowledge of these processes. 

However, these studies have focused in the conventional protein sorting routes that 

follow the typical ER –Golgi – PVC – Vacuole path, leaving a knowledge gap regarding 

proteins that follow unconventional sorting routes, bypassing the Golgi and being directly 

sorted from the ER to the vacuole, such as cardosin’s PSI A (Pereira et al., 2013). Little 

is known regarding unconventional sorting mechanisms and in particular the 

determinants and the molecular machinery involved in the sorting. This dissertation is 

based in the hypothesis that proteins that follow an unconventional route, bypassing the 

Golgi, must be recognized at the ER level. Therefore, testing the PSIs interactions with 

ER resident proteins, VSDs, VSRs, specific SNAREs and other proteins involved in 

vacuolar trafficking, will bring further insights to the mechanisms behind the Golgi bypass 

and the unconventional sorting route. To do so, techniques such as Co-

immunoprecipitation (Co-IP) coupled to liquid chromatography coupled to mass 

spectrometry (LC-MS) were used to search for interactors, while in vivo 2in1 ratiometric 

bimolecular fluorescence (2in1 rBiFC) were used to validate such interactions. The data 

retrieved from the techniques will be used to decipher and characterize the PSIs protein 

interaction network, providing more information on the mechanisms and players behind 

this unconventional sorting mechanism. In the end, and by comparing both interaction 
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networks, we will be able to achieve further knowledge on the characterization of these 

two different routes. 
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2. MATERIALS AND METHODS 
2.1. Plant material and growth conditions 

Wild-type N. tabacum and A. thaliana plants were sown directly on fertilized 

substrate (Universal substrate, SYRO PLANT). Arabidopsis plants were kept for 48 h at 

4 °C in the dark to induce stratification. All plants were grown under long day conditions 

(16 h light) at 22 ºC with 50-60 % relative humidity and light intensity at 180 µmole m-2 s. 

2.2. Protein and genomic sequences 
Genomic and protein sequences were retrieved from the NCBI.  Cardosin A 

(AJ132884) and Cardosin B (AJ237674) from Cynara cardunculus. SYP23 

(AT4G17730.2), VSR2 (AT2G30290.2), RMR1 (AT5G66160.1), Exo70 (AT5G61010.2), 

VTI12 (AT1G26670.1)  and BP80.3 (AT1G30900.1) from A. thaliana. 

2.3. Constructs generation 

2.3.1. DNA amplification  
Plasmids [pET-21a (Supplementary figure 1) and pET-30a (Supplementary figure 

2)] and cDNAs (Table 1) were already available at the laboratory and maintained in 

Escherichia coli DH5α glycerol stocks. Gateway vectors (pDONR221-P1P4 

(Supplementary figure 3), pDONR221-P3P2 (Supplementary figure 4), pBiFCt-2in1-CC 

(Supplementary figure 5) and pBiFCt-2in1-CN (Supplementary figure 6) were kindly 

provided by Doctor Di Sansebastiano (Universitá del Salento, Italy).  

Table 1 - List of cDNAs used. 

cDNAs used Obtained from 

pVKH18En6::SP::PSICardB::mCherry Pereira et al., 2013 

pVKH18En6::SP::PSICardA::mCherry Pereira et al., 2013 

pDONR221::VSR2 TAIR 

pUNI51::Exo70 TAIR 

pUNI51::SYP23 TAIR 

pUNI51::VTI12  TAIR 

pUNI51::RMR1 TAIR 

pENTR/SD_DTOPO::BP80.3 TAIR 

Plasmids were extracted from E. coli using Illustra plasmidPrep Mini Spin Kit (GE 

Healthcare Life Sciences), following the manufacturer’s guidelines with the exception 

that the final elution volume was 30 µL.  

https://www.uniprot.org/uniprot/Q9XFX3
https://www.uniprot.org/uniprot/Q9XFX4
https://www.arabidopsis.org/servlets/TairObject?id=128663&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=35477&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=132298&type=locus
https://www.arabidopsis.org/servlets/TairObject?type=gene&name=AT5G61010.2
https://www.arabidopsis.org/servlets/TairObject?id=137126&type=locus
https://www.arabidopsis.org/servlets/TairObject?id=28086&type=locus
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In this study several amplicons were needed to obtain constructs for the two 

different techniques performed: Co-IPs (between PSIs and total protein extracts/putative 

interactors found in literature) and 2in1 rBiFC assays.  

a. For the Co-IP assays, the goal was to obtain pET21a::FLAG::PSI (A or 

B)::6xHis constructs through Gibson Assembly. To do so,  pET21-a and 

PSI sequences (PSI A and PSI B) were amplified using specific primer 

pairs (Supplementary table 1) that included a FLAG tag in the N-terminal 

portion of the insert and specific adapters for Gibson Assembly in both N- 

and C-terminal sequences.  

b. Regarding the putative interactors to be used in the Co-IPs, it was 

intended to obtain the following constructs through enzymatic restriction 

cloning: pET-30a::SYP23::6xHis, pET-30a::VSR2::6xHis, pET-

30a::BP80.3::6xHis. Therefore, the plasmid (pET-30a) and coding 

sequences (SYP23, VSR2 and BP80.3) were amplified using specific 

primer pairs (Supplementary table 1) containing adapters for the chosen 

restriction enzymes (Table 2). In all the constructs used for Co-IPs, the 

6xHis tag was already present in the plasmid and the only modification 

needed was to remove the stop codon in the end of each gene to enable 

the 6xHis expression. Additionally, the primers used to obtain constructs 

for the Co-IPs were designed in order to introduce a linker with neutral 

amino acids between the protein of interest and the FLAG-tag to avoid 

coverage and malfunction of the main protein. 

Table 2 - Enzymes used to digest DNA for cloning. 

DNA to be digested Enzymes used 

SYP23 EcoRI + NotI 

VSR2 SacI + NotI 

BP80.3 EcoRI + NotI 

pET30a EcoRI + NotI 

pET30a for VSR2 SacI + NotI 

 

c. Finally, for the 2in1 rBIFC assays, the cloning method chosen was 

Gateway cloning as the plasmids provided by Dr. Di Sansebastiano were 

designed for this technique. For this method, the coding sequences 

(SYP23, VSR2, RMR1, Exo70 and VTI12) and PSIs sequences (PSI A 

and PSI B) were amplified using specific primer pairs (Supplementary 
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table 2) that included gateway attB sequences in both N-terminal and C-

terminal regions to enable this cloning technique.  

All cDNAs were amplified using Phusion High-Fidelity PCR Master Mix with HF 

Buffer (Thermo Scientific™) with the PCR program and PCR reaction mix described in 

Table 3 and Table 4, respectively. All PCR products were checked by separating in a 1 

% (w/v) agarose gel in 0.25x TAE [40 mM Tris-HCl and 1 mM EDTA pH 8.3] with 

GreenSafe Premium (NZYTech). DNA Gel Loading Dye (6X) (Thermo ScientificTM) was 

added to each sample prior to loading in gel and GeneRuler DNA Ladder Mix (Thermo 

Scientific™)) was used as a molecular weight marker. Separation of amplified DNA 

fragments was done through electrophoresis in a horizontal electrophoresis system 

(Horizon 58, Life Technologies) at 100 V for 25-35 min. All PCR products were purified 

using GeneJET PCR Purification Kit (Thermo ScientificTM) in line with the manufacturer’s 

procedure and quantified using 1 µL of DNA in a DS-11 Spectophotometer/Fluorometer 

(DeNovix).  

 
Table 3 - Component mix for PCR reactions using Phusion High-Fidelity PCR Master Mix with HF Buffer (Thermo 

Scientific™). 

Components Concentration Volume 

H2O - 21.5 µL 

Phusion Master Mix 1x 25 µL 

Primer Forward 0.5 µM 1.25 µL 

Primer Reverse 0.5 µM 1.25 µL 

DNA 5 ng 1 µL 

Final Volume - 50 µL 

 
Table 4 - Program for PCR reactions using Phusion High-Fidelity PCR Master Mix with HF Buffer (Thermo Scientific™). 

Steps Temperature Time 

Initial denaturation 98 ºC 30 seconds 

 
35x 

Denaturation 98 ºC 10 seconds 

Annealing 55 ºC 30 seconds 

Extension 72 ºC 30 seconds/kb 

Final extension 72 ºC 10 minutes 

Hold 4 ºC ∞ 
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2.3.2. Cloning 

2.3.2.1. Gibson Assembly Cloning 
 For the PSIs, the amplified fragments were cloned into pET-21a through the 

Gibson Assembly technique, represented in Figure 8. The reaction was prepared 

according to what is described in Table 5, followed by an 1 hour incubation at 50 ºC 

(Gibson et al., 2009).  

Figure 8 - Schematic representation of the Gibson Assembly cloning method.  

DNA sequences represented in yellow and green facilitate recombination of amplicons, resulting in a complete plasmid 

through DNA ligase, DNA polymerase and exonuclease enzymes action. 

 

Table 5 - Gibson Assembly Reaction Mix. 

DNA Equimolar volume based on quantification 

5x IRB 4 μL 

Taq DNA ligase 2 μL 

Phusion HF DNA Polymerase 0.25 μL 

T5 Exonuclease 0.25 μL 

H2O Make up to a total volume of 20 μL 

 

2.3.2.2. Enzymatic restriction cloning 
pET30a::SYP23::6xHis, pET30a::BP80.3::6xHis, pET30a::VSR2::6xHis 

constructs were produced by digesting pET30a and the inserts with their respective 

enzymes Table 2. The digestion mix consisted of 10 µL of DNA, 2 µL 10x Anza Buffer 

(Invitrogen™), 0.5 µL of the corresponding enzymes and H2O up to 20 µL. VSR2 

enzymes used were different due to the existence of a EcoRI restriction site in the gene 

sequence. The digestion mix was further incubated at 37 ºC for 30 minutes and the 
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digested DNA was cleaned up using GeneJET PCR Purification Kit (Thermo 

ScientificTM). DNA fragments resulted from DNA clean up procedure were quantified in a 

DS-11 Spectophotometer/Fluorometer (DeNovix) and 50 ng of vector was used. The 

digested fragments were then combined using Anza™ T4 DNA Ligase Master Mix 

(Invitrogen™) according to the manufacturer’s instructions. In this reaction, 50 ng of 

plasmid and the amount of insert was calculated using the formula ng insert = ng plasmid 

x number of base pairs x 5 / number of base pairs of the plasmid. 

2.3.2.2. Gateway Cloning 
Invitrogen™ Multisite Gateway Recombination Technology was performed to 

obtain the constructs for 2in1 rBIFC assays which included the PSI A or PSI B and 

putative interactors (SYP23, VTI12, RMR1, Exo70). Both PSIs and putative interactors 

cDNAs (already amplified – section 2.3.1) were cloned into an entry vector through a BP 

recombination reaction [Gateway™ BP Clonase™ II Enzyme mix (Invitrogen™)] 

according to the manufacturer’s instructions. The entry vector for the PSIs was 

pDONR221-P2P3 while the donor vector used for the putative interactors was 

pDONR221-P1P4. The resulting constructs from the BP reactions were sent for 

sequencing and the sequencing data was analyzed using SnapGene 

(https://www.snapgene.com/). After confirmation,  the BP constructs were used to 

transfer the PSI and the putative interactors in the destiny vector pBiFCt-2in1-CC and 

pBiFCt-2in1-CN vector by an LR recombination reaction [Gateway™ LR Clonase™ II 

Enzyme mix (Invitrogen™)] according to the manufacturer’s instructions. Differences 

between pBiFCt-2in1 vectors are represented in Figure 9.   

Figure 9 - pBiFCt-2in1 series vectors.  

Abbreviations: RB, right border of T-DNA; 35S-Ω, cauliflower mosaic virus promoter 35S and omega enhancer; nYFP, N-

terminal half of EYFP (1–155 amino acids); RFP, red fluorescent protein; HA, hemagglutinin epitope tag; R3R2, 2in1 

cloning cassette consisting of attR3 site, lacZ expression cassette and attR2 site; cYFP, C-terminal half of EYFP (156–

239 amino acids); myc, myc epitope tag; R1R4, 2in1 cloning cassette consisting of attR1 site, chloramphenicol 

acetyltransferase resistance gene, gyrase inhibitor gene ccdB and attR4 site; LB, left border of T-DNA; pVS1 ORI, origin 

of replication for Agrobacterium tumefaciens; pBR322 ORI, origin of replication for Escherichia coli. Adapted from Grefen 

and Blatt, (2012). 

https://www.snapgene.com/
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It is noteworthy that putative interactors used in pBiFCt-2in1-CN were amplified with a 

stop codon in the end (SYP23(TGA), VTI12(TAA), Exo70(TGA), RMR1(TAG)), to stop expression 

in the plasmid. In contrast, inserts for pBiFCt-2in1-CC had their stop codon removed in 

order to express the C-terminal Portion of YFP (cYFP). All constructs were confirmed by 

DNA sequencing and the sequencing data was analyzed using SnapGene 

(https://www.snapgene.com/). A schematic of the technique is represented in Figure 10. 

All combinations between PSIs and putative interactors are represented in Table 6. 

 

 

 

 

 

 

 

 

Figure 10 - Model procedure to obtain a 2in1 rBiFC vector.  

Through Gateway cloning, inserts cloned into pDONR221-L1L4 and pDONR221-L3L2 recombine with attR1 and attR4 

and with attR3 and attR2 sequences of the pDEST vector By recombining, CmR, ccdB lethal gene and lacZ cassette are 

removed and the inserts placed in their region. Abbreviations: CmR, chloramphenicol acetyltransferase resistance gene, 

ccdB, gyrase inhibitor gene; pUC ORI, origin of replication for Agrobacterium tumefaciens and Escherichia coli; Adapted 

from Grefen and Blatt, (2012). 

 

Table 6 - Gateway cloning combinations performed for 2in1 rBiFC constructs. 

Genes pDONR constructs pDEST constructs 

PSI A pDONR221-P3P2::PSI A 
 

PSI B pDONR221-P3P2::PSI B 

SYP23 

pDONR221-P1P4::SYP23 
pBiFCt-2in1-CC (PSI A / SYP23) 

pBiFCt-2in1-CC (PSI B / SYP23) 

pDONR221-P1P4::SYP23(TGA) 
pBiFCt-2in1-CN (PSI A / SYP23(TGA)) 

pBiFCt-2in1-CN (PSI B / SYP23(TGA)) 

VTI12 

pDONR221-P1P4::VTI12 
pBiFCt-2in1-CC (PSI A / VTI12) 

pBiFCt-2in1-CC (PSI B / VTI12) 

pDONR221-P1P4::VTI12(TAA) 
pBiFCt-2in1-CN (PSI A / VTI12(TAA)) 

pBiFCt-2in1-CN (PSI B / VTI12(TAA)) 

Exo70 

pDONR221-P1P4::Exo70 
pBiFCt-2in1-CC (PSI A / Exo70) 

pBiFCt-2in1-CC (PSI B / Exo70) 

pDONR221-P1P4::Exo70(TGA) 
pBiFCt-2in1-CN (PSI A / Exo70(TGA)) 

pBiFCt-2in1-CN (PSI B / Exo70(TGA)) 

https://www.snapgene.com/
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RMR1 

pDONR221P1-P4::RMR1 
pBiFCt-2in1-CC (PSI A / RMR1) 

pBiFCt-2in1-CC (PSI B / RMR1) 

pDONR221P1-P4::RMR1(TAG) 
pBiFCt-2in1-CN (PSI A / RMR1(TAG)) 

pBiFCt-2in1-CN (PSI B / RMR1(TAG)) 
 

 

2.3.3. Preparation of competent cells 

2.3.3.1. Preparation of chemical competent cells 
To prepare chemical competent cells, isolated colonies from E. coli DH5α, E. coli TOP10, 

E. coli Rosetta and E. coli BL21 were inoculated into 25 mL of Luria Broth medium (LB) 

and allowed to grow overnight at 37 ºC with orbital shaking at 200 rpm. Each overnight 

culture was then added to 225 mL of LB (supplemented with 1M MgCl2 and 1M MgSO4) 

and grew for 2 hours at 37 ºC and 200 rpm, until reaching Optical Density600 (OD600) = 

0.7. After cells reached the desired OD600, the cultures were moved to ice for 10 minutes 

and centrifuged at 3000 x g for 5 minutes. Supernatant was removed and the bacterial 

pellet resuspended in RF1 [to prepare 80 mL: 1.209 g RbCl, 0.331 g CaCl2, 17.24 mL  

87 % (v/v) glycerol, adjust pH to 5.8 and autoclave; add 10 mL of 0,5 M MnCl2 and 10 

mL of 0.3 M KAc 0.3 M] and left in ice for 15 minutes. Then, the cells were settled by 

centrifuging 5 minutes at 3000 x g and the supernatant was removed. Cells were then 

resuspended in 16 mL RF2 [To prepare 10 mL: 0.012 g RbCl, 0.248 g CaCl2, 0.021 g 

MOPS and 1.72 mL 87 % (v/v) glycerol, adjust pH to 8.0 and autoclave], divided in 200 

µL aliquots and stored at -80 ºC. 

2.3.3.2. Preparation of electrocompetent cells 
A small aliquot of bacteria (E. coli DH5α or Agrobacterium tumefaciens GV3101) 

was inoculated into 5 mL and 100 mL of LB media, respectively. The E. coli culture was 

incubated overnight at 37 °C, shaking, and the A. tumefaciens was incubated with the 

appropriate antibiotics (gentamicin 30 μg/mL and rifampicin 20 μg/mL) for two days at 

28 °C, shaking. Then, 5 mL of the starter culture was inoculated in 250 mL of LB media. 

The cultures were incubated at 37 °C shaking until OD600 reached 0.5-0.7 (E. coli) or at 

28 °C shaking until OD600 reached 0.5-1.0 (A. tumefaciens) and immediately placed on 

ice. The cultures were split into 50 mL ice cold falcon tubes and the cells were harvested 

at 3,000 x g for 10 min at 4 °C. The supernatant was decanted, and each pellet was 

resuspended in ice cold sterile water. The centrifugation step was repeated as before 

twice more for a total of three washes. After the last centrifugation, the pellet was 
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resuspended in ice cold 10 % (v/v) sterilized glycerol (Sigma-Aldrich), the cells were 

aliquoted into ice cold sterile 1.5 mL centrifuge tubes that were snap freeze with liquid 

nitrogen, and stored at -80 °C. 

2.3.4. Bacteria transformation 

2.3.4.1. Bacteria chemical transformation 
The expression constructs pET-21a::FLAG::PSIA::6xHis and pET-

21a::FLAG::PSIB::6xHis were used to transform TOP10 Chemically Competent E. coli , 

E. coli BL21(DE3) and E. coli Rosetta(DE3). For TOP10, the whole volume of DNA 

obtained from Gibson Assembly (PSI A and PSI B constructs) or from ligation reaction 

(SYP23, VSR2 and BP80.3 constructs) was used to transform the competent cells while 

for E. coli BL21(DE3) and E. coli Rosetta(DE3) 4 µL of DNA used. In both cases, the 

DNA was added to 100 µL of chemical competent cells and incubated on ice. After 5 

minutes, cells were submitted to a thermal shock at 42 ºC for 1 minute and transferred 

to ice for 5 minutes. 1 mL of LB was added to the cells and the culture was incubated at 

37ºC at 200 rpm for 60 minutes. 100 µL of cells were plated in LB 1.5 % w/v agar with 

the corresponding antibiotics and supplements (Table 7) and left incubating at 37 ºC 

overnight.  

Table 7 - Bacteria used to replicate and express each construct and their respective antibiotic and concentration.  
Bacteria Construct Antibiotics 

E. coli TOP10 
E. coli Rosetta(DE3) 

E. coli BL21(DE3) 

pET-21a::FLAG::PSIA::6xHis 
Ampicillin 100 µg/mL 

pET-21a::FLAG::PSIB::6xHis 

E. coli TOP10 
E. coli BL21(DE3) 

pET-30a::SYP23::6xHis 

Kanamycin 50 µg/mL pET-30a::BP80::6xHis 

pET-30a::VSR2::6xHis 

 

2.3.4.2. Bacteria transformation by electroporation  
Two μL of BP or LR reaction was gently added to an E. coli DH5α or A. 

tumefaciens shot containing 50 μL of electrocompetent cells, previously thawed on ice 

for 10 min and then transferred to an electroporation cuvette. The cuvette was placed in 

the MicroPulser ™ electroporator (Bio-Rad) and an electrical shock was delivered to the 

cells. 1 mL of liquid LB medium was immediately added for cell recovery and followed 

by incubation at 37 ºC for 45 min (E. coli) or 4 h at 28 ºC (Agrobacterium). For both 

constructs, 100 μL of cells were plated in LB 1.5 % (w/v) agar, with the corresponding 
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antibiotics and supplements (Table 8-9) and left incubating at 37 ºC overnight for E. coli 

transformations and at 28 ºC for 48 h in Agrobacterium transformations. 

 
Table 8 - List of constructs transformed into E. coli TOP10 and antibiotics and supplementary components used for each. 

Bacteria Construct Antibiotics Supplements to 
medium 

E. coli TOP10 
 

pDONR221-P3P2::PSI A 

Kanamycin (50 µg/mL) None 

pDONR221-P3P2::PSI B 

pDONR221-P1P4::SYP23 

pDONR221-P1P4::SYP23(TGA) 

pDONR221-P1P4::VTI12 

pDONR221-P1P4::VTI12(TAA) 

pDONR221-P1P4::Exo70 

pDONR221-P1P4::Exo70(TGA) 

pDONR221P1-P4::RMR1 

pDONR221P1-P4::RMR1(TAG) 

pBiFCt-2in1-CC (PSI A / SYP23) 

Spectinomycin (100 µg/mL) 

IPTG (0.1 mM)  
X-Gal (40 

µg/mL) 

pBiFCt-2in1-CC (PSI B / SYP23) 

pBiFCt-2in1-CN (PSI A / SYP23(TGA)) 

pBiFCt-2in1-CN (PSI B / SYP23(TGA)) 

pBiFCt-2in1-CC (PSI A / VTI12) 

pBiFCt-2in1-CC (PSI B / VTI12) 

pBiFCt-2in1-CN (PSI A / VTI12(TAA)) 

pBiFCt-2in1-CN (PSI B / VTI12(TAA)) 

pBiFCt-2in1-CC (PSI A / Exo70) 

pBiFCt-2in1-CC (PSI B / Exo70) 

pBiFCt-2in1-CN (PSI A / Exo70(TGA)) 

pBiFCt-2in1-CN (PSI B / Exo70(TGA)) 

pBiFCt-2in1-CC (PSI A / RMR1) 

pBiFCt-2in1-CC (PSI B / RMR1) 

pBiFCt-2in1-CN (PSI A / RMR1(TAG)) 

pBiFCt-2in1-CN (PSI B / RMR1(TAG)) 
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Table 9 - List of constructs transformed into A. tumefaciens GV3101 and antibiotics and supplementary components used. 

Bacteria Construct Antibiotics Supplements to 
medium 

A. tumefaciens 
GV3101 

pBiFCt-2in1-CC (PSI A / SYP23) 

Spectinomycin (100 µg/mL) 

Gentamycin (50 µg/mL) None 

pBiFCt-2in1-CC (PSI B / SYP23) 

pBiFCt-2in1-CN (PSI A / SYP23(TGA)) 

pBiFCt-2in1-CN (PSI B / SYP23(TGA)) 

pBiFCt-2in1-CC (PSI A / VTI12) 

pBiFCt-2in1-CC (PSI B / VTI12) 

pBiFCt-2in1-CN (PSI A / VTI12(TAA)) 

pBiFCt-2in1-CN (PSI B / VTI12(TAA)) 

pBiFCt-2in1-CC (PSI A / Exo70) 

pBiFCt-2in1-CC (PSI B / Exo70) 

pBiFCt-2in1-CN (PSI A / Exo70(TGA)) 

pBiFCt-2in1-CN (PSI B / Exo70(TGA)) 

pBiFCt-2in1-CC (PSI A / RMR1) 

pBiFCt-2in1-CC (PSI B / RMR1) 

pBiFCt-2in1-CN (PSI A / RMR1(TAG)) 

pBiFCt-2in1-CN (PSI B / RMR1(TAG)) 

 

2.3.5. Bacteria Screening 

2.3.5.1. Screening for positive colonies 
The screening for positive colonies after bacterial transformation was performed 

through colony PCR by testing eight colonies of each transformation and using the 

protocol for NZYTaq II 2x Green Master Mix (NZYTech), according to Table 10. The 

primers used were the ones used for amplification of the inserts (Supplementary table 1-

2). The PCR reaction mix is similar to the manufacturer’s recommendations with the 

exception that instead of using DNA, a colony is partially used in the mix, by inoculation 

using a toothpick. 

Table 10 - Colony PCR conditions using NZYTaq II 2x Green Master Mix (NZYTech). 

Steps Temperature Time 

Initial denaturation 98 ºC 5 minutes 

 
35x 

Denaturation 98 ºC 10 seconds 

Annealing 55 ºC 30 seconds 

Extension 72 ºC 30 seconds/kb 
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Final extension 72 ºC 10 minutes 

Hold 4 ºC ∞ 

 

E.coli TOP10 positive colonies, after screening, were inoculated in 3 mL of LB 

with the appropriate antibiotics (Table 7-8) and incubated with agitation (200 rpm) at 37 

ºC overnight. Bacterial plasmid DNA was extracted from the liquid cultures using the 

PlasmidPrep Mini Spin Kit (GE Healthcare Life Sciences) as instructed by the 

manufacturer with a minor modification: the final volume used for elution was 30 μL. 

Plasmid DNA was quantified using DS-11 Spectophotometer/Fluorometer (DeNovix). All 

constructs were confirmed by DNA sequencing and the sequencing data were analyzed 

using SnapGene software (https://www.snapgene.com/). The bacterial colonies of 

interest were stored in 25 % (w/v) glycerol (Sigma-Aldrich) at -80 ºC.  

Regarding the 2in1 rBiFC cassay, after sequencing, A. bacterium cells were 

transformed (section 2.3.4.2.) with the desired pBiFCt-2in1-CN or pBiFCt-2in1-CC 
constructs and grown at 28 ºC overnight with antibiotics mentioned in Table 9. The 

screening for 2in1 rBiFC final constructs was easily done through visual confirmation: 

The pBiFCt-2in1-CC possesses two cloning sites, each with a insertion control: a lac Z 

region that is able to degrade X-Gal and the colonies turn blue if this region is not 

swapped by an insert; and a ccdB gene that kills untransformed bacteria in the other 

cloning site (Figure 10). 

2.4. Discontinuous denaturing Gel Electrophoresis  
The analysis of protein expression was made by vertical electrophoresis on a 

discontinuous polyacrylamide gel under denaturing conditions. The electrophoresis 

apparatus (BIO-RAD) was mounted and a 15 % acrylamide running gel prepared [1.7 

mL distilled deionized water, 1.9 mL of polyacrylamide (40 % acrylamide/bisacrilamide 

solution - BioRad), 1.35 mL 1.5 M Tris pH 8.8, 50 μL 10 % (w/v) SDS, 50μL 10 % (w/v) 

APS and 2 µL of TEMED (N, N, N', N'-Tetramethylethylenediamine - Sigma)]. The gel 

was added into the compartment between the glass and the plate, avoiding bubble 

formation. Isopropanol was added on top of the running gel to allow polymerization and 

the levelling of the gel surface. After polymerization the isopropanol was removed, the 

surface of the gel washed with distilled and deionized water and the 4 % acrylamide 

stacking gel prepared [2.472 mL distilled deionized water, 375 μL of polyacrylamide (40 

% acrylamide/Bis Solution - BioRad), 130 μL 0.5 M Tris pH 6.8, 10 μL 10 % (w/v) SDS, 

10 μL 10 % (w/v) APS and 3 μL mL of TEMED (N, N, N', N'-Tetramethylethylenediamine 

https://www.snapgene.com/
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- BioRad)]. The stacking gel was added over the running gel and the comb placed. 

Finally, the comb was removed, and the wells washed with water.  

Protein samples were prepared by adding 1x Sodium Dodecyl Sulphate–

Polyacrylamide Gel Electrophoresis (SDS-PAGE) sample buffer to the protein extracts 

[0.0625 M Tris-HCl pH 6.8, 7.5 % (v/v) glycerol, 2 % (w/v) SDS, 50 mM DTT, 0.01% (w/v) 

bromophenol blue] or 2x SDS-PAGE sample buffer [0.125 M Tris-HCl pH 6.8, 15 % (v/v) 

glycerol, 4 % (w/v) SDS, 100 mM DTT, 0.02 % (v/v) bromophenol blue]. The samples 

were incubated at 95°C for 5 minutes and centrifuged for 2 minutes at maximum speed 

immediately before application to gel.  

Electrophoresis was conducted at 100-150 V in running buffer for SDS-PAGE 

[165 mM Trizma base, 128 mM glycine and 1 % (w/v) SDS] until the blue color from the 

SDS-PAGE sample buffer ran out of the gel. 

2.5. Coomassie staining and western blotting 
Band visualization was mostly done using Coomassie staining technique by 

incubating the polyacrylamide gel with 25 mL BlueSafe (NZYTech) for 1 hour, following 

the manufacturer’s instructions. To confirm the specificity of the bands detected in the 

Coomassie staining western blots were performed using specific antibodies against the 

FLAG protein tag – DYKDDDDK Tag Monoclonal Antibody (Thermo ScientificTM).  

To perform the western blots, after the end of the electrophoresis, the gel was 

removed from the support and incubated in transfer buffer [25 mM Tris, 192 mM Glycine, 

20 % (v/v) methanol]. A nitrocellulose membrane (Protran nitrocellulose Hybridization 

Transfer Membrane, 0.2 mM - Schleicher and Schuell) and two portions of 3MM paper 

with the dimensions of the gel were prepared and also soaked in transfer buffer. The 

blotting was prepared in a transfer unit (Omnipage mini, Cleaver Scientific) according to 

the manufacturer’s instructions. Transfer buffer was added to the unit until it completely 

covered the membrane-gel cassette and 100 V were applied for 1 hour, with refrigeration 

to maintain the buffer cold. Constant stirring was also applied to keep buffer temperature 

even. After the transfer process, the buffer was discarded and the membrane incubated 

for 2 minutes in TBS-T [50 mM Tris, 200 mM NaCl, 0.1 % (v/v) Tween 20], to eliminate 

possible traces of methanol. The solution was replaced with blocking solution [5 % (w/v) 

skim milk, 1 % (w/v) BSA and 0.5 % (v/v) Tween-20 in TBS-T], and the membrane was 

incubated for 30 minutes in this solution at room temperature. The primary antibody 

DYKDDDDK Tag Monoclonal Antibody (Thermo ScientificTM) was diluted in blocking 

solution and incubation took place for 1 hour at room temperature or alternatively at 4 °C 
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overnight with constant shaking. Then, three washings were performed in TBS-T, the 

first for 10 minutes and the successive ones for 5 minutes. The incubation with the 

secondary antibody - Alkaline phosphatase mouse IgG (Sigma-Aldrich), diluted in TBS-

T – was performed for 1 hour at room temperature with constant shaking. After the 

incubation step, three washes were carried out, similarly to the ones already described. 

Finally, the membrane was washed in water and incubated in a solution of NBT-BCIP 

(Western blue stabilized substrate for alkaline phosphatase, Promega) until the 

development of blue bands. At this point, the membrane was washed with water, 

incubated in stop solution (20 mM EDTA) and dried between two sheets of 3 mm paper. 

2.6. Protein expression  

2.6.1. Protein expression testing 
To access if the positive colonies were able to express the recombinant proteins, 

an expression test was done as follows: ten E.coli BL21 and ten E. coli Rosetta positive 

colonies for each PSI A and PSI B construct were inoculated into 10 mL of LB medium 

and grown for 3 hours at 30 ºC. After the 3 hours, temperature was reduced to 23 ºC and 

the cultures were allowed to grow for another 2 hours. Before expression induction was 

performed, a 600 µL sample was taken from each culture, centrifuged at 14000 x g and 

the pellet was stored at -20ºC – non induced samples. Protein expression induction was 

done using 5 µM of IPTG to the bacterial culture and allowed to grow overnight at 23 ºC. 

The following day two 300 µL sample were taken from each culture, centrifuged at 14000 

x g and the pellet was stored at -20 ºC – induced samples. One of the induced samples 

was used for solubility testing by resuspending the pellet in 50 µL of lysis buffer [4 mM 

Tris-HCl pH 7.5, 250 mM NaCl, 10 mM EDTA, 1 mM DTT, 1 µl proteinase inhibitor 

cocktail, 1 mg/mL lysozyme, 0.1 % (v/v) Tween-20] and incubated at room temperature 

for 10 minutes. Following incubation, the sample was centrifuged at 14000 x g for 10 

minutes at 4 ºC. All the supernatant was carefully transferred to a new tube and 50 µL of 

2x SDS-PAGE sample buffer [0.125 M Tris-HCl pH 6.8, 15 % (v/v) glycerol, 4 % (w/v) 

SDS, 100 mM DTT, 0.02 % (w/v) bromophenol blue] were added – soluble fraction. The 

pellet was resuspended in 100 µL of 1x SDS-PAGE sample buffer [0.0625 M Tris-HCl 

pH 6.8, 7.5 % (v/v) glycerol, 2 % (w/v) SDS, 50 mM DTT, bromophenol blue 0.01 %] – 

insoluble fraction. All the four samples were boiled for 5 minutes and centrifuged for 

another 5 minutes at 14000 x g. Samples were then loaded and separated in a 15 % 

polyacrylamide gel as described in section 2.4. Expression tests were also performed for 

pET-30a::SYP23::6xHis, pET-30a::VSR2::6xHis and pET-30a::BP80.3::6xHis according 
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to the instructions already mentioned in this topic, but without testing E. coli Rosetta 

expression. 

2.6.2. Large scale expression and purification 
For large scale expression, a pre-inoculum was obtained by inoculating 10 E. coli 

BL21 colonies into 20 mL of LB medium with the respective antibiotic concentration 

(Table 7) and grown overnight at 37 ºC with agitation at 200 rpm. The following day, the 

pre-inoculum was used to inoculate 4 L of LB medium, supplemented with the 

corresponding antibiotics, and the culture was allowed to grow for 4 hours at 30 ºC at 

200 rpm Then, the temperature was lowered to 23 ºC and the culture was incubated for 

1 more hour at 200 rpm. 1 mL of the culture was centrifuged for 30 seconds at 14000 x 

g and the pellet was resuspended in 200 µL of 1x SDS-PAGE sample buffer [0.0625 M 

Tris-HCl pH 6.8, 7.5 % (v/v) glycerol,  2 % (w/v) SDS, 50 mM DTT, bromophenol blue 

0.01 %] – uninduced fraction. The expression of the recombinant protein was induced 

with 5 µM of IPTG and incubated overnight at 23 ºC at 200 rpm. After, 330 µL of culture 

were centrifuged at 14000 x g for 30 seconds and resuspended in 200 µL of 1x SDS-

PAGE sample buffer – induced fraction. The remaining culture was centrifuged at 4000 

x g at 4 ºC for 15 minutes, the pellets were resuspended in 40 mL of Lysis buffer [50 mM 

Tris-HCl pH 8, 200 mM NaCl, 10 mM Imidazole, 1 mM DTT, 0.1 % Tween-20] and 500 

µL of Protease Inhibitor Cocktail for General Use (SIGMA)  were added. Following, 1 

mg/mL lysozyme was added, and the lysate incubated for 15 minutes on ice. The mixture 

was sonicated on ice, twice for 30 seconds in three different sonicator outputs (10, 15 

and 20) with 1 minute interval (XL-2000 - QSONICA). After sonication, 5 µL of the lysate 

was added to 45 µL of 1x SDS-PAGE sample buffer – lysate fraction. The lysate was 

centrifuged 35000 x g for 45 minutes at 4 ºC. 5 µL of the cleared lysate was added to 45 

µL of SDS-PAGE sample buffer – soluble fraction. During centrifugation, 2 mL of 

HisPur™ Ni-NTA Superflow Agarose (Thermo Scientific™) were washed twice with 40 

mL of ice-cold lysis buffer. The washed beads were then incubated with 40 mL of cleared 

lysate, under gentle rotation at 4 ºC for 1 hour in a Tube Revolver/Rotator (Thermo 

Scientific™). The mixture was centrifuged at 700 x g for 3 minutes at 4 ºC and 5 µL of 

the supernatant was added to 45 µL of 1x SDS-PAGE sample buffer – flow-through 

fraction. The rest of the supernatant was carefully removed, and 1 mL of lysis buffer was 

added to the resin. 10 µL of the resin was added to 500 µL of lysis buffer, centrifuged at 

700 x g for 3 minutes, the buffer was removed, and 45 µL of 1x SDS-PAGE sample buffer 

were added – bound to resin fraction. The remaining resin was washed 4 times with 45 
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mL ice-cold wash buffer [25 mM Tris-HCl pH 8, 200 mM NaCl, 25 mM imidazole] by 

incubating each wash 5 minutes with rotation at 4 ºC. After the last wash 1 mL of ice-

cold wash buffer was added. 10 µL of the washed resin was added to 500 µL of lysis 

buffer, centrifuged at 700 x g for 3 minutes, the buffer was removed, and 45 µL of 1x 

SDS-PAGE sample buffer were added – washed resin fraction. 1 mL of elution buffer [50 

mM Tris-HCl pH 8, 150 mM NaCl, 250 mM imidazole] was finally added to the resin, 

followed by a 5 minute incubation and a 15 seconds centrifugation at 7440 x g at 4 ºC. 

This last step was repeated 5 times to acquire 5 different elution fractions with the 

respective supernatants. 5 µL of each elution fraction was added to 45 µL of 1x SDS-

PAGE sample buffer – elution fractions 1 to 5. 1 mL of elution buffer was then added to 

the resin and 5 µL of the eluted resin was added to 45 µL of 1x SDS-PAGE sample buffer 

– resin after elution fraction. Every fraction was then loaded and separated in a 15 % 

polyacrylamide gel at 150V. Purification of SYP23 and VSR2 was also performed as 

mentioned in this topic but instead of using 4 L cultures, only 2 L were used. 

2.7. Protein extraction under non-denaturing conditions 
To obtain total protein extracts from A. thaliana and N. tabacum to be used in Co-

immunoprecipitations (Co-IPs), 200 mg of plant tissue (2 weeks A. thaliana seedlings 

and 6 weeks N. tabacum leaves) was weighted as fast as possible to avoid protease 

degradation and immediately frozen in liquid nitrogen. Then, a small spoon of quartz 

sand and 200 µL of lysis buffer [20 mM Tris HCl pH 8, 150 mM NaCl, 1 % Nonidet P-40 

(NP-40)] complemented with 7.5 µL of Protease Inhibitor Cocktail for General Use 

(SIGMA) were added to the tube with the tissue sample. The plant tissue was then 

homogenized with a pestle and 200 µL of lysis buffer were added to make up a volume 

of 400 µL. The protein extraction mix was left incubating for 2 hours with slow rotation at 

4 ºC. Finally, the tubes were centrifuged for 20 minutes at 13400 x g at 4 ºC, the 

supernatant was transferred to new tubes and lysis buffer was added to make up a final 

volume of 1 mL. Total protein extracts were stored at -80 ºC. 

2.8. Co-immunoprecipitation 

2.8.1. Co-IP with total protein extracts 
Co-immunoprecipitation (Co-IP) assays were performed using PSI purified 

protein and total protein extracts from N. tabacum and A. thaliana. The main goal of this 

assay was to detect PSI interacting proteins through a wide search approach. Different 

amounts of purified PSI (4.05 μg and 8.1 μg for PSI A and 7.5 μg and 15 μg for PSI B) 
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combined with different salt concentrations in the lysis buffer (section 2.7. with different 

NaCl concentrations: 50 mM, 150 mM and 250 mM) were tested during the Co-IP 

assays, to optimize the procedure. To prepare the reactions, the volume of PSIs wanted 

(5/10 μL PSI A and 2.5/5 μL PSI B) was added to 100 μL of N. tabacum and A. thaliana 

protein extracts and to 100 µL of lysis buffer (with one of the three NaCl concentrations) 

and 0.5 μL of DYKDDDDK Tag Monoclonal Antibody mouse (Invitrogen) were also 

included. The mixture was incubated at 4 ºC for 2 hours. During that time, 50 μL of of 

PierceTM protein G agarose resin (Thermo Scientific™) were washed twice with 500 μL 

of Lysis buffer (same as used in section 2.7.), added to the protein mixture and left to 

incubate at 4 ºC for 1 hour. The reaction was washed thrice with 500 μL of wash buffer 

[25 mM Tris-HCl pH 8, 200 mM NaCl] by rotating 5 minutes at 4 ºC and centrifuging at 

700 x g for 3 minutes. In the last wash, all supernatant was removed and 25 μL of wash 

buffer was added in order to obtain a 50 % slurry. Ten μL of the beads mixture were 

centrifuged at 700 x g for 3 minutes, the supernatant was removed and the beads were 

resuspended in 20 μL of 1x SDS-PAGE sample buffer. Then, samples were loaded and 

separated in a 15 % polyacrylamide gel as described in section 2.4. Coomassie staining 

was performed as described in section 2.5. Co-IP assays were also performed doubling 

the PSI amount and conducted as described in this topic.  

Co-IP non-denatured assay samples performed with A. thaliana for PSI A and 

PSI B were then selected and sent for identification through LC-MS, carried out at the 

proteomics platform at I3S (Instituto de Investigação e Inovação em Saúde – Porto). N. 

tabacum Co-IP samples are yet to be sent for identification by the same method. 

2.8.2. Co-IP with putative interactors 
Co-IP assays were performed to confirm possible specific protein interactions 

between PSI purified proteins and putative interactors. For these assays, 400 pmol of 

PSIs were combined with 0.5 μL of DYKDDDDK Tag Monoclonal Antibody mouse 

(Invitrogen) and 100 μL of binding buffer [20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.05 % 

(v/v) Tween-20] and incubated for 1 hour at 4 ºC with gentle rotation. 20 μL of PierceTM 

protein G (Thermo Scientific™) agarose resin were washed twice with 500 μL of binding 

buffer for 5 minutes with slow rotation at 4 ºC. Then, the PSI and antibody complexes 

were transferred to the prewashed beads and 400 pmol of purified SYP23 was added to 

the mix. Furthermore, two controls were prepared: C1 – without the putative interactor, 

to assess the binding of PSI to the beads (400 pmol of PSI, 0.5 μL of antibody and 20 

μL of beads); C2 – without the antibody, to check the interactor binding to the beads (400 
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pmol of PSI, 20 μL of beads and 400 pmol of SYP23). Binding buffer was used in all 

reactions to make up 500 μL of total volume. The reactions were incubated at 4 ºC for 1 

hour with slow rotation. The mixtures were centrifuged at 700 x g for 3 minutes at 4 ºC 

and the resin bound with the protein complexes was washed twice with 500 μL of binding 

buffer for 5 minutes with slow rotation at 4 ºC. The washed resin was centrifuged at 700 

x g for 3 minutes at 4 ºC and the supernatant was removed. Beads were complexed with 

20 μL of 1x SDS-PAGE sample buffer and heated at 95 ºC for 5 minutes. Denaturated 

proteins were then separated in a 15 % polyacrylamide gel as described in section 2.4. 

Coomassie staining was performed according to section 2.5. 

2.9. 2in1 rBiFC assay 

2.9.1. Transient expression in N. tabacum 
2in1 rBiFC assays were performed to search in vivo for interaction between PSIs 

and putative interactors. After obtaining the constructs, six-week-old N. tabacum fully 

expanded leaves were infiltrated with A. tumefaciens GV3101 containing each final 

construct. 5 mL of LB were inoculated with the desired A. tumefaciens carrying the 

construct of interest and let to grow overnight at 28 ºC at 200 rpm. The following day, 1 

mL of the culture was centrifuged at 1000 x g for 15 minutes and the pellet was 

resuspended in infiltration medium [10 mM MgCl2 (Sigma-Aldrich), 10 mM MES (Sigma-

Aldrich) and 100 µM acetosyringone (Sigma-Aldrich)]. The cells were centrifuged and 

washed in a total of three times to remove residual antibiotic. OD600 was measured in a 

1 to 10 dilution of cells and the OD calculated by multiplying by 10. The culture 

absorbance used in the infiltration was 0.2 and the volume need was calculated using 

the following formula: initial volume = (final concentration x final volume) / initial 

concentration. To the calculated volume of cell suspension, infiltration buffer was added 

to make up a final volume of 1 mL. The agrobacterium suspension was transferred to a 

1 mL syringe and infiltrated by pressing it against the lower epidermis of the leaf and 

pressing down gently on the plunger while directly supporting the upper side of the leaf 

with a finger.  

2.9.2. 2in1 rBIFC 
Transiently transformed plants were examined a using a confocal laser scanning 

microscope LSM 710 Zeiss (ZEN Software, GmbH, Germany) equipped with 40X and 

40X immersion oil objectives. Green fluorescent protein (GFP) was detected within the 

short 505-530 nm wavelength range, assigning the green color, red fluorescent protein 
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(RFP) within 560-615 nm assigning the red color. Excitation wavelengths of 488 and 543 

nm were used. The laser power was set to a minimum and appropriate controls 

supported by ZEN software, were made to ensure there was no bleed-through from one 

channel to the other.  
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3. RESULTS 
3.1. In vitro search for putative interactors 

3.1.1. PSI expression in bacteria 

3.1.1.1. Cloning 
In the context of this study, a DYKDDDDK tag (also known as FLAG tag) was 

added followed by a linker sequence, to both cardosins’ PSIs using special designed 

primers for the effect. 6xHis tag already present in the plasmid – pET21a - was kept in 

the reading frame, since it is very useful for protein purification. Both PSIs and pET21-a 

were amplified using the specific primers. After Gibson assembly colonies from the 

bacterial transformation were screened by colony PCR and finally by DNA sequencing 

(Figure 11-12). One clone was selected and used to transform both BL21 and Rosetta 

cells. 

Figure 11 - Alignment of the sequencing results of pET-21a::FLAG::PSI A::6xHis (B) constructs. 

The sequencing results with T7 sequencing (Supplementary table 1) were aligned with the respective expected pET-

21a::FLAG::PSI A::6xHis sequence. The alignment was performed using SnapGene software 

(https://www.snapgene.com/). Red portions of the arrows mean sequence match and alignment while white portions mean 

no alignment was possible to be done. Abbreviations: RBS, ribosome binding site; FLAG, FLAG tag; 6xHis, histidine tag. 
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Figure 12 - Alignment of the sequencing results of pET-21a::FLAG::PSI B::6xHis. 

The sequencing results with T7 sequencing primer and with PSI B rv primers (Supplementary table 1) were aligned with 

the respective expected pET-21a::FLAG::PSI B::6xHis sequence. The alignment was performed using SnapGene 

software (https://www.snapgene.com/). Red portions of the arrows mean sequence match and alignment while white 

portions mean no alignment was possible to be done. Abbreviations: RBS, ribosome binding site; FLAG, FLAG tag; 6xHis, 

histidine tag. 

 

3.1.1.2. Expression test 
An expression and solubility test was performed for PSI A, following the guidelines 

presented in section 2.6.1., to access which E. coli strain was better suited for PSI 

production. Two different expression temperatures (23 ºC and 30 ºC) were also tested 

in both strains to understand if the temperature used could be a decisive factor. The non 

induced (NI) fraction was compared to the induced (I) fraction (with IPTG added) in a 15 

% (v/v) polyacrylamide gel to search for bands that appear after induction (Figure 13A).  

 
Figure 13 - pET-21a::FLAG::PSI A::6xHis expression in E. coli BL21 and E. coli Rosetta and solubility test in E. coli BL21.  

Coomassie staining (A) and Western Blot (B) of PSI A expression test in E. coli BL21 at 30 °C and at 23 °C and in E. coli 

Rosetta at 30°C comparing non induced with induced fractions side by side. Red circles represent the PSI A bands at 

~15kDa (C) Western Blot of PSI A solubility test in E. coli BL21 after expression at 23 °C. Abbreviations: M, CLEARLY 

Stained Protein Ladder (Takara); NI, non induced fraction; I, induced fraction; SF, soluble fraction; IF; insoluble fraction. 

15 kDa 
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To obtain more specificity, a western blot using anti-FLAG antibody was performed 

(Figure 13B).  PSI A is being correctly expressed, with an expected size of 15 kDa and 

it is also possible to see PSI dimers, trimers and other configurations (Figure 13A and 

B). Furthermore, PSI A is present in the soluble fraction (SF) as shown in Figure 13C, 

that represents a western blot using the same anti-FLAG antibody as in Figure 13B. In 

this solubility study it is also possible to see dimers, trimers and other configurations. 

Also, a higher PSI A band intensity obtained by using E. coli BL21 is clear when 

comparing to E. coli Rosetta, providing prove that E. coli BL21 would be better to produce 

PSIs. Additionally, the 23 ºC temperature provided higher expression yield when 

compared to the expression at 30 ºC (Figure 13B, red circles). Therefore, E. coli BL21 

was used to produce recombinant proteins for the rest of the study.  

The PSI B expression and solubility test is represented in Figure 14. Similarly to 

PSI A, PSI B was also correctly expressed at the expected size of 15 kDa as shown by 

the Coomassie staining and the western blot performed with anti-FLAG (Figure 14A-B 

respectively, red circles). The solubility test present in both techniques also shows the 

presence of high amounts of PSI B in the soluble fraction (Figure 14, lane SF) while lower 

amounts were detected in the insoluble fraction (Figure 14, lane IF).  Furthermore, 

presence of dimers, trimers and other configurations was also detected in both 

techniques. Comparing both expression tests, it was easy to assume that PSI A 

expression efficiency was lower when compared to PSI B under the same conditions.  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14 - pET-21a::FLAG::PSI B::6xHis expression and solubility test in E. coli BL21. 

Coomassie staining (A) and Western Blot (B) of PSI B expression and solubility test in E. coli BL21 at 23 °C comparing 

non induced with induced fractions and soluble fraction with insoluble fraction side by side. Abbreviations: M, CLEARLY 

Stained Protein Ladder (Takara); NI, non induced fraction; I, induced fraction; SF, soluble fraction; IF; insoluble fraction. 
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3.1.1.3. Large scale expression and purification 

To express and purify PSIs, 4 L cultures were performed for each PSI. Both tags 

mentioned above allowed for protein purification, but only the 6xHis tag was used for 

purification of PSIs from the bacterial lysate as described in section 2.6.2. Purification 

results are present in Figure 15 for PSI A and Figure 16 for PSI B. In the case of PSI A, 

by comparing the non induced (Figure 15, NI lane) fraction with the induced fraction 

(Figure 15, I lane), a band appeared around 15 kDa size. In the bacterial lysate (Figure 

15, L lane), it was possible to see the same band, which was lost during the obtention of 

the soluble fraction of the culture, as it did not appear in the soluble fraction lane (Figure 

15, S lane). For the flow through fraction (Figure 15, FT lane), PSI A band was present 

as well. Nevertheless, looking into washed resin fraction (Figure 15, WR lane) and to the 

bound to resin fraction (Figure 15, BR lane), it was possible to confirm that PSI A was 

binding to the resin, as the band reappears. The five elutions (Figure 15, E1-E5 lanes) 

that were performed contained PSI A, while elution 1 (Figure 15, E1 lane ) and elution 2 

(Figure 15, E2 lane) were the ones presenting higher band intensity. Finally, analyzing 

the resin after elution fraction lane, it was possible to see that there is still some PSI A 

bound to the resin but in a much lower amount than in bound to resin fraction. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 15 - PSI A purification from bacteria.  

Coomassie stained gel showing the different fraction collected during PSI A purification from bacteria. Abbreviations: M, 

WesternSure Pre-Stained Chemi Protein Ladder (LI-COR); NI, non-induced fraction; I, induced fraction; L, lysate fraction; 

S, soluble fraction; FT, flow through fraction; WR, washed resin fraction; BR, bound to resin fraction; E1, elution 1 fraction; 

E2, elution 2 fraction; E3, elution 3 fraction; E4, elution 4 fraction; E5, elution 5 fraction; RE, resin after elution fraction. 

15 kDa 

70 kDa 



 
FCUP 

Dissect the PSIs’ interaction network involved in conventional and unconventional sorting routes 
42 

 

 
 

 

 

 

 

 

 

 

Figure 16 - PSI B purification from bacteria.  

Coomassie stained gel showing the different fraction collected during PSI B purification from bacteria. Abbreviations: M, 

WesternSure Pre-Stained Chemi Protein Ladder (LI-COR); NI, non-induced fraction; I, induced fraction; L, lysate fraction; 

S, soluble fraction; FT, flow through fraction; WR, washed resin fraction; BR, bound to resin fraction; E1, elution 1 fraction; 

E2, elution 2 fraction; E3, elution 3 fraction; E4, elution 4 fraction; E5, elution 5 fraction; RE, resin after elution fraction. 

For PSI B, every lane was similar to PSI A purification analysis mentioned above, 

with few exceptions: PSI B is strongly expressed when comparing to PSI A. Elution 1 

lane (Figure 16, E1 lane) is the only elution that provided a PSI B band with the same 

size as seen in the induced fraction lane; In resin after elution lane (Figure 16, RE lane), 

the same PSI B band is present in high amount. For both PSIs, elution 1 was quantified, 

since there was higher band intensity, and the concentrations are represented in Table 

11. Concentration was measured in a DS-11 Spectophotometer/Fluorometer (DeNovix) 

using the Extinction coefficient and molecular weight values, calculated in ExPASy 

ProtParam webtool. PSI A concentration was 0.81 mg/ml and PSI B concentration was 

3 mg/ml. 

 
Table 11 – Parameters and concentration of elution 1 resultant from PSI A and PSI B purification. 

Elution 1 Instability 
Index 

Extinction 
Coefficient 

Molecular 
Weight Concentration 

PSI A 44.01 
(unstable) 10345 15093.91 Da 0.81 mg/mL 

PSI B 36.04    
(stable) 3355 15012.75 Da 3 mg/mL 
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3.1.2. Co-immunoprecipitations  

3.1.2.1. Co-IP with total protein extracts 
In order to identify physiologically relevant protein–protein interactions, Co-

immunoprecipitations (Co-IPs) were performed to search for PSI interactors in total 

protein extracts obtained from N. tabacum and A. thaliana. Two different parameters 

were tested: the PSI amount and the lysis buffer salt concentrations. For the Co-IP 

assays, purified PSIs were incubated with a total protein extract from N. tabacum and A. 

thaliana. When performing Co-IP assay, if there is an interaction, a different band in size 

will appear when comparing to controls.  Regarding PSI A Co-IP, no new bands are 

visible in the gel, however, some blurry can be observed along the lanes, possibly 

indicating that, indeed, the PSI A is binding to something (Figure 17, lanes AAt1-AAt3 

and ANt1-ANt3). The lack of detection of sharp bands could be related with the fact that 

this technique does not offer enough sensitivity to detect low protein amounts, as is the 

expected case here. Furthermore, Atb and Ntb samples, corresponding to controls that 

contained only resin showed no bands, and no blurry along the lanes (Figure 17, lanes 

Atb and Ntb) and therefore there is no unspecific interactions between the resin and the 

protein extracts. Finally, in the PSI B case, the bands detected correspond to the ones 

already seen in the PSI B expression test and purification without detection of any band 

from the A. thaliana and N. tabacum total protein samples (inputs). Furthermore, many 

lanes show blurry and, in similarity to the PSI A case, this can mean that PSI B is also 

binding to something but the Coomassie staining might not be enough to detect the 

possible low amount of protein complexes formed (Figure 18, lanes BAt1-BAt3 and BNt1-

BNt3). Also, none of the different salt concentrations seemed to affect the binding 

capacity of the PSIs. 

 
 

 

 

 

 

 

 

 

 

Figure 17 - Co-IP PSI A with A. thaliana and N. tabacum protein extracts using three different salt concentrations.  

Coomassie stained gel showing PSI A Co-IP with A. thaliana and N. tabacum total protein. Abbreviations: M, WesternSure 

Pre-Stained Chemi Protein Ladder (LI-COR); PSIAb, PSI A protein incubated with beads (works as control); AAt1, PSI A 

incubated with A. thaliana protein extract using 50 mM NaCl in the buffer; AAt2, PSI A incubated with A. thaliana protein 
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extract using 150 mM NaCl in the buffer; AAt3, PSI A incubated with A. thaliana using 250 mM NaCl in the buffer. ANt1, 

PSI A incubated with N. tabacum protein extract using 50 mM NaCl in the buffer; ANt2, PSI A incubated with N. tabacum 

protein extract using 150 mM NaCl in the buffer; ANt3, PSI A incubated with N. tabacum protein extract using 250 mM 

NaCl in the buffer; Atb, A. thaliana protein extract incubated with beads (control); Ntb, N. tabacum protein extract incubated 

with beads (control). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18 - Co-IP PSI B with A. thaliana and N. tabacum protein extracts using three different salt concentrations.  

Coomassie stained gel showing PSI B Co-IP with A. thaliana and N. tabacum total protein. Abbreviations: M, WesternSure 

Pre-Stained Chemi Protein Ladder (LI-COR); PSIBb, PSI B protein incubated with beads (works as control); BAt1, PSI B 

incubated with A. thaliana protein extract using 50 mM NaCl in the buffer; BAt2, PSI B incubated with A. thaliana protein 

extract using 150 mM NaCl in the buffer; BAt3, PSI B incubated with A. thaliana using 250 mM NaCl in the buffer. BNt1, 

PSI B incubated with N. tabacum protein extract using 50 mM NaCl in the buffer; BNt2, PSI B incubated with N. tabacum 

protein extract using 150 mM NaCl in the buffer; BNt3, PSI B incubated with N. tabacum protein extract using 250 mM 

NaCl in the buffer. 

 

As so, complexed proteins attached to beads resultant from the Co-IPs using PSI (A or 

B) and A. thaliana total protein extracts  were sent for proteomic analysis (LC-MS) in I3S, 

as it is a more sensitive approach, and results are present in Figures 19-20. In Figure 

19A is represented a Venn diagram with the number of proteins detected in each 

situation: Control (A. thaliana total protein extract incubated with resin only), PSI A - A. 

thaliana total protein extract Co-IP and PSI B - A. thaliana total protein extract Co-IP. A 

total of 1459 proteins were detected in the PSI A Co-IP with 55 of them being exclusive 

to this sample. In PSI B Co-IP sample, a total of 952 proteins were detected with 6 of 

them being exclusive to this Co-IP. Furthermore, 14 exclusive proteins were detected in 

both PSI A and PSI B Co-IPs. Using Uniprot database (Consortium, 2019), a deeper 

analysis of the results was performed A preliminary statistical analysis was performed 

using volcano plots for both Co-IP results (Figure 19B and C) using a P-value of 0.05 

and a Log2 Fold Change = 2. Some of the exclusive PSI A and PSI B interacting proteins 

were chosen by applying these two filters. This means that the proteins with significant 

value present in Supplementary table 3 and 4 had a 95 % chance of being true interactors 
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and that the amount of that same detected protein was at least two times higher than in 

the control sample. From Supplementary table 3 and 4, 8 proteins (6 for PSI A and 2 for 

PSI B) were chosen for discussion regarding their interaction with PSIs (Table 12). 

Figure 19 – Graphical representation and statistical analysis of proteins detected through LC-MS. 
(A) Veen diagram representing detected proteins in control (Yellow), PSI A (Orange) and PSI B samples (Blue). (B) 

Volcano plot comparing control and PSI A – A. thaliana Co-IP. Proteins marked in red are significantly found in higher 

amounts in the Co-IP while proteins marked in green are significantly found in higher amounts in the control. (C) Volcano 

plot comparing control and PSI B – A. thaliana Co-IP. Proteins marked in red are significantly found in higher amounts in 

the Co-IP while proteins marked in green are significantly found in higher amounts in the control. All data was analyzed 

using: Proteome Discoverer v2.4 (Thermo Scientific™). 

Table 12 – Proteins chosen for literature investigation and discussion. 

PSI interaction Protein detected TAIR accession number 

PSI A Reticulon-like protein B1 AT4G23630 

PSI A Probable glycosyltransferase 
STELLO2 AT3G57420 

PSI A Vacuolar-sorting receptor 1  AT3G52850 

PSI A GPI-anchored adhesin-like protein  AT5G23890 

PSI A 14-3-3-like protein GF14 kappa  AT5G65430 

PSI A Transport protein SEC23  AT1G05520 

PSI B Reticulon-like protein B1 AT4G23630 

PSI B Vacuole protein AT4G33625 
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Nevertheless, the detected proteins were also analyzed as a whole. PSI A interacting 

proteins detected are known for being mostly related to metabolic processes and 

response to stimulus but also transport and cell organization and biogenesis (Figure 

20A). These proteins are also known to be located mostly in the cell membrane and 

cytoplasm (Figure 20C).   

Figure 20 – Function and subcellular localization of proteins detected in PSI A and A. thaliana Co-IP.  

(A) Biological processes of proteins detected in PSI A and A. thaliana Co-IP. (B) Biological processes of proteins detected 

in PSI B and A. thaliana Co-IP. (C) Subcellular localization of proteins detected in PSI A and A. thaliana Co-IP. (D) 

Subcellular localization of proteins detected in PSI B and A. thaliana Co-IP. Data analyzed using: Proteome Discoverer 

v2.4 (Thermo Scientific™). 

Regarding PSI B,  detected proteins are involved in metabolic processes, 

response to stimulus, regulation of biologic processes and cell organization and 

biogenesis (Figure 20B). Subcellular localization-wise these proteins are present in the 

cell membrane, nucleus, cytoplasm and in extracellular spaces (Figure 20D).  
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3.1.2.2. Co-IP with putative interactors 

3.1.2.2.1. Cloning 
Co-IPs can also be used to find specific protein interactors. As so, in the part of this 

projects, instead of using a more general approach about the putative interactors, a 

specific interaction is studied. In the context of this study, pET30-a::SYP23::6xHis, 

pET30-a::VSR2::6xHis and pET30-a::BP80.3::6xHis constructs were confirmed by 

colony PCR and DNA sequencing (Figure 21-23) and transformed into E. coli BL21.  

 

 

 

 

 

 

 

Figure 21 –Alignment of the sequencing results of pET-30a::SYP23::6xHis construct. 

The sequencing results with the T7 promoter primer (Supplementary table 1) were aligned with the respective expected 

pET-30a::SYP23::6xHis sequence. The alignment was performed using SnapGene software 

(https://www.snapgene.com/). Red portions of the arrows mean sequence match and alignment while white portions mean 

no alignment was possible to be done. Abbreviations: 6xHis, histidine tag. 

 

Figure 22 –Alignment of the sequencing results of pET-30a::VSR2::6xHis construct. 

The sequencing results with the primer VSR2fw (Supplementary table 1) were aligned with the respective expected pET-

30a::VSR2::6xHis sequence. The alignment was performed using SnapGene software (https://www.snapgene.com/). Red 

portions of the arrows mean sequence match and alignment while white portions mean no alignment was possible to be 

done. Abbreviations: 6xHis, histidine tag. 
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Figure 23 – Alignment of the sequencing results of pET-30a:: BP80.3::6xHis (C) constructs. 

The sequencing results with the BP80.3 primer(Supplementary table 1) were aligned with the respective expected pET- 

pET-30a::BP80.3::6xHis sequences. The alignment was performed using SnapGene software 

(https://www.snapgene.com/). Red portions of the arrows mean sequence match and alignment while white portions mean 

no alignment was possible to be done. Abbreviations: 6xHis, histidine tag. 

 

3.1.2.2.2. Expression test 
After sequencing confirmation, an expression test was performed for each, 

according to section 2.6.1. and results showed that SYP23 was expressing well (Figure 

24, red circles), since there is a higher intensity band when comparing the SYP23 non 

induced fraction (SYP23 NI) with the SYP23 induced fraction (SYP23 I) (Figure 24).  

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 24 - SYP23 expression test. 

Coomassie stained gel comparing the band pattern between non induced and induced SYP23::6xHis transformed 

bacteria. Red circles mark the SYP23 correspondent bands at 30 kDa. Black arrow marks 30 kDa Abbreviations: SYP23 

NI, SYP23 non induced fraction; SYP23 I, SYP23 induced fraction; M - CLEARLY Stained Protein Ladder (Takara) 
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In contrast, VSR2 (70 kDa) and BP80.3 (70 kDa) induction  was not clear as there is no 

detectable higher density band in the expected protein size, when comparing the non 

induced fraction (BP80.3 NI and VSR2 NI) with the induced fraction (BP80.3 I and VSR2 

I) (Figure 25). 
 

 

Figure 25 - BP80.3 and VSR2 expression test.  

Coomassie stained gel comparing the band pattern between non induced and induced BP80.3::6xHis and VSR2::6xHis 

transformed bacteria. 70 kDa written in red marks the expected size for both proteins. Abbreviations: BP80.3 NI, BP80.3 

non induced fraction; BP80.3 I, BP80.3 induced fraction; M, CLEARLY Stained Protein Ladder (Takara); VSR2 NI, VSR2 

non induced fraction; VSR2 I, VSR2 induced fraction. 

 

3.1.2.2.3. Large scale expression, purification and Co-IP 
Nevertheless, the studied proceeded to purify SYP23:6xHis and VSR2::6xHis 

according to 2.5.2. and while SYP23 was being clearly expressed, unclear expression 

was again detected for VSR2. It is possible to appreciate, in Figure 26, proper SYP23 

expression and purification in both the induced fraction lane (I) and in the elution 1 

fraction lane (E1) where SYP23 appears in the correct and expected size of 30 kDa, 

70 kDa 
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similarly to what was observed in the expression test (Figure 24). This band was detected 

in the induced fraction lane (I), in elution 1 and in lysate fraction with high intensity when 

compared to others. Elution 2 also have residual amounts of SYP23. Elution 1 was 

quantified and results are present in Table 13.  

 

 

 

 

 

 

 

 

 

 
 

 
Figure 26 - SYP23 purification. SYP23 purification. 

Coomassie stained gel showing the different fraction collected during SYP23 purification from bacteria. Red circle marks 

the bad corresponding to SYP23 at ~30kDa. Abbreviations: M, WesternSure Pre-Stained Chemi Protein Ladder (LI-COR); 

NI, non induced fraction; I, induced fraction; L, lysate fraction; S, soluble fraction; FT, flow through fraction; WR, washed 

resin fraction; BR, bound to resin fraction; E1, elution 1 fraction; E2, elution 2 fraction; E3, elution 3 fraction; E4, elution 4 

fraction; E5, elution 5 fraction; RE, resin after elution fraction. 

Table 13 - SYP23 protein characteristics and quantification 

Instability 
Index 

Extinction 
Coefficient 

Molecular 
Weight Elution 1 Concentration 

40.04 
(Unstable) 

5960 28604.1 Da SYP23 0.1 mg/mL 
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VSR2 purification analysis (Figure 27) did not provide any band with higher 

intensity near the expected size of 70 kDa for this protein. 

 

 

 

 

 

 

 

 

 

 

 
Figure 27 - VSR 2 purification. 

Coomassie stained gel showing the different fraction collected during VSR2 purification from bacteria. Abbreviations: M, 

WesternSure Pre-Stained Chemi Protein Ladder (LI-COR); NI, non induced fraction; I, induced fraction; L, lysate fraction; 

S, soluble fraction; FT, flow through fraction; WR, washed resin fraction; BR, bound to resin fraction; E1, elution 1 fraction; 

E2, elution 2 fraction; E3, elution 3 fraction; E4, elution 4 fraction; E5, elution 5 fraction; RE, resin after elution fraction. 

Co-IP reactions were then performed, according to section 2.8. using 200 and 

400 pmol of SYP23 incubated with 200 and 400 pmol of PSI (A or B). Results showed 

that the PSI A and PSI B typical pattern is present in the input lanes (Figure 28A and B, 

lanes InPSIA and InPSIB). Furthermore, the SYP23 input lane (Figure 28A, lane 

InSYP23) also showed SYP23 band in the correct and expected size of 30 kDa. In the 

Co-IP lane (P) it was possible to detect the bands corresponding to PSI A and also to 

SYP23 proteins, as shown in Figure 28A. While in Figure 28B, the Co-IP lane (P) only 

presents PSI B bands. 

In these Co-IPs, FLAG tag was used to isolate PSIs attached to other proteins, 

since using 6xHis tag would isolate both PSIs and putative interactors. Co-IPs were also 

performed for VSR2, with the same conditions used for SYP23 but results were 

inconclusive. BP80.3 purification and Co-IPs are yet to be performed. 
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Figure 28 - PSI Co-IPs with SYP23. 

(A) PSI A Co-IP with SYP23 to test for interaction. (B) PSI B Co-IP assay with SYP23 to test for interaction. Abbreviations: 

M, WesternSure Pre-Stained Chemi Protein Ladder (LI-COR); InPSIA, input PSI A; InPSIB, input PSI B; P, Co-IP reaction; 

C1, Control 1 containing beads, SYP23 and antibody; InSYP23, input SYP23.  

3.2. In vivo confirmation of putative interactors 

3.2.1. Cloning 
In vitro results by themselves are not enough to sustain an interaction theory 

between two proteins and therefore, in the context of this study, multiple 2in1 rBiFC 

assays using protein interactors found in research papers were performed. Each of the 

chosen protein’s DNA sequence was cloned into 2in1 rBiFC vectors alongside with one 

of the PSIs at a time. 

To begin this part of the study, cDNAs were amplified using primers with Gateway 

recombinant technology adapters. All the plasmids used for Gateway cloning were kindly 

provided by Doctor Gian Pietro Di Sansebastiano. By performing BP reactions, PSIs 

were inserted in the pDONR221-P3P2 vector while the putative interactors were cloned 

into pDONR221-P1P4 vector. Screening for positive colonies was done through colony 

PCR and DNA sequencing using primers in Supplementary table 2. Sequencing results 

are shown in Figure 29-38. Then, LR reactions were performed to create the final 2in1 

rBiFC constructs. Therefore, the final constructs carried two genes: one of the PSIs and 

one candidate protein for interaction. The Gateway-resulting constructs were later used 
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to transform E. coli TOP10 and the screening for positive colonies was done through 

visualization of blue colored colonies versus white colored colonies. 

 
 

 
Figure 29 - Alignment of the sequencing results of pDONR221-P3P2::PSI A construct. 

The sequencing results with the M13fw primer (Supplementary table 2) were aligned with the respective expected 

pDONR221-P3P2::PSI A sequence. The alignment was performed using SnapGene software 

(https://www.snapgene.com/). Red portions of the arrows mean sequence match and alignment while white portions mean 

no alignment was possible to be done. Abbreviations: PSI, plant specific insert; M13 fwd, M13 sequencing sequence 

forward; M13 rev, M13 sequencing sequence reverse; SPchi, signal peptide chitinase. 

 

 

 
 
Figure 30 - Alignment of the sequencing results of pDONR221-P3P2::PSI B construct. 

The sequencing results with the M13fw and M13rv primers (Supplementary table 2) were aligned with the respective 

expected pDONR221-P3P2::PSI B sequence. The alignment was performed using SnapGene software 

(https://www.snapgene.com/). Red portions of the arrows mean sequence match and alignment while white portions mean 

no alignment was possible to be done. Abbreviations: PSI, plant specific insert; M13 fwd, M13 sequencing sequence 

forward; M13 rev, M13 sequencing sequence reverse; SP, signal peptide chitinase. 
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Figure 31  - Alignment of the sequencing results of pDONR221-P1P4:SYP23 construct. 

The sequencing results with the M13fw primer (Supplementary table 2) were aligned with the respective pDONR221-

P1P4:SYP23 expected sequence. The alignment was performed using SnapGene software 

(https://www.snapgene.com/). Red portions of the arrows mean sequence match and alignment while white portions mean 

no alignment was possible to be done. Abbreviations: M13 fwd, M13 sequencing sequence forward; M13 rev, M13 

sequencing sequence reverse.  

 

 

 

 
 

Figure 32 - Alignment of the sequencing results of pDONR221-P1P4:VTI12 construct. 

The sequencing results with the M13fw primer (Supplementary table 2) were aligned with the respective pDONR221-

P1P4:VTI12 expected sequence. The alignment was performed using SnapGene software (https://www.snapgene.com/). 

Red portions of the arrows mean sequence match and alignment while white portions mean no alignment was possible 

to be done. Abbreviations: M13 fwd, M13 sequencing sequence forward; M13 rev, M13 sequencing sequence reverse.  

 

 

 

 

 

Figure 33 - Alignment of the sequencing results of pDONR221-P1P4:Exo70 construct. 

The sequencing results with the M13fw and M13rv primers (Supplementary table 2) were aligned with the respective 

pDONR221-P1P4:VTI12 expected sequence. The alignment was performed using SnapGene software 

(https://www.snapgene.com/). Red portions of the arrows mean sequence match and alignment while white portions mean 

no alignment was possible to be done. Abbreviations: M13 fwd, M13 sequencing sequence forward; M13 rev, M13 

sequencing sequence reverse. 

Figure 34 - Alignment of the sequencing results of pDONR221-P1P4:RMR1 construct. 

The sequencing results with the M13fw and M13rv primers (Supplementary table 2) were aligned with the respective 

pDONR221-P1P4:RMR1 expected sequence. The alignment was performed using SnapGene software 

(https://www.snapgene.com/). Red portions of the arrows mean sequence match and alignment while white portions mean 

no alignment was possible to be done. Abbreviations: M13 fwd, M13 sequencing sequence forward; M13 rev, M13 

sequencing sequence reverse.  

https://www.snapgene.com/
https://www.snapgene.com/
https://www.snapgene.com/
https://www.snapgene.com/
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Figure 35 - Alignment of the sequencing results of pDONR221-P1P4:SYP23construct. 

The sequencing results with the M13fw primer (Supplementary table 2) were aligned with the respective pDONR221-

P1P4:SYP23 expected sequence. The alignment was performed using SnapGene software 

(https://www.snapgene.com/). Red portions of the arrows mean sequence match and alignment while white portions mean 

no alignment was possible to be done. Abbreviations: M13 fwd, M13 sequencing sequence forward; M13 rev, M13 

sequencing sequence reverse. 

 

Figure 36 - Alignment of the sequencing results of pDONR221-P1P4:VTI12 construct. 

The sequencing results with the M13fw primer (Supplementary table 2) were aligned with the respective pDONR221-

P1P4:VTI12 expected sequence. The alignment was performed using SnapGene software (https://www.snapgene.com/). 

Red portions of the arrows mean sequence match and alignment while white portions mean no alignment was possible 

to be done. Abbreviations: M13 fwd, M13 sequencing sequence forward; M13 rev, M13 sequencing sequence reverse.  

 

 
Figure 37 - Alignment of the sequencing results of pDONR221-P1P4:Exo70 construct. 

The sequencing results with M13fw and M13rv primers (Supplementary table 2) were aligned with the respective 

pDONR221-P1P4:Exo70 expected sequence. The alignment was performed using SnapGene software 

(https://www.snapgene.com/). Red portions of the arrows mean sequence match and alignment while white portions mean 

no alignment was possible to be done. Abbreviations: M13 fwd, M13 sequencing sequence forward; M13 rev, M13 

sequencing sequence reverse.  

 

 

 

 

 

 

 

https://www.snapgene.com/
https://www.snapgene.com/
https://www.snapgene.com/


 
FCUP 

Dissect the PSIs’ interaction network involved in conventional and unconventional sorting routes 
56 

 

 
 

 
Figure 38 - Alignment of the sequencing results of pDONR221-P1P4:RMR1 construct. 

The sequencing results with the M13fw primer (Supplementary table 2) were aligned with the respective pDONR221-

P1P4:RMR1 expected sequence. The alignment was performed using SnapGene software (https://www.snapgene.com/). 

Red portions of the arrows mean sequence match and alignment while white portions mean no alignment was possible 

to be done. Abbreviations: M13 fwd, M13 sequencing sequence forward; M13 rev, M13 sequencing sequence reverse.  

 

3.2.2. 2in1 rBiFC 
After confirmation, the study proceeded in Italy, under an Erasmus+ internship at 

Doctor Di Sansebastiano’s laboratory. There, A. tumefaciens was transformed with all 

the constructs and infiltrated into N. tabacum but due to Covid-19 pandemic, the plant 

visualization was compromised and it was not possible to obtain microscopy imagens. 
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4. DISCUSSION 
4.1. In vitro search for putative interactors 

In recent years, studies from our team concerning the APs from Cynara 

cardunculus, cardosin A and cardosin B PSIs-mediated sorting route (Pereira et al., 

2013; Vieira et al., 2019) revealed that in the case of the PSI A, proteins could follow an 

unconventional vacuolar sorting route. In fact, when co-expressed with the dominant 

negative mutant SarIH74L in N. tabacum leaves, PSI A was still able to accumulate in the 

Vacuole showing that it does not depend on the usual COPII vesicles for transport from 

the ER to the Golgi. Instead, PSI A mediated sorting would be able to directly deliver the 

proteinase to the vacuole, in a Golgi independent manner (Vieira et al., 2019). The same 

did not happen regarding the PSI B study: the COPII vesicle blockage would confine the 

proteins to the ER in N. tabacum leaves. Even though PSI A and PSI B sequences are 

very similar, the proteins seem to be very different from each other, function-wise. 

Furthermore, PSI A and PSI B domains do not match any of the known VSD types, but 

their ability to sort proteins to the vacuole made them to be considered unconventional 

vacuolar sorting domains (Pereira et al., 2013; Vieira et al., 2019).  

Therefore, in the context of this study, it was proposed to uncover the molecular 

determinants behind the unconventional vacuolar sorting route mediated by the PSI. One 

of the first steps to do so was to study and characterize the interaction network of PSI A 

(that mediates an unconventional sorting route) and PSI B (that mediates a conventional 

sorting route) in the plant model N. tabacum and A. thaliana. As there was no information 

available about the cardoon’s PSIs interaction network, the first step was to perform Co-

IP. Co-IP is a commonly used method in studies regarding protein interactions. In this 

technique, proteins resultant from cell lysates are mixed and allowed to interact, followed 

by the addition of an antibody linked to agarose or magnetic beads. The antibody will 

then bind to an antigen, such as a tag or the protein itself, allowing precipitation of the 

complexed proteins. After precipitation, the complexed proteins are isolated by an elution 

step and analyzed (Phizicky and Fields, 1995).  

4.1.1 PSIs expression and purification 
In the context of this study, cardosins’ purified PSI A and PSI B produced through 

bacterial expression were incubated with protein extracts from the model plants N. 

tabacum and A. thaliana. Both plant models were chosen because studies performed by 

other members of our research group proved that PSIs are functional when expressed 
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in these systems and according to our hypothesis PSI transport mechanisms are 

present. Therefore, PSIs must interact and bind to other proteins in its pathway 

throughout the cell. After obtaining the pET-21a::FLAG::PSI::6xHis, the expression test 

for PSI A and PSI B promptly showed many different conformations of PSIs, from the 

protein with the expected size (corresponding to monomers), to bands with the double 

and triple size or even higher multiplier sized bands. This may be due to PSI binding to 

bacterial proteins that could have higher binding capability and therefore stayed attached 

to the PSI until the moment of analysis. Other hypothesis is that the proteins did not 

denature completely and that could also justify the higher sized bands. Nevertheless, the 

hypothesis that most suits the PSIs and their native described functions would be that it 

interacts with itself forming stable dimers. The preference for dimerization may indicate 

a functional structure that plays a role in membrane binding and vesicle fusion, as 

proposed in a study with Solanum tuberosum aspartic protease PSI (StPSI) (De Moura 

et al., 2014). Moreover, two studies suggested that antiparallel lung surfactant protein B 

(SP-B) dimers, which are analogs of Solanum tuberosum aspartic protease PSI, mediate 

faster kinetics of monolayer folding. In fact, the same two studies showed that SP-B 

dimers promote bilayer folding and formation of connections similar to those observed in 

vesicle fusion, providing an explanation for the dimer existence (Baoukina and Tieleman, 

2010, 2011). Furthermore, studies show that self-interacting proteins show high 

relevance in cellular functions. For example, most enzymes in the BRENDA (Hashimoto 

et al., 2011) database are self-interacting proteins and the formation of oligomeric 

complexes may regulate enzyme activity (Marianayagam et al., 2004). In fact, many 

multiprotein complexes such as proteasome, ribosome, and nucleosome contain 

homodimers (Ispolatov et al., 2005). Moreover, the function of many channel proteins, 

which control the transport of small molecules and ions across cell membranes, relies 

on their homo-oligomers (Marianayagam et al., 2004), and many transcriptional factors 

also function by binding DNA as a homodimer (Marianayagam et al., 2004). In particular, 

protein self-interactions are mandatory in cellular signal transduction. The 

oligomerization and activation of cell-surface receptors in response to signal molecule 

usually are important steps during the transfer of a signal across the cell membrane. For 

example, growth hormone, tyrosine kinase, and G-protein-coupled receptors are all 

known for using this approach (Marianayagam et al., 2004). The ability to self-interact 

can confer several different structural and functional advantages to proteins, including 

improved stability, allosteric regulation, control over the accessibility and specificity of 

active sites, as well as increased complexity (Goodsell and Olson, 2000; Marianayagam 
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et al., 2004; Ispolatov et al., 2005; Hashimoto et al., 2011). In addition, homo-

oligomerization can also allow proteins to form large structures without increasing 

genome size and with increasing error control during synthesis (Goodsell and Olson, 

2000; Hashimoto et al., 2011). Additionally, Ispolatov et al. (2005) found that in the 

protein interaction network (PIN)1 the average number of interaction partners of self-

interacting proteins is two times higher than that of other proteins, and the likelihood of 

a protein to interact with itself is proportional to the number of its interaction partners. 

Furthermore, Gibson and Goldberg (2009)  presented that the number of self-interacting 

proteins currently described may be underestimated.  

Another topic that is worth mentioning is the higher expression level of PSI B 

protein when comparing to PSI A expression level, under the same conditions. This issue 

can be explained, at least in part, by looking at the Instability Index computed by 

ProtParam tool (ExPasy). In fact, this web tool characterizes the PSI A amino acid 

sequence as being unstable while considering the PSI B protein stable. As so, PSIs 

might even have the same expression level but the instability of the PSI A causes it to 

have a lower intensity bands in the Coomassie gel analysis and consequently lower 

concentration after purification. Additionally, when performing the purification of both 

proteins it was possible to see that after the elution step, there was still a big amount of 

proteins attached to the resin. To solve this issue, it would probably be needed to make 

the denaturing conditions more harsh and/or increase the amount of imidazole in the 

elution buffer, since imidazole is a strong competitor for the nickel residues present in 

the agarose resin, and this way PSIs would be detached and therefore, eluted.  

 

4.1.2. Co-Immunoprecipitations 

4.1.2.1. Co-IP with total protein extracts 
Regarding the Co-IPs themselves, it was curious to only find PSI correspondent 

bands in the gel while the bands correspondent to plant protein extracts were absent/not 

detectable. As so, the Co-IP samples using A. thaliana were sent for proteomic 

identification by LC-MS in I3S proteomic facility.  The results provided from the PSI A/B 

– A. thaliana proteins Co-IP analysis were very good, presenting a wide range of 

detected proteins with different functions in cellular processes, by comparing the 

sequences with UniProt (Consortium, 2019) database for A. thaliana proteins. The 

reason to choose A. thaliana Co-IPs for this preliminary identification was simply 

because the protein extract had higher band intensity and sharper bands than the N. 



 
FCUP 

Dissect the PSIs’ interaction network involved in conventional and unconventional sorting routes 
60 

 

 
tabacum extract. Indeed, as shown, 2411 (1459 for PSI A and 952 for PSI B) proteins 

were identified for interaction with PSI A and PSI B but in the context of this study and 

due to time restrictions it was not possible to analyze each single one of them. Therefore, 

proteins analyzed were the ones with two times more reads in the Co-IP A/B than in the 

control situation, that only have A. thaliana protein extract and beads. After this filtering, 

detected proteins were sorted and further identified concerning their function. For PSI A 

seven proteins were chosen to be studied within the available time: Reticulon-like protein 

B1 (AT4G23630), Probable glycosyltransferase STELLO2 (AT3G57420), Vacuolar-

sorting receptor 1 (AT3G52850), GPI-anchored adhesin-like protein (AT5G23890), 14-

3-3-like protein GF14 kappa (AT5G65430) and transport protein SEC23 (AT1G05520).  

Reticulon-like protein B1 (RTNBL1) is a resident protein of the tubular ER and is 

thought to be involved in achieving membrane curvature alongside other proteins 

(Sparkes et al., 2010). It was also reported that there is a direct correlation between 

RTNBL1 levels and plant susceptibility to A. tumefaciens infection (Hwang and Gelvin, 

2004). Furthermore, another study showed its importance in promoting transport of 

proteins to the plasma membrane (Lee et al., 2011). It is importance regarding PSI A 

might not be clear just yet, but PSI A starts its’ route at the ER level and might interact 

with this protein along the way or even in response to abiotic or biotic stimulus.  

STELLO2 (STL2) is considered to be a glycosyltransferase resident in the Golgi, 

facing the cytoplasm and is closely related to cell wall cellulose synthesis by regulating 

the assembly and trafficking of cellulose synthase complexes (Zhang et al., 2016). Yet 

again, even though PSI A bypasses the Golgi, it might be involved in a process around 

the plasma membrane or cell wall and therefore could interact with STELLO2. 

VSR1 is a member of the VSR protein family, which are present at the trans‐side 

of the Golgi apparatus, most likely at the TGN, and at the PVC in Arabidopsis 

(Sanderfoot et al., 1998), which is a distribution consistent with a role in vacuolar cargo 

sorting. Clear evidence for a role in vacuolar sorting was provided by the analysis of the 

vsr1 mutant, which is defective in trafficking of endogenous seed storage proteins 

(Shimada et al., 2003). However, the effect of the vsr1 null mutation on storage protein 

transport is partial and mutations in the other VSR genes have no effect (Shimada et al., 

2003), which has been interpreted as evidence that VSRs are just salvage receptors for 

stray storage protein that has escaped the main sorting mechanism (Hinz et al., 2007; 

Craddock et al., 2008). In addition, other evidence supports the role of RMRs as sorting 

receptors for seed storage cargo. RMR1 interacts with VSDs from storage proteins and 

dominant negative versions of RMR block the exit of phaseolin from the Golgi in 
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Arabidopsis protoplasts (Park et al., 2005, 2007). However, genetic evidence for a role 

of RMRs in sorting endogenous storage proteins has not been presented yet. The 

hypothesis of VSRs being salvage receptors for stray storage could justify PSI A 

interaction with it since PSI A does not follow the conventional sorting route but still needs 

to be recognized by a VSR at the vacuole level. 

GlycosylPhosphatidylInositol-anchored adhesin-like protein belongs to the 

glycosylphosphatidylinositol (GPI) family which is a lipid anchor for many cell-surface 

proteins. The GPI anchor represents a pos-translational modification of proteins with a 

glycolipid and is used ubiquitously in eukaryotes and most likely in some Archaea 

(Kinoshita, 2016). According to SUBA database (Heazlewood et al., 2007), it is mostly 

present at the mitochondria and plastid level. The relationship with PSI A might be 

intriguing and needs more development as there is no evidence of PSI A to be present 

at the plastid or mitochondria membranes and the interaction might be due to in vitro 

isolation. In contrast, the interaction is still possible, as PSIs have the ability to attach to 

membranes (Muñoz et al., 2010, 2014). 

14-3-3 Proteins are a family of conserved proteins in eukaryotes that play a 

regulatory role in many cellular and physiological processes by direct interaction with 

target proteins (Fu et al., 2000). 14-3-3 Proteins are known for being involved in the 

regulation of ion membrane transport, carbon and nitrogen metabolism, stomatal 

movement, gene expression, hormone signaling and in the coordination of different 

signal transduction pathways (Aducci et al., 2002; Schoonheim et al., 2009; Denison et 

al., 2011; Camoni et al., 2012, 2018). These proteins have also been reported to be 

involved in plant response to stress conditions (Gökirmak et al., 2010; Lozano-Durán 

and Robatzek, 2015; Liu et al., 2016). In fact, environmental and biotic stimuli affect the 

expression levels of 14-3-3 proteins. Furthermore, many proteins involved in the 

response to different stresses have been shown to be 14-3-3 interactors (Camoni et al., 

1998; Chang et al., 2009; Liu et al., 2016). According to SUBA database, this 14-3-3 like 

protein is evenly expressed across the cells, with peak expression at the nucleus. 

Consequently, the PSI A interaction with this 14-3-3 like protein might be a sign about 

PSI A response to diverse stimulus, from normal cell regulation to stress responses.  

The COPII vesicles are constituted by five subunits: Sar1, Sec13, Sec23, Sec24 

and Sec31. Sar1 recruits the Sec23–Sec24 complex and is directly bonded to the ER 

membrane as an ‘inner coat’. The Sar1–Sec23–Sec24 complex recruits the Sec13–

Sec31 ‘outer coat’, but the outer coat is not thought to make direct contact with the ER 

membrane surface. Sec24 is primarily responsible for selecting cargo proteins to be 
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incorporated into COPII vesicles; it does this by binding to the cytoplasmic domains of 

ER transmembrane proteins destined for anterograde compartments. Sar1 and Sec23 

are also known to bind cargo molecules, but their role in discrimination of COPII cargo 

versus ER-resident proteins is less clear. Sec23 has GTPase-activating protein (GAP) 

activity towards Sar1, and this activity is stimulated significantly after binding of the outer 

coat. Complete coat polymerization therefore leads to hydrolysis of Sar1-bound GTP to 

GDP, resulting in coat depolymerization and uncoating to recycle COPII subunits for 

another round of vesicle formation (Fromme et al., 2008). PSI A interaction with Sec23 

might be due to the reported Sec23 discrimination of COPII cargo versus ER-resident 

proteins as PSI A does not use COPII vesicles to be transported throughout the cell 

(Pereira et al., 2013).  

Regarding PSI B, two interacting proteins were studied: RTNLB1 (AT4G23630) 

and Vacuole protein (AT4G33625). RTNLB1 was also found to interact with PSI A and 

similarly, it can also interact with PSI B at the ER level or in response to diverse stimulus. 

It is very interesting that both PSIs interact with this protein, making it a strong candidate 

for Co-IPs between the PSIs and the isolated protein and 2in1 rBiFC assays, to confirm 

both interactions. Many proteins detected in the PSI B Co-IP did not have a lot of 

information available in literature. In fact, these proteins were not even named and 

therefore a lower number of PSI B interacting proteins were studied when comparing to 

PSI A. One of those cases is the Vacuole protein detected. For this protein, ePlant 

(Waese et al., 2017), SUBA (Heazlewood et al., 2007) and Uniprot (Consortium, 2019) 

were used to understand where it is and what function it might play when related to PSI 

B. As so, ePlant and SUBA predict its subcellular localization to be the vacuole. Uniprot 

provided information about the presence of transmembrane domains, and therefore this 

protein possibly acts as a receptor at the vacuole level and therefore, PSI B could interact 

with it when arriving at the vacuole.  

PSI B Co-IPs, in fact provided lower protein detection and it would be ideal to try 

the technique again, evaluate by the same LC-MS method and compare results to 

understand if the PSI B interaction network is smaller than the PSI A network. 

Regarding the PSI A interactions, it was interesting to see that in this preliminary 

analysis, almost all the proteins detected are related to protein sorting to different 

locations in the cell. Overall, this step of the study provided with a lot of information that 

still needs further analysis beyond what is discussed in this topic.  
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4.1.2.2. Co-IP with putative interactors 
The Co-IP technique can also be useful for both confirming the existence of a protein–

protein interaction predicted by other research methods and as an initial screening assay 

for identifying previously unknown protein–protein interactions. In the frame of this study, 

the goal was to test PSI interaction with proteins selected from the available bibliography 

that could putatively interact with the PSI. Therefore, after searching databases, a 

collection of proteins involved in endomembrane trafficking machinery were selected, 

based on their localization and role. In this study, because of the limited time available, 

it was decided to start the test by using a SNARE (SYP23), and two VSRs (VSR2 and 

BP80.3). The SNAREs are small proteins with the highly conserved SNARE motif that 

usually associate with membranes through their hydrophobic C-terminal transmembrane 

domain (TMD) (Hong, 2005). These proteins play a pivotal role in mediating membrane 

fusion between specific transport vesicles and target membranes (Hong, 2005). 

Members of the SYP2 family of syntaxins, SYP21, 22, and 23 of Arabidopsis, usually 

associate with the PVC, cytoplasm and vacuolar membranes for fusion of vesicles with 

the vacuolar membrane (Shirakawa et al., 2010; Kim and Brandizzi, 2012; Ibrahim et al., 

2020). SYP23 is an homolog of SYP22 with redundant function even though it does not 

possess the transmembrane domain typical to the SYP 2 family (Shirakawa et al.). 

Consequently, while SYP22 is found mostly in the PVC and vacuolar membranes, 

SYP23 is only found in the cytosol and the vacuolar membrane (Shirakawa et al., 2010). 

Moreover, SYP23 interaction with PSI A was detected by a fellow researcher in a Yeast 

two hybrid (Y2H) unpublished assay and was another important reason to test this 

protein interaction. In this same Y2H assay, SYP23 did not seem to interact with PSI B. 

VSRs were first identified as abundant proteins in the CCV fraction purified from plant 

extract (Kirsch et al., 1994). Subsequently, many VSR homologs have been identified in 

association with the vacuolar trafficking process in various plant species, and they were 

thus proposed to function as sorting receptors of soluble vacuolar proteins (Laval et al., 

2003; Shimada et al., 2003; Zouhar et al., 2010). The biological role of VSRs has been 

tested by examining protein trafficking to the vacuole. The protoplast system has been 

widely used to investigate the role of VSRs in lytic vacuolar trafficking. Transient 

expression of dominant negative mutant forms of VSR1  and  VSR2 causes secretion  

and/or  inhibition  of various co-expressed vacuole destined proteins,  such  as  Spo:GFP 

[a  fusion  protein  consisting  of  a  sorting  signal  of  sporamin protein  from sweet  

potato (Ipomoea  batatas) and  green  fluorescent  protein (GFP)], AALP:GFP [a  fusion  

of Arabidopsis  aleurain-like  protein  and  GFP),  and  Spo:amylase (a  fusion  of  
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sporamin  and  amylase, destined for the lytic  vacuole] (DaSilva et al., 2005, 2006; Kim 

et al., 2010; Lee et al., 2013). These studies have provided strong evidence that VSRs 

are sorting receptors of soluble lytic vacuolar proteins and therefore VSR2 was chosen 

to address the possibility of any PSI to interact with a LV VSR. BP80.3 was also chosen 

due to its homology with BP80, the first VSR to be identified in the sorting process, as 

mentioned in section 1.3.2.  

Expression test of SYP23::6xHis provided info that it was correctly expressed 

while in the case of BP80.3::6xHis and VSR2::6xHis it wasn’t possible to clearly detect 

a band corresponding to any of the proteins. This might be due to the higher molecular 

weight of BP80.3 (70 kDa) and VSR2 (70 kDa) proteins when compared to SYP23 (30 

kDa). The bigger proteins either were not produced by the bacteria or, in fact, they were 

being produced but in low amounts that turned out undetectable in the Coomassie 

staining. As so, the study proceeded into a Co-IP using PSI A or B incubated with SYP23. 

As results showed, PSI A interacts with SYP23 since the same band present in the 

SYP23 input, is also present in the Co-IP lane (P). This means that before the 

denaturation, SYP23 and PSI A were forming an in vitro protein complex. In contrast PSI 

B Co-IP lane (P) did not show this same SYP23 band, meaning that there was no 

interaction. This finding is supported by the already mentioned Y2H assay performed by 

our group where PSI A in fact interacted with SYP23. At first it was an intriguing result 

since PSIA does not travel to the Golgi and elements of the SYP2 family are known to 

mediate protein transport between the PVC and the vacuole. However, as mentioned 

above, SYP23 is not a common SNARE as it lacks the characteristic transmembrane 

domain. Moreover, it has been shown that it can be recruited to the tonoplast to form a 

complex with other SNAREs (Ibrahim et al., 2020). Another interesting observation is the 

ability of PSI to interact with membranes, already described in several studies (Muñoz et 

al., 2010, 2014). Given this observation we speculate that maybe PSI A interacts with 

SYP23 in the vacuole membrane to form a docking complex at the tonoplast. PSI B may 

not need to recruit these protein as it follows the conventional sorting pathway, probably 

interacting with other proteins at the PVC level. To test this hypothesis, it would be 

interesting to perform Co-IPs using SYP 22 (a homologue of SYP23 present in the PVC) 

and see if PSI A or B interacts with it. To prove our theory, PSI B would interact with 

SYP22 while PSI A would not.  

Finally, Co-IPs for VSR2 and BP80.3 are yet to be performed as soon as the 

expression tests provide positive feedback about their expression. Regarding this issue, 

lowering the expression temperature from 23 ºC to 18 ºC and increasing the expression 
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time might help the bacteria to produce bigger proteins more efficiently. If this is not 

enough, using a different strain of BL21 such as BL21(DE3)pLysS cells with an auto-

induction LB medium might be useful. 

4.2. In vivo confirmation of putative interactors 
In this part of the study it was intended to confirm the interactions detected in the 

in vitro search for interactors by using in vivo techniques. As so, the chosen technique 

was 2in1 rBiFC, a bimolecular fluorescence (BiFC) based technique with some changes. 

BiFC is a technique that splits a fluorophore such as an enhanced yellow fluorescent 

protein (EYFP) into two nonfluorescent halves: the N-terminal (nYFP) portion and the C-

terminal portion (cYFP). Then, one half is fused with the protein of interest while the other 

half is fused with protein candidates for interaction. If the proteins being studied interact 

with each other, fluorophore complementation occurs, allowing for detection through 

confocal microscopy (Hu et al., 2002; Kerppola, 2006). 

This method provides important advantages such as being able to observe 

protein interactions in living cells while simultaneously allowing for subcellular 

localization analysis. Despite this, it also presents difficulties regarding the cloning 

system: classical BiFC vectors use a single expression cassette that only support one 

gene. As BiFC involves the use of two proteins, there is the need to produce two different 

constructs and proceed to transform plants with both, leading to different copy numbers, 

dissimilar expression levels and even loss of interaction partners. Additionally, the lack 

of internal controls in the common BiFC vectors makes quantitative analysis of the results 

problematic (Grefen et al., 2010). 

To avoid these issues, this task was done in a partner laboratory in Italy, directed 

by Professor Gian Pietro Di Sansebastiano, headquartered in University of Salento. 

Professor’s Gian Pietro laboratory uses a novel modification to the BiFC system – the 

2in1 rBiFC system. This system uses Gateway recombination technology to allow the 

simultaneous introduction of two genes into two different and independent cloning 

cassettes in the same vector (2in1 rBiFC vector). Cloning both genes in the same vector 

ensures the same gene dosage while the addition of an internal control (RFP) enables 

expression control and interaction quantification using a ratiometric approach (Grefen 

and Blatt, 2012).  

To perform this technique, 16 different constructs were obtained through 

Gateway cloning. These constructs were obtained by using two different plasmids with 

a combination of two genes: one PSI (either A or B) and a putative interactor 
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(SYP23/VTI12/ Exo70/RMR1). SYP23 was again used for this technique due to all the 

reasons mentioned in section 4.1. VTI12 is a member of a discrete SNARE complex at 

the TGN (Bassham et al., 2000; Sanderfoot et al., 2001). No definitive function has been 

assigned to this complex, although some evidence implicates VTI12 in autophagy 

(Surpin et al., 2003). VTI11 and VTI12 are homologous to a single yeast gene, Vti1, 

which is involved in trafficking to vacuoles through all pathways that have been described 

in that organism (Fischer Von Mollard and Stevens, 1999), supporting a role for their 

plant counterparts in vacuolar trafficking. Exo70 is involved in a complex exocytosis 

process, helping in the formation of the exocyst For exocytosis, the tethering of post-

Golgi secretory vesicles to the plasma membrane is mediated by the evolutionarily 

conserved exocyst complex, which is composed of Sec3, Sec5, Sec6, Sec8, Sec10, 

Sec15, Exo70 and Exo84 (Guo et al., 1999; Hsu et al., 2004; Munson and Novick, 2006). 

The exocyst has been implicated in tethering post-Golgi secretory vesicles to the plasma 

membrane. However, despite the efforts to identify the membrane ‘receptors’, how the 

exocyst physically associates with the plasma membrane is unclear. A study by Zhao et 

al., 2013, provided evidence that Exo70 works with Sec3 and that it mediates the 

association of the exocyst complex with the plasma membrane. Finally, RMR1 was used 

because soluble proteins reach vacuoles through the presence of VSDs  that are 

recognized by VSR  proteins (Ahmed et al., 1997; Paris et al., 1997; Neuhaus and 

Rogers, 1998; Hadlington and Denecke, 2000; Shimada et al., 2002) or receptor-like 

membrane Ring-H2 (RMR) proteins (Jiang et al., 2000b; Park et al., 2005, 2007; Wang 

et al., 2010, 2011). There is evidence supporting the role of RMRs as sorting receptors 

for seed storage cargo. RMR1 interacts with VSDs from storage proteins and dominant 

negative versions of RMR block the exit of phaseolin from the Golgi in Arabidopsis 

protoplasts (Park et al., 2005, 2007). However, genetic evidence for a role of RMRs in 

sorting endogenous storage proteins has not been presented yet. Moreover, co‐

localization of RMRs and VSRs with storage cargo in Arabidopsis seeds was analyzed 

(Otegui et al., 2006; Hinz et al., 2007). The results obtained in the mentioned studies are 

compatible with either family being able to act as storage protein sorting receptors, and 

therefore have not settled the issue. 

The two plasmids used were pBiFCt-2in1-CC and pBiFCt-2in1-CN and the 

difference between them is the position of the cYFP. PSIs were inserted in the R3R2 

region while putative interactors were inserted in the R1R4 zone. The reason to do so 

was because it was already known that PSIs need their N-terminal region free to proper 

function while we were unsure if any region of the putative interactors when fused to YFP 
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could present any restriction. Therefore and as recommended in Grefen and Blatt, 2012, 

these two different plasmids were used to test which position of the YFP fused to the 

putative interactor would be better. Nevertheless, to test the two different plasmids, when 

amplifying the inserts, the stop codon from the original CDS had to be removed to clone 

the amplicon into pBiFCt-2in1-CN, otherwise the cYFP would not be expressed. In the 

end, this test would be mainly done by comparing signal intensity between the same 

combination of genes in the two different vectors and also by comparing their subcellular 

localization to literature while performing at the same time, the 2in1 rBiFC technique. 

Unfortunately, at the time of plant infiltration, University of Salento was shut down due to 

Covid-19 worldwide pandemic and the plant fluorescence visualization and analysis had 

to be postponed. 
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5. CONCLUSIONS 
As shown by Vieira et al. (2019), PSIs are thought to be involved in complex 

protein sorting networks, being able to guide proteins to the vacuole through the 

conventional (PSI B) or unconventional (PSI A) protein sorting route. Furthermore, and 

assuming that proteins delivered directly to the vacuole must be recognized at the ER 

level, studying possible interactions with ER proteins and receptors along the sorting 

pathway is a very interesting and useful step to understand more about the PSI functions. 

Obtaining more information about the PSIs ability to interact and sort proteins to the 

vacuole is, therefore, mandatory.   

In the present work, aimed to go further in widening the knowledge on PSI’s 

function we performed Co-IP assays to identify putative PSIs’ interactors. The results 

obtained were analysed in the proteomic facility at I3S. As a result of this first task, we 

received a long list of proteins that open a wide range of possibilities for further studies 

as now there is more information to test the interaction network for the PSI driven sorting 

process.  

Regarding the Co-IPs with putative interactors, an interaction with SYP23 was detected 

with PSI A and this finding now needs to be sustained with in vivo confirmation through 

2in1 rBiFC. It is also very important to understand why PSI B did not interact with SYP23. 

If we can confirm this data, it can be a major breakthrough in the protein sorting studies 

as SYP23 is a member of the SYP2 SNAREs family, possessing different characteristics 

from the other members, such as the lack of the TMD, meaning that the lack of the TMD 

might be related to unconventional sorting processes. As so, for further steps, it is 

proposed to perform Co-IP reactions with SYP22 (a SYP23 homolog with a 

transmembrane domain) and PSI A/B as SYP22 is clearly located in the PVC (Shirakawa 

et al., 2010). We conclude that probably PSI A, somewhere in the cytosol or even at the 

membrane of the vacuole interacts with SYP23 in the budding and docking process. 

Furthermore, the 2in1 rBiFC assays are of major importance to sustain all the 

data obtained with the interactor in vitro search that was performed in this study and are 

yet to be finished since the constructs are ready for further studies. 

As a whole, this study provided a preliminary assay towards the mapping of PSI 

A and PSI B network of interactions and the uncovering of the mechanisms bellow their 

function as vacuolar sorting domains. Even being so, it allowed to disclose several 

putative interactors for both PSIs and, most interestingly, most of them do not overlap, 

indicating different interactions in the cell. Regarding the PSI A interactions, it was 
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interesting to see that a high number of the proteins detected are related to protein 

sorting to different locations in the cell. For PSI B, further studies are needed to be able 

to draw any conclusions. Overall, this pilot study provided a large amount of useful 

information that still needs further analysis beyond what is discussed in this topic but 

represents a good starting point towards our goals. 
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7. APPENDIX  
Supplementary table 1 - Primers used for Gibson Assembly, restriction cloning and T7 primer for sequencing. 

Fragment Primer Sequence (5’ - 3’) Product size 

PSI A 
PSI A fw ATGATGATAAAGCTGGTGCTGGTGCTGGTGTCATGAA

CCAGCAATGCAAG 312 bp 
PSI A rv CCGCAAGCTTGTCGACACAGGATAAGTGTT 

PSI B 
PSI B fw GCTGGTGCTGGTTTAAACCAACAATGCAAA 

315 bp 
PSI B rv CAAGCTTGTCGACACATTCTGCACTTGAAG 

pET21-a 
pET21-a fw - PSI A AACACTTATCCTGTGTCGACAAGCTTGCGG 

5475 bp 
pET21-a rv - PSI A CAGCTTTATCATCATCATCTTTATAATCGGATCCGCGA

CCCATTTGCTGT 

pET21-a 
pET21-a fw - PSI B CTTCAAGTGCAGAATGTGTCGACAAGCTTG 

5472 bp  
pET21-a rv - PSI B TTGTTGGTTTAAACCAGCACCAGCACCAGC 

SYP23 
SYP23 fw AACCAAGAATTCATGAGTTTTCAAGATTTAGAGG 

765 bp 
SYP23 rv AACCAAGCGGCCGCGAGAAGAATTTGATCTTTG 

VSR2 
VSR2 fw AACCAAGAGCTCATGAGGACGACGAATGTATG 

1878 bp 
VSR2 rv AACCAAGCGGCCGCCAACTCTAGTTGAGAAGA 

BP80.3 
BP80.3 fw AACCAAGAATTCATGGGTTTAGTCAACGGGAG 

1908 bp 
BP80.3 rv AACCAAGCGGCCGCGAGTGTAAAAGGCTCGGCT 

pET30-a 
pET30-a GAATTCTTGGTTGGATCCGATATCAGCCAT 

5422 bp 
pET30-a GCGGCCGCTTGGTTACTCGAGCACCACCA 

 T7 Sequencing TAATACGACTCACTATAGGG  
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Supplementary table 2 - Primers used for Gateway cloning. 

 

 

 

 

Fragment Primer Sequence (5’ - 3’) Product size 

PSI A 
PSI A CCfw GGGGACAACTTTGTATAATAAAGTTGCCATGAAGACTAATCTTTTT

CTCT 370 bp 
PSI A CCrv GGGGACCACTTTGTACAAGAAAGCTGGGTAGGATAAGTGTTCACA

CAACTCGT 

PSI B 
PSI B CCfw GGGGACAACTTTGTATAATAAAGTTGCCATGAAGACTAATCTTTTT

CTCT 373 bp 
PSI B CCrv GGGGACCACTTTGTACAAGAAAGCTGGGTATTCTGCACTTGAAGT

GGGTA 

RMR1 
RMR1 CCfw GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGAGACTCGTCGT

CTCAA 988 bp 
RMR1 CCrv GGGGACAACTTTGTATAGAAAAGTTGGGTACGGCTTTGACTGGAT

TGGGC 

Exo70 
Exo70 CCfw GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGGCAGAGTTTGA

TTCCA 1975 bp 
Exo70 CCrv GGGGACAACTTTGTATAGAAAAGTTGGGTTCTCTTACGAGAGCTG

CGCAG 

SYP23 
SYP23 CCfw GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGAGTTTTCAAGA

TTTAG 823 bp 
SYP23 CCrv GGGGACAACTTTGTATAGAAAAGTTGGGTGAGAAGAATTTGATCT

TTGTG 

VTI2 
VTI12 CCfw GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGTCCGTGGAGA

GGCTTG 349 bp 
VTI12 CCrv GGGGACAACTTTGTATAGAAAAGTTGGGTATGAGAAAGCTTGTAT

GAGAT 

RMR1 
RMR1 CNfw GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGAGACTCGTCGT

CTCAA 988 bp 
RMR1 CNrv GGGGACAACTTTGTATAGAAAAGTTGGGTCTAACGGCTTTGACTG

GATTG 

Exo70 
Exo70 CNfw GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGGCAGAGTTTGA

TTCCA 1975 bp 
Exo70 CNrv GGGGACAACTTTGTATAGAAAAGTTGGGTTCATCTCTTACGAGAG

CTGCG 

SYP23 
SYP23 CNfw GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGAGTTTTCAAGA

TTTAG 823 bp 
SYP23 CNrv GGGGACAACTTTGTATAGAAAAGTTGGGTTCAGAGAAGAATTTGA

TCTTT 

VTI12 
VTI12 CNfw GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGTCCGTGGAGA

GGCTTG 349 bp 
VTI12 CNrv GGGGACAACTTTGTATAGAAAAGTTGGGTTTAATGAGAAAGCTTG

TATGA 

 
M13fw GTAAAACGACGGCCAG 

 
M13rv CAGGAAACAGCTATGAC 
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Supplementary table 3 - PSI A interactors detected by LC-MS of the Co-IPs.  

Data obtained using Proteome Discoverer v2.4 (Thermo Scientific™). 

Description Coverage [%] # Peptides # PSMs Ensembl 
Gene ID 

40S ribosomal protein  30 3 10 AT3G56340 

Peroxisomal fatty acid beta-oxidation multifunctional 
protein MFP2  

4 2 2 AT3G06860 

Reticulon-like protein B1  6 1 1 AT4G23630 

DNAse I-like superfamily protein  4 1 1 AT1G71710 

Squalene synthase 1  3 1 1 AT4G34640 

40S ribosomal protein  19 1 1 AT3G09680 

Probable glycosyltransferase  3 1 2 AT3G57420 

60S ribosomal protein L32-1  41 4 11 AT4G18100 

60S ribosomal protein L14-2  32 5 8 AT4G27090 

Methyltransferase  2 1 1 AT1G19430 

Putative pentatricopeptide repeat-containing protein, 
mitochondrial  

1 1 2 AT3G25060 

Cytidine deaminase 6  19 3 5 AT4G29610 

Translation protein SH3-like family protein  8 1 1 AT5G54600 

Ras-related protein RABA4a  15 2 2 AT5G65270 

Apyrase 2  1 1 1 AT5G18280 

30S ribosomal protein S10, chloroplastic  12 2 6 AT3G13120 

Phosphoglucan phosphatase LSF2, chloroplastic  7 1 2 AT3G10940 

At2g19160  3 1 1 AT2G19160 

Molybdopterin molybdenumtransferase  5 1 1 AT5G20990 

60S ribosomal protein L23  62 7 21 AT2G33370 

Phosphoribosyl pyrophosphate (PRPP) synthase 3  6 1 1 AT1G10700 

Probable fructokinase-1  5 1 1 AT2G31390 

50S ribosomal protein L27, chloroplastic  12 2 9 AT5G40950 

Threonine synthase 1, chloroplastic  8 3 4 AT4G29840 

Peptidyl-prolyl cis-trans isomerase CYP18-4  14 2 2 AT4G34870 

60S ribosomal protein L37-2  7 1 1 AT1G52300 

Glycine-rich protein  11 1 1 AT4G21620 

Adenine nucleotide alpha hydrolases-like superfamily 
protein  

22 2 2 AT3G53990 

Probable aldo-keto reductase 4  3 1 1 AT1G60710 

Vacuolar-sorting receptor 1 2 1 1 AT3G52850 

Probable methyltransferase PMT20  14 6 12 AT1G31850 

Is a member of the PF|00364 Biotin-requiring enzymes 
family  

5 1 2 AT1G52670 

GPI-anchored adhesin-like protein  2 1 1 AT5G23890 

Isocitrate dehydrogenase [NAD] catalytic subunit 6, 
mitochondrial  

7 2 2 AT3G09810 

Protein LURP-one-related 7  8 1 1 AT2G30270 

WEB family protein At4g27595, chloroplastic  1 1 2 AT4G27595 

Heat shock protein 70 (Hsp 70) family protein  2 1 1 AT1G11660 

At1g64850/F13O11_15  7 1 1 AT1G64850 
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Protein DJ-1 homolog B  5 1 1 AT1G53280 

Imidazoleglycerol-phosphate dehydratase  9 1 2 AT4G14910 

Protein PLASTID MOVEMENT IMPAIRED 1  2 1 1 AT1G42550 

FAD/NAD(P)-binding oxidoreductase family protein  7 3 3 AT5G49555 

50S ribosomal protein 5, chloroplastic  7 1 1 AT3G56910 

Probable methyltransferase PMT26  9 5 5 AT5G64030 

14-3-3-like protein GF14 kappa  24 5 15 AT5G65430 

Protein NPG1  2 1 1 AT2G43040 

Acetolactate synthase, chloroplastic  6 2 2 AT3G48560 

CLP protease regulatory subunit CLPX1, mitochondrial  2 1 2 AT5G53350 

Protein transport protein SEC23  5 3 4 AT1G05520 

D-3-phosphoglycerate dehydrogenase 3, chloroplastic  5 3 3 AT3G19480 

At4g01700  5 1 1 AT4G01700 

Formin-like protein 18  1 1 6   

At5g53620  7 3 3 AT5G53620 

NAD(P)H-quinone oxidoreductase subunit N, 
chloroplastic  

8 1 1 AT5G58260 

60S ribosomal protein L27a-3  10 1 9 AT1G70600 

Protein OBERON 3  2 1 1 AT1G14740 

Non-lysosomal glucosylceramidase  3 1 1 AT4G10060 

3-oxoacyl-[acyl-carrier-protein] synthase I, 
chloroplastic  

16 4 6 AT5G46290 

Uncharacterized protein At1g08160  5 1 1 AT1G08160 

40S ribosomal protein S11-3  21 3 5 AT5G23740 

RmlC-like jelly roll fold protein  7 1 1 AT1G19130 

30S ribosomal protein S14, chloroplastic  23 2 2   

ABC transporter F family member 3  12 5 5 AT1G64550 

Probable polyol transporter 6  4 1 1 AT4G36670 

Phenylalanine--tRNA ligase beta subunit, cytoplasmic  2 1 1 AT1G72550 

Lamin-like protein  8 1 2 AT5G15350 

Polyadenylate-binding protein 1  7 1 1 AT5G51120 

Protein RRP6-like 2  3 1 1 AT5G35910 

60S ribosomal protein L32-2  29 3 12 AT5G46430 

Protein TAB2 homolog, chloroplastic  4 1 1 AT3G08010 

40S ribosomal protein S15-4  30 4 13 AT5G09510 

NADH--cytochrome b5 reductase  12 2 3 AT5G17770 

Oxysterol-binding protein-related protein 3C  4 1 1 AT5G59420 

50S ribosomal protein L35, chloroplastic  10 1 1 AT2G24090 

NAD(P)H-quinone oxidoreductase subunit J, 
chloroplastic  

22 2 2 ATCG00420 

Cytochrome b-c1 complex subunit 9, mitochondrial  21 1 1 AT3G52730 

Glucose-6-phosphate 1-epimerase  10 2 2 AT5G57330 

Beta-glucosidase 40  4 1 1 AT1G26560 

Ycf3-interacting protein 1, chloroplastic  6 1 1 AT5G44650 

Protein kinase superfamily protein  1 1 1 AT5G07140 
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Galactokinase  5 2 2 AT3G06580 

Pentatricopeptide repeat-containing protein 
At1g80550, mitochondrial  

2 1 81 AT1G80550 
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Supplementary table 4 - PSI B interactors detected by LC-MS of the Co-IPs. 

Data obtained using Proteome Discoverer v2.4 (Thermo Scientific™). 

Description Coverage [%] # Peptides # PSMs Ensembl 
Gene ID 

Pyridoxamine 5'-phosphate oxidase family protein  7 1 1 AT2G04690 

Vacuole protein  9 1 1 AT4G33625 

Reticulon-like protein B1  6 1 1 AT4G23630 

Squalene synthase 1  3 1 1 AT4G34640 
Regulatory-associated protein of TOR 2 
(RAPTOR2)  1 1 1 AT5G01770 

Alpha/beta-Hydrolases superfamily protein  4 1 1 AT3G23600 

Methyltransferase  2 1 1 AT1G19430 

Cystathionine beta-lyase, chloroplastic  24 7 9 AT3G57050 
Putative pentatricopeptide repeat-containing 
protein At3g25060, mitochondrial  1 1 2 AT3G25060 

Apyrase 2  1 1 1 AT5G18280 

Biotin/lipoyl attachment domain-containing protein  7 1 2 AT3G56130 

At2g19160  3 1 1 AT2G19160 

Phosphoribosyl pyrophosphate (PRPP) synthase 3  6 1 1 AT1G10700 

Peptidyl-prolyl cis-trans isomerase CYP18-4  14 2 2 AT4G34870 

2-isopropylmalate synthase 1, chloroplastic  19 8 13 AT1G18500 

Photosystem II 5 kDa protein, chloroplastic  12 1 5 AT3G21055 

Citrulline--aspartate ligase 19 7 11 AT4G24830 

Heat shock protein 70 (Hsp 70) family protein  2 1 1 AT1G11660 

At1g64850/F13O11_15  7 1 1 AT1G64850 

SKP1-like protein 1B  22 2 2 AT5G42190 

Acetolactate synthase, chloroplastic  6 2 2 AT3G48560 

Uncharacterized protein At2g27730, mitochondrial  27 2 3 AT2G27730 
Kinase with adenine nucleotide alpha hydrolases-
like domain-containing protein 2 1 2 AT4G31230 

At4g01700  5 1 1 AT4G01700 

At5g53620  7 3 3 AT5G53620 

Subtilisin-like protease SBT1.8 4 2 2 AT2G05920 

Uncharacterized protein At1g08160  5 1 1 AT1G08160 

Probable polyol transporter 6  4 1 1 AT4G36670 

5-oxoprolinase  1 1 1 AT5G37830 

Protein RRP6-like 2  3 1 1 AT5G35910 

Cytochrome b-c1 complex subunit 9, mitochondrial  21 1 1 AT3G52730 

Uncharacterized protein  34 1 1 AT1G04778 
Pentatricopeptide repeat-containing protein 
At1g80550, mitochondrial  2 1 81 AT1G80550 
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Supplementary figure 1 - pET-21a map used to create the pET-21a::FLAG::PSI A/B::6xHis constructs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary figure 2 - pET-30a map used to create the pET-30a::SYP23::6xHis, pET-30a::BP80.3::6xHis and pET-

30a::VSR2::6xHis constructs. 
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Supplementary figure 3 – pDONR221-P1P4 map used to create the constructs with putative interactors for 2in1 rBiFC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary figure 4 – pDONR221-P3P2 map used to create the constructs containing the PSIs for 2in1 rBiFC. 
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Supplementary figure 5 – pBiFCt-2in1-CC map in generating 2in1 rBiFC final constructs containing one of the PSIs and 

a putative interactor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary figure 6 - pBiFCt-2in1-CN map in generating 2in1 rBiFC final constructs containing one of the PSIs and a 

putative interactor. 
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