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1 Endosymbiotic organelles in plants: origin, functions and 

biogenesis 

Eukaryotic cells are divided into multiple compartments delineated by one or multiple membranes. 

Compartmentalization is essential to divide the cell in a multitude of physico-chemical environments 

allowing the separation of chemical reactions and biological processes demanding specific conditions, 

which would otherwise be incompatible. While separating a bigger space in smaller entities is 

convenient to precisely regulate a set of processes occurring in a confined space, compartmentalization 

comes with a price: the exchange of molecules between organelles is more complex and requires the 

establishment of specific transport routes. 

The evolutionary path leading to the development of a complex intracellular structure will probably 

remain forever mysterious as no experiment can reproduce in the present what happened in the past. 

However, observing contemporary organisms reveals numerous clues on events that might have 

happened. The acquisition of mitochondria and plastids by two independent endosymbiotic events has 

been extensively studied and can be considered an established fact (Maréchal, 2018; Martin et al., 2015). 

How the endosymbionts could be integrated in such a complex membrane system as the eukaryotic cell 

is a question that has not yet reached a consensus as multiple convincing models have been presented 

(Martin et al., 2015). The inside-out scenario is a particularly interesting one because it simultaneously 

explains the incorporation of endosymbionts and the appearance of the endomembrane system (Baum 

& Baum, 2014) (Figure 1). In this scenario, the ancestor of eukaryotic cells, which was devoid of nuclear 

membrane, engaged into mutualistic associations with the endosymbiont ancestor (Figure 1A). To 

expand the mutualistic contacts, the proto-eukaryote projected membrane protrusions that progressively 

engulfed the proto-endosymbiont (Figure 1B). The process continued until the proto-endosymbiont was 

completely surrounded by the host membrane leaving just a narrow cleft for it to communicate with the 

outside (Figure 1C). The fusion of the protrusions then completely sealed off the endosymbionts 

creating a new plasma membrane (Figure 1D). The clefts between the protrusions likely became the 

endoplasmic reticulum (ER), which is continuous with the ancient plasma membrane that has become 

the nuclear envelope and gave rise to the whole endomembrane system. The eukaryotic cell can therefore 

be divided into two types of compartments of distinct origins: the endomembrane system and the 

endosymbiotic organelles, mitochondria and plastids. 

Despite their extrinsic origin, plastids and mitochondria have evolved numerous indispensable functions 

for eukaryotic life, which likely constituted the key for their successful incorporation. Plastids are most 

known for their capacity to perform photosynthesis. The photosynthetic membranes harvest light energy 

to convert it to chemical energy that is used to fix atmospheric carbon into sugar molecules, thus laying 

the foundation for photoautotrophic life. But they also accomplish numerous other important cellular 

functions including synthesis of vitamins and pigments or starch storage (Rolland et al., 2018). Plastids 
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are also of the utmost importance for membrane biogenesis in plant cells since fatty acids are synthetized 

in the stroma and since they are the only site of galactolipid synthesis (Li-Beisson et al., 2013). 

Mitochondria are the central compartment of cell bioenergetics. The mitochondrial respiratory chains 

use chemical energy stored in diverse biomolecules including sugars and amino acids to create a proton 

motive force that can be converted to usable energy in the form of ATP. Mitochondria also play major 

roles in calcium signaling, apoptosis and redox balance (Spinelli & Haigis, 2018). Additionally, 

mitochondria are important metabolite synthesis hubs including nucleotides, amino acids, vitamins and 

some lipids (Spinelli & Haigis, 2018). 

Given their extrinsic origin, neither mitochondria nor plastids are connected to the endomembrane 

system. However, vesicles budding from mitochondria have been observed and seem to play a 

physiological role (McLelland & Fon, 2018) and glycosylated proteins seem to transit from the Golgi 

complex to plastids through vesicles (Baslam et al., 2016). Despite the existence of vesicular trafficking 

 

Figure 1 Inside-out scenario for the origin of the endomembrane system and endosymbiotic organelles (Baum 

& Baum, 2014). Figure inspired by Baum & Baum, 2014 and Kornmann, 2020. (A) An ancestor of eukaryotic 

cells engages into mutualistic interactions with the ancestor of an endosymbiont (proto-endosymbiont). (B) 

The eukaryote ancestor develops protrusions to expand and tighten the mutualistic interactions with the proto-

endosymbiont. (C) The protrusions have developed all around the proto-endosymbiont so as to totally wrap 

around it. A narrow cleft (conduit) remains between the protrusions allowing the proto-endosymbiont to 

interact with the environment. (D) The protrusions have fused leading to the final incorporation of the 

endosymbionts. The cleft has become the endoplasmic reticulum which is continuous with the nuclear 

envelope and gives rise to the endomembrane system. 
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implying mitochondria and plastids, this process likely accounts for a very low fraction of the transport 

required for their biogenesis and maintenance. Additionally, mitochondria and plastids produce 

important metabolites implied in numerous cellular processes that have to be exported to the cytosol. 

Furthermore, both mitochondria and plastids are delineated by two membranes, likely derived from their 

bacterial ancestors. Hence, cells developed ingenious systems to allow the exchange of sugars, lipids, 

proteins and other metabolites with mitochondria and plastids. 

The biogenesis and maintenance of organelles necessitates a tight regulation of membrane dynamics 

and a tremendous input of biomolecules. Plastids and mitochondria are semi-autonomous organelles. 

While organelles belonging to the endomembrane system can be regenerated from the ER when 

damaged or lost during cell division, endosymbiotic organelles can only be derived from the same 

compartment type by division. Thus, mitochondria and plastid division processes are carefully and 

tightly regulated. Both plastids and mitochondria have retained the capacity to divide autonomously 

using their own division machinery regulated by the physiological state of the cell (Yoshida, 2018). 

Both endosymbiotic organelles also possess a residual genome able to replicate on its own and that still 

encodes several active proteins. Most of the plastidial and mitochondrial proteins, however, are encoded 

by genes that have been transferred to the nuclear genome in the course of evolution. Thus, mitochondria 

and plastid biogenesis requires a huge import of nuclear-encoded proteins through dedicated protein 

import systems. Import of proteins in mitochondria and plastids are well-studied and well-understood 

processes. Proteins targeted to mitochondria or plastids carry specific sequences allowing their 

recognition by the respective import machineries (Michaud & Duchêne, 2012). Proteins targeted to 

mitochondria transit through the TOM, TIM and SAM machineries to attain the mitochondrial matrix 

or to be inserted in the OM or IM (Murcha et al., 2014). Similarly, proteins targeted to plastids are 

transported by the TOC and TIC machinery (Richardson & Schnell, 2020). 

Lipids are hydrophobic or amphiphilic molecules mostly insoluble in water. In contrast to other 

biological molecules, lipids are defined by their physical properties rather than by their structure. In fact, 

the molecules considered as lipids present a huge structural diversity. Mitochondrial and plastidial 

membrane compositions are widely dominated by glycerolipids, even though they also contain trace 

amounts of sterols. Therefore, this study focuses on the biosynthesis and transport of glycerolipids. The 

lipid composition of a biological membrane is of utmost importance to define its identity (Casares et al., 

2019), integrity and biophysical properties (Ibarguren et al., 2014; Maulucci et al., 2016). Thus, the 

membrane lipid homeostasis of the different cellular compartments is highly regulated by intricately 

linked processes including lipid biosynthesis, lipid modifications and turnover, lipid degradation and 

lipid transport. The lipid synthesis activity is particularly unevenly distributed among organelles. In 

plant cells, the chloroplast is the predominant site of fatty acid synthesis. While the ER is the main site 

of phosphoglycerolipid synthesis, the chloroplast is the only organelle sustaining galactoglycerolipid 

synthesis (see section 3). Mitochondria, on the contrary, have only retained a very limited lipid synthesis 
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capacity (see section 4.2). Similarly, lipid degradation by β-oxidation and their turnover are confined to 

specific organelles or membrane domains. These highly disproportionate lipid synthesis and processing 

capacities between organelles highlight the absolute necessity for lipid transport between the cell 

compartments in membrane homeostasis. In contrast to the already extensively studied protein targeting 

mechanisms, the transport of lipids to and from plastids and mitochondria is much less characterized. 

Two main types of mechanism can mediate lipid transport. Vesicular transport implies the budding of a 

membrane domain from a donor organelle, its transport through the cytoplasm and its fusion with an 

acceptor membrane. While this mechanism takes place extensively between endomembranous 

organelles, it is almost absent in endosymbiotic organelles and is inconsistent with the tremendous 

amounts of lipids that have to be transported to and from plastids and mitochondria. Non-vesicular lipid 

transport implies the direct transport of a lipid molecule from one membrane to another through the 

cytosol. Given the hydrophobic nature of lipids, non-vesicular lipid transport is facilitated by lipid 

transport proteins (LTPs). To reduce the distance of transport and allow the direct channeling of lipid 

molecules from one compartment to another, non-vesicular lipid transport takes place at sites at which 

both the donor and acceptor membranes are in close apposition, named membrane contact sites (MCSs). 

The concepts of membrane contact site and non-vesicular lipid transport will be addressed in the two 

following sections. 

2 Membrane contact sites 

The eukaryotic cell is divided into multiple organelles each presenting a particular biochemical 

environment allowing the compartmentalization and hence the regulation of specific biological 

processes. This compartmentalization has long held the view that each cell compartment performs its 

own biological function disconnected from the other organelles and that the metabolites and other 

signaling molecules travelled long distances to create interactions between the cell compartments 

(Scorrano et al., 2019). Even though the first descriptions of membrane contact sites date back to the 

1950s (Bernhard & Rouiller, 1956; Copeland & Dalton, 1959), it is not until the 1990s that MCSs have 

been described as cellular entities in their own right carrying out specific functions (Rizzuto et al., 1998; 

Vance, 1990). Since their discovery, the definition of membrane contact sites was rather unclear and 

mostly based on the distance between the membranes of adjacent organelles measured on micrographs. 

However, organelles could simply appear in close proximity by chance, especially in plant cells where 

the vacuole takes up all the available space and compresses the other organelles at the cell periphery. 

In 2019, Scorrano et al. gave a clear definition of MCSs in which the presence of tethering and functional 

effectors surpass the mere distance of membrane apposition (Scorrano et al., 2019). First, two apposed 

membranes form a contact site if they are maintained in close proximity (usually between 10 nm and 30 

nm but sometimes up to 80 nm) by tethering forces. MCS tethers are usually proteins or protein 

complexes that use protein-protein or protein-lipid interactions to generate the required tethering force. 
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Defining a MCS tether is a challenging task as the overall tethering force may result from the combined 

interactions of multiple proteins (Eisenberg-Bord et al., 2016). Furthermore, most MCS functional 

effectors may as well contribute to tethering. Second, membranes forming a functional MCS are not 

fusing. This excludes the proximity of membranes during vesicular trafficking events. Importantly, 

MCSs must carry out a specific function. This condition allows to consider MCSs as distinguishable 

cellular entities with crucial physiological/biochemical roles. All organelles are able to engage into 

contacts with others to exchange metabolites, to allow the synthesis of components necessitating a 

particular enzymatic or biochemical environment or for signal transduction. It is important to keep in 

mind that many MCS effectors may have different functions when located at contact sites than when 

located elsewhere. Finally, MCSs harbor a defined proteome and/or lipidome. Even though the 

composition of a MCS may vary over time or depending on the cell physiological condition, specific 

tethers, effectors and membrane composition characterize a MCS, likely to create a biochemically 

unique environment in which particular processes can be carried out without disturbing the rest of the 

cellular environment. 

Since their discovery, an increasing number of cellular functions have been assigned to membrane 

contact sites. Briefly, functions of MCSs can be divided in four main categories (Prinz et al., 2020): 

metabolic channeling, cell signaling, regulation of membrane dynamics and lipid transport. Metabolic 

channeling at MCSs allows to directly pass on metabolites between enzymes or enzyme complexes 

located in different cell compartment, hence increasing the efficiency of a metabolic route and 

minimizing off-pathway reactions. The proximity of two or more organelles also facilitates the 

transmission of various signals or can be used as a platform to assemble specific protein and/or lipid 

environments in response to extra- or intracellular stimuli. For example, Ca2+ signaling takes place at 

ER-mitochondria and ER-plasma membrane contact sites to efficiently transduce stress signals. MCSs 

also contribute to organelle membrane dynamics for example by marking sites of organelle fission and 

fusion, by influencing the position of organelles in the cell or by regulating autophagy. Finally, MCSs 

are sites at which non-vesicular lipid transport takes place and is regulated. 

The general functions of MCSs are thought to be conserved in plants (Pérez-Sancho et al., 2016). While 

in yeast and mammals the field of MCS research is starting to get a complete picture of the existing 

organelle contacts (Gatta & Levine, 2017; Prinz et al., 2020; Wenzel et al., 2022), plant MCSs have 

been much less investigated. Many concepts and plant MCS effectors have been inferred from other 

eukaryotes by homology (Pérez-Sancho et al., 2016). However, plant cells harbor some specific 

organelles or cell structures, like chloroplasts and plasmodesmata, increasing the complexity and the 

possibility of MCSs formation and functions. Plasmodesmata are tight openings between neighboring 

cells allowing cytoplasmic continuity and communication. Plasmodesmata also allow the passage of ER 

tubules that form ER-plasma membrane contact sites directly in the plasmodesmal conduit (Tilsner et 

al., 2016). These plasmodesmal ER-plasma membrane contact sites play crucial roles in the regulation 
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of cell-to-cell communication (Tilsner et al., 2016). Chloroplasts form a plant-specific compartment that 

is known to interact with almost all the other cell compartments and fulfill a vast array of functions 

ranging from lipid neosynthesis to nucleus signaling or positioning in response to light (Mueller-

Schuessele & Michaud, 2018). Interestingly, plastids are known to form stroma-filled protrusions called 

stromules (stroma-filled tubules) that are able to form contact sites with other organelles, including 

mitochondria (Kwok & Hanson, 2004; Schattat et al., 2011). Another important aspect of plant MCSs 

is their intimate link to stress response (Michaud & Jouhet, 2019; Mueller-Schuessele & Michaud, 2018; 

Pérez-Sancho et al., 2016). Upon biotic stress, high light or oxidative stress, chloroplast stromules 

contact the nucleus, presumably to favor stress signal transduction. Light stress further induces the tight 

association between chloroplasts, peroxisomes and mitochondria presumably to promote 

photorespiration (H. Gao et al., 2016; Oikawa et al., 2015). Mitochondria have also been observed to 

directly associate to chloroplasts upon phosphate starvation (see section 5), presumably to promote 

digalactosyl diacylglycerol (DGDG) non-vesicular transport to mitochondria  (Jouhet et al., 2004). Like 

in yeast and mammals, plant MCSs are sites of non-vesicular lipid transport (Leterme & Michaud, 2022). 

Beside ER-mitochondria contact sites, ER-chloroplast contact sites form a highly active lipid transport 

platform indispensable for plant lipid biosynthesis (see section 3). 

3 Non-vesicular glycerolipid transport in plant cells 

This section is composed of the fourth chapter of Advances in Botanical Research, volume 101 (Leterme 

& Michaud, 2022). This book chapter starts with an overview on the diversity and nomenclature of 

glycerolipids as well as an introduction to their neosynthesis in plant cells. After a concise introduction 

on membrane contact sites, non-vesicular lipid transport and the general features of lipid transport 

proteins, the focus is laid on the thorough description of LTPs present in plants by analogy with what is 

known in yeast and mammals. For each type of LTP, the general protein organization and available 

physiological data in plants are described. For each LTP family, a table gathering the known or predicted 

representatives in plants as well as their general protein domain organization is given. 

We classified lipid transport proteins according to their lipid transport domain and/or lipid transport 

mechanism (Figure 2). The first part describes LTPs with known lipid transport domains. The second 

part focuses on enzymes of the lipid metabolism and flippases that are known to be important for lipid 

trafficking while the last part describes lipid transport protein complexes. 

A section of this book chapter is dedicated to VPS13-like proteins. At the time of writing (spring 2021), 

knowledge on plant VPS13 proteins as well as on other VPS13-like proteins was scarce. VPS13 proteins 

and other repeating β-groove proteins are thoroughly discussed in part 2 of this manuscript. 
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Figure 2 Schematic representation of the Leterme & Michaud, 2022 ABR book chapter organization. Protein 

structures are represented on the right as an example for the different lipid transport protein classes if available. 
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4 Non-vesicular lipid transport at endoplasmic reticulum – 

mitochondria and intramitochondrial contact sites 

4.1 Functions of endoplasmic reticulum – mitochondria contact sites 

ER-mitochondria contact sites are the first MCSs that have been discovered (Bernhard & Rouiller, 1956; 

Copeland & Dalton, 1959). In the following decades, mitochondria have been found to interact with 

virtually all organelles and to fulfill numerous cellular functions (Harper et al., 2020; Lackner, 2019). 

One particularly important mitochondrial contact site is the interface between the ER and mitochondria. 

The functions of ER-mitochondria contact sites (EMCSs) have already been extensively reviewed (Prinz 

et al., 2020; Rowland & Voeltz, 2012; Sassano et al., 2022; Wenzel et al., 2022) and a short, non-

exhaustive overview is given hereafter. 

Ca2+ signaling is a well-known function of EMCSs and is facilitated by the physical coupling of IP3R 

and VDAC ion channels (Szabadkai et al., 2006). ER-mitochondria Ca2+ exchange contributes to ROS 

signaling response, regulation of mitochondrial energy metabolism (Silva-Pavez et al., 2021), apoptosis 

and its deregulation is the cause of several human diseases (Sassano et al., 2022). EMCSs regulate 

mitochondria biogenesis and abundance. Notably, they mark sites of mitochondrial fission and fusion 

by regulating the fission/fusion machinery (Abrisch et al., 2020; Friedman et al., 2011). EMCSs also 

regulate mitophagy during nutrient stress (Böckler & Westermann, 2014). The tight link between ER 

and mitochondria favors the exchange and channeling of metabolites. Beside Ca2+ and iron import, 

EMCSs are lipid exchange platforms at which extensive lipid transport takes place. EMCSs are highly 

enriched in lipid synthesis enzymes, foreshowing their importance for cell lipid homeostasis (Vance, 

1990). The following sections address lipid metabolism, lipid trafficking and the associated lipid 

transport proteins at EMCSs. Given the rather low amount of data on these topics in plants, the general 

concepts will be reviewed for yeast and mammals and compared or inferred to plants with emphasis on 

A. thaliana. 

4.2 Glycerolipid synthesis and trafficking to and in plant mitochondria 

Glycerolipid trafficking to yeast and mammalian mitochondria has already been extensively studied and 

reviewed (Horvath & Daum, 2013; Petrungaro & Kornmann, 2019; Y. Tamura et al., 2020; Tatsuta et 

al., 2014; Tatsuta & Langer, 2017). In contrast, much less is known about glycerolipid trafficking to 

plant mitochondria, even though the main concepts are presumably similar (Michaud et al., 2017). This 

section focuses on glycerolipid synthesis in plant mitochondria and the trafficking routes enabling their 

import into plant mitochondria. The proteins involved in mitochondrial glycerolipid transport will be 

described in section 4.3. 

Mitochondrial membranes are composed of the same variety of phosphoglycerolipids than the ER. In A. 

thaliana, the most abundant glycerolipid species in mitochondria are PC and PE, representing about 
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80% of the total lipid content (Jouhet et al., 2004). PI and PG are both present in smaller quantities while 

DPG makes up about 10% of total lipids. Like plastids, plant mitochondria have retained the ability to 

synthesize fatty acids. Mitochondrial fatty acid synthesis is carried out by a type II FAS that uses 

imported malonate as precursor for malonyl-ACP and acetyl-ACP to initiate the acyl chain elongation 

cycles (Li-Beisson et al., 2013). The elongation cycles are terminated to generate C8:0-ACP and C14:0-

ACP that are used for lipoylation of proteins important for mitochondrial metabolism and for 

mitochondrial lipopolysaccharide synthesis, respectively (C. Li et al., 2011; Li-Beisson et al., 2013; 

Wada et al., 1997). Despite the presence of a FAS in mitochondria, the vast majority of the acyl chains 

used for de novo glycerolipid synthesis in mitochondria are provided by the plastid (Li-Beisson et al., 

2013).  

Plant mitochondria have the capacity to synthetize only a small subset of the lipids required for their 

biogenesis and function. They likely contain the six required enzymes for de novo PG and DPG synthesis 

(Figure 3). In A. thaliana, five out of six enzymes have been characterized. Like in plastids and the ER, 

de novo glycerolipid synthesis starts with the successive acylation of glycerol-3-phosphate (G3P) by a 

glycerol-3-phosphate acyltransferase (GPAT) and a lysophosphatidic acid acyltransferase (LPAAT) to 

form PA. While the mitochondrial GPAT remains elusive, the LPAAT is found in soluble form in 

mitochondria (Ghosh et al., 2009). Five CDP-DAG synthetases that convert PA to CDP-DAG have been 

identified in A. thaliana. CDP-DAG is then converted to phosphatidylglycerol phosphate (PGP) by the 

PGP synthase 1 (PGP1) that is dually targeted to mitochondria and plastids. The conversion of PGP to 

PG is catalyzed by a PGP phosphatase (PGPP). PGPP1 has been characterized in Chlamydomonas 

reinhardtii and its putative homolog has been inferred in A. thaliana (Hung et al., 2015). Lin et al. 

characterized PGPP1 in A. thaliana and show that it is involved in PG synthesis and that it is localized 

in mitochondria in root cells (Lin et al., 2018). The final conversion of PG to DPG is catalyzed by a 

DPG synthase (DPGS or cardiolipin synthase, CLS). DPGS is localized at the mitochondrial IM. Thus, 

plant mitochondria seem to be able to synthesize PA, PG and DPG on their own, even though it cannot 

be excluded that intermediates like CDP-DAG and PG are transported to mitochondria as a complement 

(Figure 3). Beside PA, PG and DPG, mitochondria are not known to neosynthetize any other 

glycerolipids. The fact that not all the enzymes required for de novo DPG synthesis have been identified 

in A. thaliana raises questions on whether and which precursor lipids are transported to mitochondria. 

In yeast, PA is transported from the mitochondrial OM to the IM and is integrated into the synthesis of 

DPG (Connerth et al., 2012). In humans, DPG synthesis is thought to be mainly driven by PA import 

(Horvath & Daum, 2013; Potting et al., 2013). It is not known if a similar transport exists in plants. The 

deletion of PGP1 in A. thaliana only had minor effects on DPG synthesis, suggesting that PG is 

efficiently transported from extramitochondrial membranes to mitochondria to sustain DPG synthesis, 

even though this pathway might play a minor role in normal conditions (Babiychuk et al., 2003). 



81 

 

Plant mitochondria have also the capacity to synthesize a fraction of PE. In yeast, mammals and plants, 

PE can be synthetized through two different main pathways: the CDP-ethanolamine (CDP-Etn) pathway 

and the decarboxylation pathway (Horvath & Daum, 2013) (Figure 3). In the CDP-Etn pathway, 

ethanolamine (Etn) is first phosphorylated by an Etn kinase to form phospho-Etn. Phospho-Etn is then 

activated to CDP-Etn by a phospho-Etn cytidyltransferase. CDP-Etn is finally transferred to a DAG 

backbone by a phospho-Etn transferase to form PE in the ER. In the decarboxylation pathway, PE is 

directly formed by the decarboxylation of PS by a PS decarboxylase (PSD). In yeast, the major PE 

synthesis pathway is the decarboxylation pathway (Horvath & Daum, 2013). PSD1 is dually localized 

to the mitochondrial inner membrane and the ER (Friedman et al., 2018) while PSD2 is Golgi and 

vacuole-localized (Trotter & Voelker, 1995). Since PSD2 accounts for a negligible part of the 

decarboxylase activity (Trotter & Voelker, 1995), a substantial transport of PS takes place from the ER 

 

Figure 3 Representation of lipid synthesis and trafficking pathways in and to plant mitochondria (adapted 

from Michaud et al., 2017). Enzymatic reactions for PE, PC and DPG are represented with black arrows. Black 

question marks represent the uncertainty over the existence of an enzyme. Orange arrows represent the action 

of enzymes in trans. The transport of lipids is represented by green arrows. Dashed arrows indicate processes 

that are thought to be minor in plants. IM: mitochondrial inner membrane, OM: mitochondrial outer 

membrane, DAG: diacylglycerol, PC: phosphatidylcholine, PE: phosphatidylethanolamine, PS: 

phosphatidylserine, PA: phosphatidic acid, PGP: phosphatidylglycerol phosphate, PG: phosphatidylglycerol, 

DPG: diphosphatidylglycerol (cardiolipin), ACP: acyl carrier protein, G3P: glycerol-3-phosphate, P-Etn: 

phospho-ethanolamine, P-Cho; phospho-choline, CDP: cytidine diphosphate, PECT: phospho-ethanolamine 

cytidyltransferase, PEAMT: phospho-ethanolamine methyltransferase, CCT: phospho-choline 

cytidyltransferase, AAPT: aminoalcohol phosphotransferase, PSD: phosphatidylserine decarboxylase, GPAT: 

glycerol-3-phopshate acyltransferase, LPAAT: lysophosphatidic acid acyltransferase, CDP-DAGS: CDP-

DAG synthase, PGP: phosphatidylglycerol phosphate, PGP1: PGP synthase, PGPP1: PGP phosphatase, 

DPGS: DPG synthase. 
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to mitochondria to sustain PE synthesis. A part of the synthetized PE is then transported back to 

extramitochondrial compartments. In A. thaliana, PSD1, PSD2 and PSD3 respectively localize to the 

mitochondrial IM, the vacuole and the ER (Nerlich et al., 2007). The psd1 psd2 psd3 triple mutants 

present no PE synthesis defect (Nerlich et al., 2007), showing that plants mainly use the CDP-Etn 

pathway for PE synthesis. Interestingly, PECT1, the only phospho-Etn cytidylyltransferase in A. 

thaliana, is associated to mitochondria (Duncan et al., 2011; Mizoi et al., 2007), while both phospho-

Etn transferases AAPT1/2 are localized in the ER (Sutoh et al., 2010). This strongly suggests that PE 

synthesis resides at ER-mitochondria contact sites. 

Since PC, PE and PI cannot be synthetized in mitochondria, they rely entirely on the import of these 

lipids from other compartments to sustain their membrane biogenesis (Li-Beisson et al., 2013). 

Furthermore, mitochondria being of endosymbiotic origin, these lipids have to be imported by non-

vesicular routes at MCSs. Because the ER is the main site of lipid synthesis, ER-mitochondria contact 

sites (EMCSs) are known to harbor the vast majority of lipid trafficking activity to mitochondria. While 

this is an established fact in yeast and humans, experimental evidence is lacking to confirm a similar 

extensive role in plants. The current knowledge on glycerolipid trafficking routes to plant mitochondria 

is summarized in Figure 3. 

Even though it is clear that intense lipid trafficking occurs at EMCSs, it is interesting to note that several 

enzymes have been reported to function in trans, that is carrying out their catalytic function on a closely 

apposed membrane different from the one they are localized in (Figure 3, orange arrows). This is the 

case for PSD1 in yeast (Aaltonen et al., 2016). Since PE synthesis likely occurs at EMCSs in plants, 

Michaud et al. hypothesized that AAPT1/2 could perform its activity in trans on the mitochondrial OM 

(Michaud et al., 2017). All the aforementioned glycerolipid trafficking steps and the functioning of lipid 

synthesis enzymes in trans highlight the necessity for a tight ER-mitochondria association as well as the 

requirement for facilitated lipid transport. 

4.3 Proteins involved in ER-mitochondria and intramitochondrial contact site 

tethering and lipid transport 

The ER – mitochondria membrane contact sites (EMCSs), initially named mitochondria associated 

membranes (MAMs), are the first contact sites at which non-vesicular lipid transport has been observed 

(Vance, 1990). In yeast and mammals, the EMCS and the intramitochondrial membrane contact site 

have already been extensively studied and many tethers and LTPs are known to allow non-vesicular 

lipid transport to sustain mitochondrial membrane biogenesis and maintenance (Y. Tamura et al., 2020; 

Tatsuta et al., 2014). The aim of this section is to depict the current knowledge in yeast and mammals 

and to assess the conservation of the lipid transport processes as well as the tethering proteins in plants 

with a focus on A. thaliana. The known tethers and LTPs at the ER-mitochondria and intramitochondrial 
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contact sites in mammals, yeast and plants are listed in Table 1, Table 2 and Table 3 and represented 

in Figure 4 and Figure 5. 

Table 1 Proteins implied in tethering and/or lipid transport identified at ER-mitochondria and intramitochondrial 

contact sites in mammals, mostly Homo sapiens. For each tethering protein, tethering complex or lipid transport 

protein, the relevant literature, main known functions and putative homologs in Arabidopsis thaliana are indicated. 

Putative homologs have been determined by protein sequence BLAST and the results with an E-value lower than 

0.01 are indicated. The cited proteins are represented in the corresponding figure. 

Protein name References Function at EMCSs 
Putative homologs in A. 

thaliana 

VDAC1 

(Szabadkai et al., 2006) 

(Y. Liu et al., 2019) 

(Basso et al., 2020) 

Tethering ER-OM 

Ca2+ transport 

VDAC1 (At3g01380), 

VDAC2 (At5g67500), 

VDAC3 (At5g15090), 

VDAC4 (At5g57490) 

GRP75 
mtHSP70-1 (At4g37910), 

mtHSP70-2 (At5g09590) 

IP3R No 

DJ-1 DJ-1A-F 

FIS1 
(Iwasawa et al., 2011) 

Tethering ER-OM 

Mitochondrial fission 

FIS1A (At3g57090), 

FIS1B (At5g12390) 

BAP31 At5g42570, At1g11905 

MFN1 (de Brito & Scorrano, 2008) 

(Hernández-Alvarez et al., 

2019) 

Tethering ER-OM 

Mitochondrial fusion 

Lipid transport 

FZL (At1g03160) 

MFN2 FZL (At1g03160) 

PTPIP51 

(De Vos et al., 2012) 

(Stoica et al., 2014) 

(Yeo et al., 2021) 

(Di Mattia et al., 2018) 

Tethering ER-OM 

PA transport 

No 

VAPB 

VAP27-1 (At3g60600), 

VAP27-2 (At1g08820), 

PVA12 (At2g45140), 

At5g47180, At4g00170, 

At2g23830 

MOSPD2 
Yes (>10 including VAP27 

and Patellins) 

BAP31 
(Namba, 2019) Tethering ER-OM 

At5g42570, At1g11905 

TOM40 AtTOM40 (At3g20000) 

ORP5, ORP8 

(Galmes et al., 2016) 

(Monteiro-Cardoso et al., 

2022) 

PS transport Yes (>10) 

MIGA2 

(Freyre et al., 2019) 

(Kim et al., 2022) 

Tethering ER-OM 

Lipid  (PS) transport 

No 

VAPB 

VAP27-1 (At3g60600), 

VAP27-2 (At1g08820), 

PVA12 (At2g45140), 

At5g47180, At4g00170, 

At2g23830 

PDZD8 
(Hirabayashi et al., 2017) 

(Shirane et al., 2020) 

Tethering ER-OM 

Lipid transport 
No 

E-Syt1 
(Sassano et al., 2023) 

(Janer et al., 2022) 
Lipid transport 

Syt1-7 

PERK Yes (>10) 

SYNJ2BP No 

HsVPS13A 

VAPA 

(Kumar et al., 2018) 

(Muñoz-Braceras et al., 2019) 

(Yeshaw et al., 2019) 

(Guillén-Samander et al., 

2022) 

Bulk lipid transport 

AtVPS13M1 (At4g17140), 

AtVPS13M2 (At1g48090), 

AtVPS13S (At5g24740), 

AtVPS13X (At3g50380) 

HsVPS13D 

MIRO 

(Guillén-Samander et al., 

2021) 
Bulk lipid transport 

AtVPS13M1 (At4g17140), 

AtVPS13M2 (At1g48090), 

AtVPS13S (At5g24740), 

AtVPS13X (At3g50380) 
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Table 1 continued    

Protein name References Function at EMCSs 
Putative homologs in A. 

thaliana 

MIC60 (Xie et al., 2007) 

(Ott et al., 2012) 

(J. Tang et al., 2020) 

Tethering OM-IM 

Mitochondrial protein 

import 

AtMic60 (At4g39690) 

SAM50 
SAM50.1 (At3g11070), 

SAM50.2 (At5g05520) 

VDAC (Beutner et al., 1996) 

(Beutner et al., 1998) 
Tethering OM-IM 

VDAC1 (At3g01380), 

VDAC2 (At5g67500), 

VDAC3 (At5g15090), 

VDAC4 (At5g57490) 

ANT Yes (>10) 

PRELID1 (Potting et al., 2013) PA transport OM-IM At5g13070 

TRIAP1  Chaperone At4g33100 

SLMO1 (Miliara et al., 2015) PA transport OM-IM At5g13070 

SLMO2 (Aaltonen et al., 2016) PS transport OM-IM At5g13070 

StARD7 
(Horibata et al., 2016) 

(Saita et al., 2018) 
PC transport OM-IM 

At4g14500, CP5 

(At1g64720), At3g23080, 

At5g54170, At3g13062 

mtCK (Epand et al., 2007) DPG transport No 

NDPK-D 
(Epand et al., 2007) 

(Schlattner et al., 2013) 
DPG transport NDPK3 (At4g11010) 

 

Table 2 Proteins implied in tethering and/or lipid transport identified at ER-mitochondria and intramitochondrial 

contact sites in yeast (Saccharomyces cerevisiae). For each tethering protein, tethering complex or lipid transport 

protein, the relevant literature, main known functions and putative homologs in Arabidopsis thaliana are indicated. 

Putative homologs have been determined by protein sequence BLAST and the results with an E-value lower than 

0.01 are indicated. The cited proteins are represented in the corresponding figure. 

Protein name References Function at EMCSs 
Putative homologs in A. 

thaliana 

Mmr1 (Swayne et al., 2011) 
Tethering ER-OM 

Mitochondria inheritance 
No 

Mmm1 

(Kornmann et al., 2009) 

(Yamano et al., 2010) 

(Kornmann et al., 2011) 

(Elbaz-Alon et al., 2015) 

(John Peter, Petrungaro, et al., 

2022) 

ERMES complex 

Tethering ER-OM 

Lipid transport 

No 

Mdm12 No 

Mdm34 No 

Mdm10 No 

Gem1 

MIRO1 (At5g27540), 

MIRO2 (At3g63150) 

MIRO3 (At3g05310) 

Lam6 
VAD1 (At1g02120), 

At3g59660, At1g03370 

Tom7 No 

EMC1 

(Lahiri et al., 2014) 

Tethering ER-OM 

Transmembrane protein 

insertion 

Lipid transport 

At5g11560 

EMC2 No 

EMC3 At4g12590 

EMC4 No 

EMC5 No 

EMC6 No 

Tom5 At5g08040 

Lam6 
(Murley et al., 2015) Tethering ER-OM 

VAD1 (At1g02120), 

At3g59660, At1g03370 

Tom70/71 No 

Hob1/Fmp27 (Toulmay et al., 2022) Lipid transport 
SABRE (At1g58250), 

KIP (At5g49680) 

Hob2 (Toulmay et al., 2022) Lipid transport 
SABRE (At1g58250), 

KIP (At5g49680) 

Tweek/Csf1 (Toulmay et al., 2022) Lipid ransport No 
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Table 2 continued    

Protein name References Function at EMCSs 
Putative homologs in A. 

thaliana 

Mic60 (von der Malsburg et al., 

2011) 

(Bohnert et al., 2012) 

Tethering OM-IM 

Protein import 

AtMic60 (At4g39690) 

Tom40 AtTOM40 (At3g20000) 

Mic60 
(Bohnert et al., 2012) 

(Körner et al., 2012) 

Tethering OM-IM 

Protein import 

AtMic60 (At4g39690) 

SAM50 
SAM50.1 (At3g11070), 

SAM50.2 (At5g05520) 

Mic60 
(Harner et al., 2011) Tethering OM-IM 

AtMic60 (At4g39690) 

Ugo1 No 

Mic60 

(Hoppins et al., 2011) Tethering OM-IM 

AtMic60 (At4g39690) 

VDAC 

VDAC1 (At3g01380), 

VDAC2 (At5g67500), 

VDAC3 (At5g15090), 

VDAC4 (At5g57490) 

Tom22 
(Chacinska et al., 2005) Tethering OM-IM 

Tom9.1 (At1g04070), 

Tom9.2 (At5g43970) 

Tim21 Tim21 (At4g00026) 

Ugo1 
(Sesaki & Jensen, 2004) 

Tethering OM-IM 

Mitochondrial fusion 

No 

Mgm1 Yes (>10) 

Ups1 
(Y. Tamura et al., 2009) 

(Connerth et al., 2012) 
PA transport OM-IM At5g13070 

Ups2 

(Y. Tamura et al., 2009) 

(Aaltonen et al., 2016) 

(Miyata et al., 2016) 

PS transport OM-IM At5g13070 

Mdm35 
(Connerth et al., 2012) 

(Miyata et al., 2016) 

Chaperone, Ups1/2 

stabilization 
At4g33100 

Mdm31 

(Miyata et al., 2017) 

(Miyata et al., 2018) 
PA transport OM-IM 

No 

VDAC1 

VDAC1 (At3g01380), 

VDAC2 (At5g67500), 

VDAC3 (At5g15090), 

VDAC4 (At5g57490) 

 

Table 3 Proteins implied in tethering and/or lipid transport identified at ER-mitochondria and intramitochondrial 

contact sites in Arabidopsis thaliana known to date. For each protein or protein complex, the corresponding 

literature is cited, the known functions are indicated and the TAIR accession numbers are given. MELL1 has been 

discovered in Physcomitrella patens and its putative homologs in Arabidopsis thaliana are indicated in the right 

column. 

Protein name References Function at EMCSs TAIR accession 

MELL1 
(Mueller et al., 2014) 

(Mueller & Reski, 2015) 
Tethering ER-OM 

At5g44310, At4g21020, 

At1g72100 

TIM17-2 (Murcha et al., 2005) Tethering OM-IM At2g37410 

MIRO2 (White et al., 2020) Tethering ER-OM At3g63150 

TRB1 
(C. Li et al., 2022) 

Tethering ER-OM 

Mitophagy 

At1g05270 

VAP27 At3g60600 

AtMIC60 
(Michaud et al., 2016) 

Tethering OM-IM 

Lipid transport 

At4g39690 

AtTOM40 At3g20000 

 

4.3.1 Tethering at ER-mitochondria contact sites 

In yeast and mammals, EMCSs are considered to be among the most stable contact sites between 

organelles, which has greatly facilitated their study (Rowland & Voeltz, 2012; Subra et al., 2023). A 

multitude of ER-mitochondria tethers have already been described (Table 1 & Table 2). As mentioned 



86 

 

above, it is often difficult to clearly identify the tethering function of a contact site protein as the overall 

MCS tethering force might result from a combination of multiple tethers and as a tethering protein might 

also perform other functions at the MCS (Eisenberg-Bord et al., 2016). 

In mammals, four protein complexes have been classically described to mediate EMCS tethering (Prinz, 

2014): the IP3R-GRP75-VDAC-DJ-1 complex (Y. Liu et al., 2019; Szabadkai et al., 2006), the BAP31-

FIS1 complex (Iwasawa et al., 2011), the MFN1/2-MFN2 complex (de Brito & Scorrano, 2008) and the 

VAPB-PTPIP51 complex (De Vos et al., 2012). Most proteins present in these complexes are known to 

perform other functions than tethering. The IP3R-GRP75-VDAC-DJ-1 complex is known to facilitate 

channeling of Ca2+ into mitochondria (Szabadkai et al., 2006). FIS1 and MFN1/2 both function in 

mitochondrial fission and fusion (van der Bliek et al., 2013) while PTPIP51 was shown to be a lipid 

transporter (Yeo et al., 2021). Since then, numerous additional proteins spanning through EMCSs have 

been discovered (Figure 4, Table 1). While a proper role as tethers has not been confirmed for all of 

these new EMCS effectors, it is probable that they all contribute to tethering to some extent since they 

are in contact with both the ER membrane and the mitochondrial OM either directly, or as part of a 

complex. PDZD8 and MIGA2 have both been described to function as tethers at EMCSs (Freyre et al., 

2019; Hirabayashi et al., 2017), while neither ORP5/8 nor E-Syt1 seem to substantially contribute to 

tethering (Monteiro-Cardoso et al., 2022; Sassano et al., 2023). New protein-protein interactions have 

also been discovered. BAP31 was found to physically interact with TOM40 (Namba, 2019) and ORP5/8 

interact with SAM50 and MIC60 (Monteiro-Cardoso et al., 2022). In yeast, only two EMCS tethers are 

classically described (Prinz, 2014): Mmr1 (Swayne et al., 2011) and the ERMES (ER-mitochondria 

encounter structure) complex (Kornmann et al., 2009). Like in mammals, both tethers accomplish other 

cellular functions, namely mitochondria inheritance (Itoh et al., 2004) and lipid transport (John Peter, 

Petrungaro, et al., 2022), respectively. Interestingly, all the endoplasmic reticulum membrane protein 

complex (EMC) subunits interact with Tom5 and form an efficient EMCS tethering complex (Lahiri et 

al., 2014). Lam6, a MCS regulator and sterol transporter present at EMCSs and mitochondria-vacuole 

contact sites in yeast, interacts with Tom70/71 (Murley et al., 2015). 

Surprisingly, few tethering proteins are conserved in A. thaliana (Table 1, Table 2 & Table 3). A high 

number of VAPs are present in the A. thaliana genome, suggesting that VAP-FFAT motif interactions 

are conserved in plants. Accordingly, the VAP27-TRB1 EMCS tether has been identified (C. Li et al., 

2022). TRB1 belongs to the TraB protein family implied in mitochondrial movement. Its association 

with VAP27 is important during mitophagy. Lam6 has four homologs in plants (Leterme & Michaud, 

2022). Except for VAD1, the localization of A. thaliana plant homologs is unknown and none has been 

found to play a role at EMCSs (see Leterme & Michaud, 2022, section 2.1.4).  
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Figure 4 Tethers and lipid transport proteins present at ER-mitochondria and intramitochondrial membrane 

contact sites in mammals and yeast. 
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MELL1 has been identified as a plant specific EMCS tether in the moss Physcomitrella patens (Mueller 

et al., 2014; Mueller & Reski, 2015) and uncharacterized homologs are also present in A. thaliana 

(Michaud et al., 2017). The effect of MIRO2 in A. thaliana ER-mitochondria tethering has also only 

been observed in plants (White et al., 2020). However, it is not clear how and with what partners MIRO2 

contacts the ER. 

4.3.2 Tethering at intramitochondrial contact sites 

Most intramitochondrial tethers were discovered through co-immunoprecipitation. Since the 

mitochondrial membranes are densely packed with proteins and protein complexes, the risk of false 

positives is high. Nevertheless, several interactions could be determined. 

Interestingly, the interaction between MIC60 and TOM complexes seems to be conserved in mammals, 

yeast and plants (Figure 4 & Figure 5) (Bohnert et al., 2012; Michaud et al., 2016; von der Malsburg 

et al., 2011). Similarly, the MIC60-SAM50 interaction is found in mammals and yeast (Bohnert et al., 

2012; Körner et al., 2012). In yeast, Mic60 additionally interacts with Ugo1 and VDAC (Harner et al., 

2011; Hoppins et al., 2011). Thus, the MICOS (mitochondrial contact site and cristae organizing system)  

complex plays a central role in intramitochondrial contact site formation and can be regarded as a 

mitochondrial IM interaction hub (Mukherjee et al., 2021). The MICOS complex is known to be 

important for mitochondrial membrane architecture, protein import and lipid homeostasis and 

trafficking (Rampelt et al., 2017), which is consistent with its broad interactome. In plants, only the 

AtMIC60-AtTOM40 interaction has been shown (Michaud et al., 2016). However, it is likely that other 

AtMIC60 interactors will be discovered in the future since the mitochondrial complexes are well 

conserved throughout evolution. 

 

Figure 5 Tethers and lipid transport proteins present at ER-mitochondria and intramitochondrial membrane 

contact sites in Arabidopsis thaliana. 
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In mammals, VDAC in the OM and ANT (adenylate translocator) in the IM are also tethering both 

mitochondrial membranes (Beutner et al., 1996, 1998). Multiple homologs of VDAC and ANT are 

present in A. thaliana, suggesting that a similar interaction could take place in plants (Table 1). In yeast, 

beside the Ugo1-Mgm1 complex important for OM-IM coupling during mitochondrial fusion (Sesaki 

& Jensen, 2004), another interaction implying VDAC and the IM protein Mdm31 was discovered 

(Miyata et al., 2018). However, neither Ugo1 nor Mdm31 have a sequence homolog in A. thaliana 

(Table 2). This does not rule out the possibility that structural homologs or functional analogs exist in 

plants. Interestingly, the IM-located TIM17-2 protein has been found to mediate OM-IM tethering in A. 

thaliana as its C-terminus remains sensitive to proteases applied on intact mitochondria (Murcha et al., 

2005). How TIM17-2 is inserted in both the OM and IM and the role of such a peculiar topology remains 

to be clarified. 

4.3.3 Phosphatidylserine transport to the mitochondrial inner and outer membranes 

Mitochondria do not possess the enzymatic machinery to neosynthetize PS and therefore must at least 

import the PS present in the mitochondrial membranes. PS is also imported into mitochondria and 

channeled to the IM-localized PS decarboxylase to generate PE. Human, yeast and A. thaliana cells all 

have different needs for PS import mostly depending on their ability to synthetize PE through the 

mitochondrial PS decarboxylase pathway and the CDP-Etn pathway (see section 4.2). This section 

focuses on the known components of the PS import machinery into mitochondria. 

In mammals, three potential PS transporters have been identified at EMCSs: ORP5, ORP8 and MIGA2. 

ORP5/8 function as a duo and have initially been identified as a PS/PI counter-exchanger at ER-plasma 

membrane contact sites (see Leterme & Michaud, 2022, section 2.2). Recently, ORP5/8 have been found 

to be EMCS residents in physiological conditions (Monteiro-Cardoso et al., 2022). Interestingly, the 

authors found that ORP5/8 knock down lines had decreased PE amounts while not being needed for ER-

mitochondria tethering, suggesting that they are effectively transporting PS from the ER to 

mitochondria. ORP5/8 were found to interact with members of the MIB (mitochondrial intermembrane 

space bridging) complex and ORP5/8 or MIC60 knock down lines presented a similar PE decrease 

(Monteiro-Cardoso et al., 2022). This led the authors to hypothesize that ORP5/8 and the MIB/MICOS 

complexes function in tandem to channel PS directly to the mitochondrial IM. MIGA2 is inserted in the 

mitochondrial OM by a transmembrane helix, interacts with ER-localized VAPs and contacts lipid 

droplets with a hydrophobic helix in human adipocytes (Freyre et al., 2019). MIGA2 depleted adipocytes 

had reduced TAG production, suggesting a function in lipid metabolism (Freyre et al., 2019). 

Furthermore, MIGA2 preferentially binds and transports PS between liposomes (Kim et al., 2022). 

Therefore, it has been proposed that MIGA2 transports PS at EMCSs. It is interesting to note that the 

MIGA2 lipid transport domain folds as a coiled coil forming a hydrophobic pocket, thus forming an 

atypical lipid transporting fold (Kim et al., 2022). The exact mechanism of transport, however, remains 

to be determined. MFN2, which is part of the MFN1/2-MFN2 tethering complex, was also found to 
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promote PS transport from the ER to mitochondria since MFN2-depleted mice had reduced PE amounts 

in liver cell mitochondria (Hernández-Alvarez et al., 2019). Furthermore, MFN2 is able to bind, extract 

and concentrate PS in membrane subdomains in vitro (Hernández-Alvarez et al., 2019). Whether MFN2 

has a direct or indirect lipid transport function remains to be clarified. In yeast, the ERMES complex 

has been proposed to transport PS between ER and mitochondria. The ERMES complex is anchored in 

the ER membrane by Mmm1 and in the mitochondrial membrane by Mdm10. Mmm1, Mdm12 and 

Mdm34 harbor a SMP lipid transport domain, presumably assembling to form a hydrophobic cleft 

allowing the passage of lipids. Several structural studies proposed different ERMES subunit 

configurations (Jeong et al., 2016, 2017; Kawano et al., 2018), but only recently a native cryo-EM 

subtomogram averaging study concluded that ERMES most likely forms a continuous conduit from the 

ER to mitochondria (Wozny et al., 2022). ERMES was found to substantially contribute to lipid transport 

to mitochondria (John Peter, Petrungaro, et al., 2022). The same in vivo study reveals that ERMES has 

no obvious glycerolipid class transport specificity, but an in vitro assay using purified yeast membranes 

showed that ERMES is required for PS transport to mitochondria (Kojima et al., 2016). Beside the 

ERMES complex, the EMC has been shown to impact lipid transport to mitochondria (Lahiri et al., 

2014). The EMC seems to have three different functions: 1) protein insertion into the ER, 2) ER-

mitochondria tethering by interaction with Tom5 and 3) lipid transport (Chitwood & Hegde, 2019; 

Lahiri et al., 2014). A set of in vitro and in vivo studies showed that the EMC likely plays an important 

role in PS transport to mitochondria (Lahiri et al., 2014). However, the absence of lipid transport domain 

in the EMC subunits and its supposed primary role in transmembrane protein insertion raises questions 

on the direct implication of the EMC in lipid trafficking. In fact, the EMC may merely act on lipid 

transport by promoting the insertion of lipid transporters in the ER membrane or of EMCS regulation 

proteins or by regulating the proximity between ER and mitochondria. However, expression of an 

artificial ER-mitochondria tether restored the PS transfer defect in EMC defective cells, suggesting that 

the EMC tethering function is also important (Lahiri et al., 2014). 

Interestingly, neither MIGA2 nor ERMES have sequence homologs in A. thaliana (Table 1). Many 

ORPs and SMP-domain proteins are present in A. thaliana (Leterme & Michaud, 2022), but none has 

been characterized nor localized at EMCSs. Of the six EMC subunits present in yeast, only two are 

conserved in plants. Since all the EMC subunits were found to interact with Tom5 (Lahiri et al., 2014), 

a similar tethering and lipid transport function might exist in plants as well, which remains to be 

demonstrated. Since A. thaliana produces the vast majority of its PE by the CDP-Etn pathway in the ER 

(Nerlich et al., 2007), it is possible that PS transporters at EMCSs are scarce. Nevertheless, plant 

mitochondria do contain PS, which has to be transported. 

Intramitochondrial PS transport seems conserved in mammals and yeast. SLMO2/PRELID3b in humans 

and Ups2 in yeast are both LTPs from the Ups/PRELI family known to transport PS from the OM to the 

IM (see Leterme & Michaud, 2022, section 2.1.5). SLMO2/PRELID3b and Ups2 associate to the 
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chaperone TRIAP1 in humans and Mdm35 in yeast. A. thaliana possesses only one Ups/PRELI and one 

TRIAP1/Mdm35 homolog, suggesting a broader lipid class specificity for lipid transport (Table 1 & 

Table 2). 

4.3.4 Phosphatidic acid transport to the mitochondrial inner and outer membranes 

While it is commonly accepted that mitochondria are able to neosynthetize PA, DPG synthesis requires 

additional amounts of PA that has to be imported from the ER. 

In mammals, the only characterized PA transporter at EMCSs is PTPIP51. PTPIP51 uses its 

tetratricopeptide repeats as an atypical lipid binding domain and was shown to bind and transport PA in 

vitro (Yeo et al., 2021). Furthermore, PTPIP51 depleted cells presented reduced DPG amounts in 

mitochondria, suggesting a PA supply role for PTPIP51 (Yeo et al., 2021). No specific PA transporter 

has been characterized in yeast. It is probable that PA is supplied by other non-specific glycerolipid 

transporters or by not yet characterized LTPs at EMCSs or other MCSs. A. thaliana is lacking a PTPIP51 

homolog and to date, no other EMCS-residing plant specific PA transporter has been identified (Table 

1). 

As for intramitochondrial PS transport, members of the Ups/PRELI family function in PA transport in 

mitochondria. In mammals, SLMO1/PRELID3a and PRELID1 combined to the chaperone TRIAP1 

mediate PA transport from the OM to the IM (Miliara et al., 2015; Potting et al., 2013). In yeast, Ups1 

combined to the chaperone Mdm35 performs the same function (Connerth et al., 2012; Y. Tamura et al., 

2009). As mentioned above, only one Ups/PRELI homolog is found in A. thaliana and putatively 

performs both PA and PS transport. An additional putative PA transporter has been identified in the 

yeast mitochondrial IM. The Chorein_N domain-containing protein Mdm31 has been shown to interact 

with VDAC and has been proposed to mediate Ups-independent PA transport (Levine, 2019; Miyata et 

al., 2017, 2018). In fact, yeast cells depleted in both Ups1 and Ups2 were still capable of synthetizing 

DPG and even showed an increase in DPG content (Miyata et al., 2017). This shows that an alternative 

PA import route exists in mitochondria, which is likely mediated by Mdm31 (Miyata et al., 2017, 2018). 

However, whether the observed PA transport is due to other transport routes in absence of Ups1 and 

Ups2 remains to be clarified. No Mdm31 sequence homolog has been detected in A. thaliana (Table 2). 

4.3.5 EMCS lipid transport proteins with general or unknown glycerolipid specificity 

Beside PS and PA, mitochondria have to import a wide variety of glycerolipid species to sustain their 

membrane biogenesis. Several LTPs of general or unknown specificity have been discovered and are 

susceptible to fulfill this crucial import function. 

In mammals, PDZD8, E-Syt1 and HsVPS13A/D have been reported to function as LTPs at EMCSs 

(Figure 4). PDZD8 is an SMP-containing protein initially discovered as an EMCS tether (Hirabayashi 

et al., 2017), but was later shown to be present at other contact sites (Elbaz-Alon et al., 2020; Shirane et 
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al., 2020). The suspected lipid transport activity of PDZD8 was confirmed by in vitro lipid extraction 

experiments (Y. Gao et al., 2022; Shirane et al., 2020). An in vivo study in C. elegans suggests that 

PDZD8 contributes to PI(4,5)P2 transport from the ER to endosomes (Jeyasimman et al., 2021). To date, 

no study showed PDZD8-mediated lipid transport to mitochondria in vivo. The currently available in 

vitro data rather suggest a broad glycerolipid transport specificity for the PDZD8 SMP domain. 

However, further investigation is required to clarify the nature of the transported lipids and whether 

PDZD8 affects the mitochondrial lipidome. E-Syt1 is a well-known ER-plasma membrane resident 

harboring a SMP lipid transport domain (see Leterme & Michaud, 2022, section 2.1.1). E-Syt1 has 

recently been identified at EMCSs where it interacts with PERK and mediates phospholipid transport 

from the ER to mitochondria (Sassano et al., 2023). Cells lacking E-Syt1 presented a delay in NBD-PS 

transport to mitochondria and their mitochondria had reduced amounts of the major mitochondrial 

phospholipids, suggesting an important role in ER to mitochondria lipid transport (Sassano et al., 2023). 

HsVPS13A and HsVPS13B are localized at EMCSs and are known to perform bulk lipid transport 

(Guillén-Samander et al., 2021, 2022; Kumar et al., 2018; Muñoz-Braceras et al., 2015; Yeshaw et al., 

2019). VPS13 proteins will be extensively described in part 2 of this manuscript. Three proteins of the 

VPS13-like/repeating β-groove family are also present at EMCSs in yeast: Hob1, Hob2 and Csf1 

(Toulmay et al., 2022). They also seem to play a role in lipid transport at various MCSs (see part 2 of 

this manuscript). 

While no PDZD8 homolog is found in plants (Table 1), A. thaliana has multiple copies of E-Syt and 

VPS13 proteins. The A. thaliana genome encodes at least seven E-Syts mostly located at ER-plasma 

membrane contact sites (see Leterme & Michaud, 2022, section 2.1.1). No E-Syt protein has been found 

at EMCSs in plants yet. However, several E-Syts have been located at ER-PM contact sites in A. 

thaliana. Thus, it is possible that a fraction of those proteins can also be recruited to EMCSs as it has 

been shown recently for E-Syt1 in human cells (Sassano et al., 2023). Four VPS13 proteins are found 

in A. thaliana, which will be detailed in part 2 of this manuscript. Similarly, Hob1 and Hob2 are 

conserved in plants (SABRE and KIP) while no Csf1 homolog has been detected.  

Lipid transport of other lipids than PS and PA at intramitochondrial contact sites has not been well 

studied. In mammals, StARD7 is known to transport PC from the OM to the IM (Horibata et al., 2016; 

Saita et al., 2018). Five StARD7 A. thaliana homologs have been found but none of them is predicted 

to localize to mitochondria. NDPK-D/Nm23-H4 is a human OM-IM contact site resident that transports 

DPG from the IM to the OM (Epand et al., 2007; Schlattner et al., 2013). A. thaliana has two NDPK 

homologs, NDPK3a/b, which may be localized in mitochondria (see Leterme & Michaud, 2022, section 

3.1). Finally, in A. thaliana, the MTL complex is a unique lipoprotein complex that promotes PE export 

and DGDG import to A. thaliana mitochondria (see Leterme & Michaud, 2022, section 4.2; Michaud et 

al., 2016). 
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4.3.6 Concluding remarks 

When observing the known tethers and lipid transport proteins and complexes at EMCSs in mammals, 

yeast and plants, the absence of conservation is striking. While the general lipid transport and tethering 

mechanisms are conserved, the protein effectors are highly divergent. The reasons for this are probably 

multiple. As stated above, different organisms (and cell types) have different lipid transport 

requirements that vary in quantity and in nature and are dependent on the mitochondrial lipid synthesis 

capacity. Furthermore, mitochondrial contact sites perform various functions in the cell that may vary 

from species to species. For example, Ca2+ exchange is an important function of EMCSs in mammals 

but not in yeast. In addition, the tethering and lipid transport functions may be more important than the 

structure of the EMCS effectors, favoring evolutionary convergence based on protein function rather 

than sequence or tertiary structure. A striking example are the SMP domain-containing proteins in yeast 

and mammals. The ERMES complex has no mammalian homologs which nevertheless harbor other 

SMP domain proteins like PDZD8 or E-SYT1. Finally, multiple redundant pathways exist for lipid 

transport to mitochondria and may not be the same in different organism. In yeast, vacuole-mitochondria 

contact sites represent another important non-vesicular lipid transport axis beside EMCSs. Lipid 

transport at vacuole-mitochondria contact sites will be shortly addressed in part 2 of this manuscript. 

The small number of EMCS tethering and lipid transport effectors identified and their apparent low 

conservation in plants highlights the gap of knowledge that persists in the field. Much remains to be 

discovered and investigated from the plant perspective. This work is aiming to contribute to uncover 

new actors and mechanisms of non-vesicular lipid transport to mitochondria. 

5 Phosphate starvation-induced membrane lipid remodeling in 

Arabidopsis thaliana 

Plants are sedentary organisms that have to cope with biotic and abiotic stresses by exerting molecular, 

cellular and systemic responses using locally available resources. Phosphate (Pi) starvation is a 

nutritional scarcity commonly encountered by plants in nature. Pi is an elementary building block found 

in a huge variety of vital molecules such as nucleic acids, adenosine triphosphate (ATP), lipids and 

many more metabolites (Lambers, 2022). To overcome Pi shortage, plants trigger mechanisms that 

facilitate Pi uptake from the environment like changing root architecture, developing longer root hairs 

or excreting organic acids and phosphatases (Dissanayaka et al., 2021; Plaxton & Tran, 2011). Plants 

also experience important gene regulation and metabolic changes to remobilize the Pi present in 

intracellular reserves (Dissanayaka et al., 2021; Plaxton & Tran, 2011; P. Wu et al., 2003). Membrane 

phospholipids retain approximately one third of the intracellular Pi, constituting an enormous Pi reserve 

(Poirier et al., 1991) and thus make them a valuable source of intracellular Pi. 
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Upon Pi starvation, plants degrade up to 30% of the phospholipids of various cell compartments to 

recycle the Pi contained in their headgroup (Jouhet et al., 2004). To date, three major phospholipid 

degradation pathways have been described and are reviewed in detail elsewhere (Y. Nakamura, 2013; 

Zhu et al., 2022) (Figure 6). In the phospholipase C (PLC) pathway, phospholipids are degraded to 

DAG by specific PLCs like PI-PLCs that remove the phosphoinositol moiety from phosphoinositides 

(Mueller-Roeber & Pical, 2002) or by non-specific PLCs (NPCs) that are active on a broader 

phospholipid spectrum and degrade PC, PE and PS. While PI-PLCs are important for plant stress 

signaling (Sagar & Singh, 2021), their impact on phospholipid degradation upon Pi starvation is 

negligible. In contrast, NPCs account for the majority of the Pi starvation-induced PLC activity (Y. 

Nakamura, 2013). In Arabidopsis, NPC4 expression is strongly induced upon Pi starvation and is the 

most active PLC as the npc4 KO mutants only retain basal PLC activity (Y. Nakamura et al., 2005). 

NPC5, a close paralog of NPC4, is also induced during Pi starvation but exhibits a 40-fold smaller PLC 

activity than NPC4 in vitro (Gaude et al., 2008). Interestingly, NPC4 and NPC5 differ in localization as 

NPC4 is localized at the plasma membrane (Y. Nakamura et al., 2005) while NPC5 is soluble and is 

presumably recruited to membranes that require DAG for downstream metabolic purposes (Gaude et 

al., 2008). In the phospholipase D (PLD) pathway, phospholipids are degraded to PA, which can be used 

as signaling molecule or be further degraded to DAG by phosphatidic acid phosphatases (PAPs) (Y. 

Nakamura, 2013). Among the 12 PLDs known in Arabidopsis, only PLDζ1 and PLDζ2 are upregulated 

upon Pi starvation (Cruz-Ramírez et al., 2006; M. Li, Qin, et al., 2006). Upon Pi starvation, pldζ2 KO 

mutants exhibit lower PC and PE degradation rates and accumulate less DGDG, showing its importance 

in Pi starvation-membrane remodeling (Cruz-Ramírez et al., 2006). While PLDζ1 localizes to the trans-

Golgi network, PLDζ2 has been reported to localize to the vacuole membrane, multivesicular bodies 

and the trans-Golgi network (Shimamura et al., 2022; Yamaryo et al., 2008). The third and last known 

phospholipid degradation pathway includes a lipid acyl hydrolase (LAH) that removes the fatty acyl 

chains from the glycerol backbone to form glycerophosphodiester (GDP) (Y. Nakamura, 2013; Zhu et 

al., 2022). GDP can then be further degraded to glycerol-3-phosphate (G3P) by a glycerophosphodiester 

phosphodiesterase (GDPD). While no Pi is directly released by this process, the generated G3P can be 

used for further anabolism. 

The degradation of extraplastidial phospholipids during Pi starvation could lead to the destabilization of 

intracellular membranes. To maintain membrane integrity, a huge export of DGDG takes place from the 

chloroplast to the tonoplast, mitochondria and plasma membrane and dynamically replaces the degraded 

phospholipids (Andersson et al., 2005; Hartel et al., 2001; Jouhet et al., 2003; Moellering & Benning, 

2011; Tjellström et al., 2008) (Figure 6). Similarly, in chloroplasts, the degraded PG is replaced by the 

glycolipid sulfoquinovosyldiacylglycerol (SQDG) (Essigmann et al., 1998; Yu et al., 2002). In Pi 

starved calli, the DGDG content increases by a factor four compared to Pi replete conditions and attains 

up to 30% of the total lipid content (Jouhet et al., 2004). Whether these lipids are transported by vesicular 
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or non-vesicular routes is unknown. However, since neither chloroplasts nor mitochondria are connected 

to the endomembrane system, it is reasonable to hypothesize that DGDG uses non-vesicular lipid 

transport routes at least to exit the chloroplast and to enter mitochondria. DGDG transport between the 

vacuole and the plasma membrane during Pi limitation, however, could take place by both vesicular 

 

Figure 6 Phospholipid degradation and recycling into galactolipids in plant cells upon phosphate (Pi) 

starvation. To allow Pi recycling during Pi starvation, phospholipids can be degraded by three different 

pathways, two of which are represented. In the phospholipase C pathway, phospholipids are degraded to DAG. 

NPC4 operates at the plasma membrane while NPC5 cytoplasmic and likely operates at different degradation 

sites. PI-PLC converts phosphoinositides to DAG. In the phospholipase D pathway, phospholipids are first 

converted to PA and can be further converted to DAG by PAPs. PLDζ2 operates at the vacuole membrane in 

close proximity of mitochondria and chloroplasts. PLDζ1 (not represented) operates at the Golgi membrane. 

The DAG and/or PA generated during Pi starvation are imported in the chloroplast or on the chloroplast 

surface by unknown pathways (dotted arrows and question marks). These precursors are used for de novo 

galactolipid (MGDG and DGDG) and sulfolipid (SQDG, not represented) synthesis by plastidial lipid 

synthesis enzymes. Note that MGD2/3 and DGD1/2 might also function in trans. DGDG is exported to extra-

chloroplastic membranes to compensate for the loss of phospholipids. NPC4/5: non-specific phospholipase C 

4/5, PI-PLC: phosphoinositides-specific phospholipase C, PLDζ2; phospholipase D ζ2, PAP: phosphatidic 

acid phosphatase, MGD1/2/3: monogalactosyl diacylglycerol synthase 1/2/3, DGD1/2: digalactosyl 

diacylglycerol synthase 1/2, TGD: trigalactosyldiacylglycerol complex, MTL: mitochondrial transmembrane 

lipoprotein complex, PC: phosphatidylcholine, PE: phosphatidylethanolamine, DAG: diacylglycerol, PA: 

phosphatidic acid, MGDG: monogalactosyl diacylglycerol, DGDG: digalactosyl diacylglycerol. 
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and/or non-vesicular pathways. Interestingly, the number of contact sites between chloroplasts and 

mitochondria significantly increases during phosphate starvation (Jouhet et al., 2004), suggesting that 

DGDG could be directly channeled from chloroplasts to mitochondria. The mitochondrial 

transmembrane lipoprotein (MTL) complex spans through both mitochondrial membranes and its key 

component, AtMIC60, is implied in DGDG import and PE export to mitochondria upon Pi starvation 

(Michaud et al., 2016). The MTL complex might also contact other organelles, among which the 

chloroplast, thus providing a direct transport route between the chloroplast and mitochondria. 

Concomitantly with the huge DGDG export from the chloroplasts, the MGDG and DGDG synthesis 

genes MGD2, MGD3 and DGD2 are upregulated upon Pi starvation (Awai et al., 2001; Kelly & 

Dörmann, 2002; Kobayashi et al., 2009). De novo galactolipid biogenesis necessitates DAG molecules 

to condensate with UDP-galactose (Li-Beisson et al., 2013). Since Pi starvation-induced phospholipid 

degradation generates high amounts of DAG, it is tempting to hypothesize that the degradation-linked 

DAG pool could be re-channeled to the chloroplast to promote galactolipid synthesis (Figure 6). The 

fatty acid composition of DGDG upon Pi starvation suggested that it was derived from DAG generated 

by the degradation of PC, thus supporting the re-channeling hypothesis (Jouhet et al., 2003; Michaud & 

Jouhet, 2019). Furthermore, deletion of NPC5, PLDζ2 as well as the concomitant deletion of PLDζ1/2 

decreased DGDG accumulation upon Pi starvation, further suggesting that phospholipid degradation is 

directly linked to galactolipid synthesis (Cruz-Ramírez et al., 2006; Gaude et al., 2008; M. Li, Welti, et 

al., 2006). How the excess DAG molecules are transported to the chloroplast and how the sites of 

phospholipid degradation are determined and regulated is unknown. Interestingly, PLDζ2 has been 

observed at sites of close proximity between the tonoplast and mitochondria and between the tonoplast 

and chloroplasts, suggesting that PA can be generated in close proximity of these organelles (Yamaryo 

et al., 2008). Similarly, cytosolic NPC5 might be directed to specific sites to degrade phospholipids 

close to chloroplasts or lipid trafficking hubs (Gaude et al., 2008). The trigalactosyldiacylglycerol 

(TGD) complex is supposed to drive unidirectional transport of lipids from the ER to chloroplasts and 

could therefore provide a convenient galactolipid precursor import route (Leterme & Michaud, 2022; C. 

Xu et al., 2010). However, disruption of the TGD complex did not affect lipid remodeling upon Pi 

starvation (C. Xu et al., 2010). Interestingly, the pore-forming protein LPTD1, a close homolog of 

TGD4, is highly expressed upon Pi starvation and its deletion alters Pi starvation-induced lipid 

remodeling (Hsueh et al., 2017). It is not known whether LPTD1 is part of the TGD complex, but it is 

tempting to speculate that it could promote import of galactolipid precursors into the chloroplast in 

response to Pi starvation by associating with the canonical TGD import machinery (Hsueh et al., 2017; 

Michaud & Jouhet, 2019). It is however important to mention that the galactolipid precursors might not 

need to be transported to the plastid inner envelope to undergo processing. A. thaliana possesses three 

MGDs: MGD1, 2 and 3. MGD1 is localized at the plastid inner envelope and is responsible for bulk 

MGDG synthesis (Awai et al., 2001; Miège et al., 1999). MGD2 and 3 are localized in the outer leaflet 
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of the plastid outer envelope and are thought to mediate MGDG synthesis upon phosphate starvation 

(Figure 6) (Awai et al., 2001; Kobayashi et al., 2009). This suggests that the transport of galactolipid 

precursors to the outer envelope could be sufficient. This hypothesis is supported by the fact that plastids 

increase their contacts with other organelles in Pi limited conditions. Furthermore, it cannot be excluded 

that MGD2/3 and DGD1/2 could perform their galactosyltransferase activity in trans, thus drastically 

reducing the need for extensive lipid transport to plastids. 

The amount of lipids being transported between compartments during Pi starvation-induced lipid 

remodeling is enormous and most likely requires intense non-vesicular lipid transport mediated by LTPs. 

Since DGDG is exclusively synthetized in the chloroplast and since extra-plastidial compartments 

contain very low galactolipid amounts in Pi replete conditions, the artificial induction of Pi starvation 

in Arabidopsis thaliana provides a convenient method to study the effect of LTPs in lipid movements 

between compartments, in particular, the transport of lipids between chloroplasts and mitochondria and 

the degradation of phospholipids. In this study, induction of Pi starvation is used to characterize the 

effect of different LTP KO mutants by comparing the lipidomes of Pi starved plants to Pi replete plants. 

This work is divided in two parts: 1) the structural characterization of the MTL complex and 2) the 

characterization of a VPS13 homolog (AtVPS13M1) in the context of Pi starvation in A. thaliana. 
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1 Biological material and culture conditions 

1.1 Arabidopsis thaliana 

Arabidopsis thaliana (A. thaliana), also called mouse-ear cress or thale cress, is a small angiosperm 

belonging to the Brassicaceae family. All the A. thaliana plants used for experiments or for 

transformation in this study are from the Columbia-0 (Col0) ecotype. Four T-DNA insertion mutants 

were used (Table 4) (Alonso et al., 2003). 

Table 4 Review of the T-DNA insertion lines identified as AtVPS13M1 KO lines. The SALK code is indicated in 

the left column. The T-DNA experimentally determined insertion site is indicated in the right column for each 

SALK line. 

SALK line Given name gDNA insertion site 

SALK_128148 atvps13m1.1 Exon 7; between nt 2317-2318 

SALK_019531 atvps13m1.2 Intron 14; between nt 4199-4200 

SALK_021158 atvps13m1.3 Exon 17; between nt 4985-4990 

SALK_096315 atvps13m1.4 Exon 25; between nt 7761-7768 

 

1.1.1 Arabidopsis thaliana plants 

1.1.1.1 Seed sterilization, stratification and vernalization 

To avoid unwanted pests from spreading in the phytotrons, the seeds are subjected to a -80°C 

temperature for a minimum of 2h and then sterilized using an aqueous solution of 0.4% (v/v) bleach and 

0.01% (v/v) Triton X100. Under a sterile laminar flow hood, the seeds to be sown are immerged in 1 

mL of sterilization solution and spun for 15 min on a rotative wheel. After seed sedimentation, the 

supernatant is replaced by fresh sterilization solution and spun again for 15 min. The seeds are washed 

four times in 1 mL of sterile water and put at 4°C for a minimum of 48 h to allow seed vernalization. 

After 48 h, the seeds were sown on soil or on an agar-containing medium. 

1.1.1.2 Plants grown on soil 

Plants were grown in long day (16h-8h light-dark photoperiod) or short day (8h-16h light-dark 

photoperiod) conditions in phytotrons maintaining the temperature at 22°C, the hygrometry at 60-70% 

and a photon flux density of 100 µmol/m2/s. Plants were grown on soil containing 35 L of soil, 7 L 

vermiculite and 10 g of biological fungicide (Prestop, Lallemand). Plants were watered 3 times a week. 

1.1.2 Arabidopsis thaliana calli 

1.1.2.1 Callus generation from Arabidopsis thaliana seedlings 

Arabidopsis seeds are sown and grown on sterile Murashige & Skoog (MS)-agar medium (Table 5) at 

22C° under long day conditions. After two weeks of growth, the cotyledons of the seedlings are cut in 

four pieces using a scalpel and placed on solid adapted Murashige & Skoog (MS) medium containing 

2,4-dichlorophenoxyacetic acid (2,4-D) (Table 5) that induces plant cell dedifferentiation and maintains 

cells undifferentiated. After approximately 3 weeks of growth in continuous light at 22°C, the 
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dedifferentiated cells form calli that can be transferred on new solid MS medium. Calli are then passed 

to new plates once per month. 

Table 5 Murashige & Skoog solid media for A. thaliana seedlings and callus growth. In both cases, pH was 

adjusted to 5.7 with KOH. N/A: not applicable. 

Component Pant seedling growth Callus growth 

MS with vitamins 4.41 g/L 4.41 g/L 

Sucrose 10 g/L 30 g/L 

MES 0.5 g/L N/A 

2,4-D N/A 1.2 g/L 

Agar 0.8% (w/v) 0.8% (w/v) 

 

1.1.2.2 Callus growth in liquid Murashige & Skoog media 

Murashige & Skoog liquid callus growth medium was prepared with or without phosphate as described 

in Table 6. Gamborg's Vitamin Mixture was added (GBL01, Caisson Labs). This medium contains 2,4-

D to maintain the cells undifferentiated. pH was adjusted to 5.7 with NaOH. Calli were grown in round 

flasks containing 200 mL of respective MS medium under 125 rpm agitation and constant illumination. 

Cells were passed to new medium once a week. 

Table 6 Murashige & Skoog liquid medium composition for callus growth. pH was adjusted to 5.7 using NaOH. 

Component Concentration in +Pi medium Concentration in -Pi medium 

MS –Pi (MSP11, Caisson Labs) 4.41 g/L 4.41 g/L 

Sucrose 15 g/L 15 g/L 

Vitamins 1000X dilution 1000X dilution 

2,4-D 1.2 mg/L 1.2 mg/L 

Phosphate 0.5 mmol 0 mmol 

 

1.2 Nicotiana benthamiana plants 

Nicotiana benthamiana is an angiosperm from the Solanaceae family. All the plants used in this study 

are wild type Nicotiana benthamiana and were cultured in the same conditions as Arabidopsis thaliana 

plants. 

1.3 Escherichia coli 

Escherichia coli (E. coli) is a Gram-negative enterobacterium naturally occurring in the human gut. For 

standard plasmid transformations, the Escherichia coli DH5α strain (60602 Lucigen) with the genotype 

fhuA2Δ(argF-lacZ)U169 phoA glnV44 Φ80 Δ(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17 was 

used. To increase transformation efficiency for big plasmids, the NEB 5α strain with the genotype 

fhuA2Δ(argF-lacZ)U169 phoA glnV44 Φ80 Δ(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17  was 

used. NEB 5α bacteria are derived from the DH5α strain but have an increased transformation efficiency. 

E. coli bacteria were cultured on solid or in liquid medium containing the appropriate antibiotics 

concentration (Table 7). Solid culture medium is composed of 2% agar dissolved in lysogeny broth 
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(LB) medium poured in dishes. Bacteria streaked or spread on solid LB medium were grown at 37°C 

for at least 8h. Liquid cultures are realized in liquid LB at 37°C under constant shaking at 180 rpm for 

at least 8h. 

Table 7 Standard antibiotics used for bacterial selection purposes. Final concentrations used in the growth medium 

are indicated. Antibiotics were prepared at a 1000x concentration and diluted directly in the medium before use. 

Antibiotic Concentration in LB medium 

Spectinomycin 50 µg/mL 

Streptomycin 50 µg/mL 

Kanamycin 50 µg/mL 

Carbenicillin 100 µg/mL 

Rifampicin 50 µg/mL 

Gentamycin 30 µg/mL 

Chloramphenicol 30 µg/mL 

 

1.4 Agrobacterium tumefaciens 

Agrobacterium tumefaciens (A. tumefaciens) is a phytopathologic Gram-negative bacterium. For 

plasmid transformation, transient expression in Nicotiana benthamiana and floral dips, we used the 

C58C1 strain with the genotype strR RifR pRiA4b (agropine type). A. tumefaciens are cultured on the 

same media as E. coli but at 28°C for 24h for liquid cultures and for 72h for growth on solid medium. 

A. tumefaciens liquid cultures grown for subsequent agroinfiltration (section 2.5) or floral dip (section 

2.8) also contain acetosyringone (20 µM). Acetosyringone is a phenolic compound produced by 

wounded plants that has been shown to enhance the production of virulence factors in A. tumefaciens 

(Engström et al., 1987) and to dramatically increase plant transformation rate (Sheikholeslam & Weeks, 

1987). 

1.5 Saccharomyces cerevisiae 

The yeast Saccharomyces cerevisiae strain BY4741 with the genotype MATa his3Δ1 leu2Δ0 met15Δ0 

ura3Δ0 was used for protein expression. This strain is deficient for de novo synthesis of the essential 

nucleobase uracil. The uracil auxotrophy was used for selection purposes. 

Yeast strains were cultured in solid or liquid Yeast Extract–Peptone–Dextrose (YPD, MP Biomedicals) 

medium or in the minimal medium complete supplement mixture (CSM) devoid of uracil (–URA). 

2 Molecular biology 

2.1 Arabidopsis thaliana genomic DNA extraction from callus 

The method used to prepare genomic Arabidopsis thaliana genomic DNA from leaves or callus was 

adapted from (Dellaporta et al., 1983). 

A small piece of leave or callus (100 mg) is collected and put in a 2 mL bead-beater tissue homogenizer 

tube (PreCellys® 2 mL Empty Reinforced Tubes, Ozyme). Samples can be frozen in liquid nitrogen and 



104 

 

stored at -80°C before further manipulation. Approximately 200 µL of 425-600 µm acid-washed glass 

beads (Sigma-Aldrich) and 200 µL of CTAB (cetyltrimethylammonium bromide) buffer (CTAB 2% 

(w/v), NaCl 1.4 M, Tris-HCl 100 mM pH 7.4, EDTA 20 mM, dithiothreitol 10 mM). Cells are grounded 

in a bead-beater tissue homogenizer (PreCellys® Evolution, Ozyme) at 4°C with 3 rounds of 20 s 

agitation at 10 000 rpm separated by pauses of 30 s. 800 µL of CTAB buffer are added, cells are heated 

at 60°C for 30 min and centrifuged for 10 min at 20 000 x g at room temperature. The supernatant 

(usually 500 µL) is collected and thoroughly mixed for 10 s with an equivalent volume of chloroform-

isoamylalcohol (24:1). The samples are centrifuged 10 min at 20 000 x g, the upper phase (usually 400 

µL) is collected and mixed with an equivalent volume of cold isopropanol. The mixture is left 1 h at -

20°C and centrifuged for 15 min at 20 000 x g at 4°C to pellet genomic DNA which is then washed with 

cold 70% ethanol. Genomic DNA is dried, resuspended in sterile water and stored at -20°C. 

2.2 Extraction of total RNAs from Arabidopsis thaliana calli 

To guarantee a successful RNA extraction, all the solutions are prepared with 0,1% (v/v) diethyl 

pyrocarbonate (DEPC)-treated water prior to autoclaving. Additionally, to guarantee the integrity of 

long RNA’s, samples are mixed by hand by multiple inversions. 

Calli are collected by filtering and grounded in liquid nitrogen in a mortar using a pestle until a fine 

powder is obtained. Approximately 100 mg of callus powder are collected in 2 mL microcentrifuge 

tubes and maintained in liquid nitrogen. Immediately after removing the samples from liquid nitrogen, 

1.5 mL of TRI Reagent® (Sigma-Aldrich) is added to process the biological material and enable RNA, 

DNA and protein solubilization. The samples are agitated for 10 min on a rotative wheel at room 

temperature to enable complete sample processing. The samples are centrifuged at 12 000 x g at 4°C for 

10 min to eliminate cell debris and polysaccharides. 300 µL of chloroform (200 µL chloroform / 1 mL 

of TRI reagent) are added to the supernatant in a fresh 2 mL microcentrifuge tube to separate RNA from 

DNA and proteins. To do so, the samples are mixed by 10 inversions, left at room temperature for 15 

min and centrifuged at 12 000 x g at 4°C for 10 min. This results in the formation of a triple phase 

separation : an upper aqueous phase containing RNAs, a lower organic phase containing proteins and 

an intermediate phase containing genomic DNA. The upper phase is transferred to a fresh 2 mL 

microcentrifuge tube and for each volume of aqueous phase, 0.4 volumes of isopropanol and 0.4 

volumes of high salt solution (1.2 M NaCl, 0.8 M sodium citrate) are added. Samples are gently mixed 

by 5-6 inversions and incubated for 1h at room temperature to precipitate RNAs. To complete RNA 

precipitation, samples are centrifuged at 12 000 x g at 4°C for 15 min. A maximum of supernatant is 

discarded and pellets are washed in 1 mL of cold (4°C) 75% (v/v) ethanol without disturbing the pellet. 

Samples are centrifuged at 7 500 x g at 4°C for 10 min and the supernatant is carefully removed. Pellets 

are air-dried at room temperature (usually 30 min) and resuspended in 50 µL of RNAse free (DEPC-

treated) water. 
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To check the concentration and quality of the extracted RNAs, samples are subjected to 

spectrophotometry analysis at 260 nm, 230 nm and 280 nm on a Nanodrop (NanoDrop 2000, Thermo 

Fisher). An absorbance ratio 260/280 of 2 and 260/230 of 1.9 indicates good RNA quality. Additionally, 

1 µg of RNAs are run on a 2% (w/v) agarose gel at 100 V for 15 min. The presence of two bands 

corresponding to 28S and 18S RNAs as well as a brightness ratio 28S/18S of approximately 2 indicate 

good RNA quality. 

 

 

Figure 7 Map of the pFP108 plasmid used for constitutive protein overexpression in plants. 
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2.3 Generation of cDNA from Arabidopsis thaliana calli 

We used the SuperScript IV VILO reverse transcription kit (Invitrogen N°11766050) to generate cDNAs 

from the extracted RNAs. Briefly, 1 µg of RNAs are subjected to a DNAse (ezDNAse) treatment to 

avoid gDNA contamination in downstream applications. Reverse transcription is realized using the 

SuperScript IV VILO Master Mix that contains degenerate primers. Reverse transcription occurs by 

annealing the degenerate primers at 25°C for 1 min, elongation by the reverse transcriptase at 50°C for 

10 min and enzyme inactivation at 85°C for 5 min. The final cDNAs have a theoretical concentration of 

50 ng/µL and are diluted 10 times before use. 

 

Figure 8 Map of the pMM100 (pFP108-GFP) plasmid used to constitutively overexpress GFP-fused proteins 

for localization studies. 
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2.4 Molecular cloning 

2.4.1 Plasmids 

2.4.1.1 Plant expression vectors pFP108 and pMM100 

The plant vector pFP108 was used as basis to construct the pFP108-GFP plasmid, which was renamed 

pMM100. pFP108 is destined for plant protein overexpression (Figure 7). It contains a Cauliflower 

Mosaic Virus 35S promoter (CaMV 35S) repeated in tandem to constitutively drive strong protein 

expression. Transcription is terminated by the nopaline synthase terminator (tnos). A multiple cloning 

site allows efficient cloning between the CaMV promoter and tnos terminator. The promoter, multiple 

cloning site and nos terminator are inserted between the T-DNA left and right borders. 

 

 

Figure 9 Map of the pUC-L1L4 plasmid used as entry vector for Gateway cloning into the pBiFC plasmids. 
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The pMM100 corresponds to the pFP108 plasmid in which the EGFP gene preceded with a custom 

multiple cloning site was cloned (Figure 8). Coding sequences to be C-terminally fused with EGFP 

were cloned in the multiple cloning site according to the Gibson cloning method downstream of the 

inducible CaMV 35S promoter and using SpeI and BamHI restriction sites to linearize the plasmid 

backbone. Both plasmids are selected with spectinomycin in bacteria and Basta in plants. 

2.4.1.2 Plasmids for ratiometric bimolecular fluorescence complementation (rBiFC) 

Ratiometric bimolecular fluorescence complementation (rBiFC) allows to express both the bait and the 

prey on the same plasmid as well as a cytosolic RFP that enables the standardization of the rBiFC signal 

between different cells and different constructs (Grefen & Blatt, 2012). 

 

 

Figure 10 Map of the pUC-L3L2 plasmid used as entry vector for Gateway cloning into the pBiFC plasmids. 
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The coding sequence of interest was cloned by the Gibson method in pUC-L1L4 or pUC-L3L2 entry 

vectors (Figure 9 and Figure 10) using SalI and PstI restriction sites to linearize the plasmid backbone. 

Both entry vectors contain a bacterial origin of replication, a carbenicillin resistance gene and two 

Gateway recombination sites, L1 and L4 for pUC-L1L4 and L2 and L3 for pUC-L3L2. A 

chloramphenicol resistance gene is inserted between the Gateway recombination sites allowing the 

selection of correct transgene insertion. 

 

 

 

Figure 11 Top: Representation of the four possible pBiFC plasmid configurations. Note that the expression 

of all transgenes is driven by the same CaMV 35S promoter. Bottom: Map of one of the four pBiFC plasmids 

allowing to perform rBiFC experiments by transient expression in N. benthamiana. 
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The entry vectors are then used to insert the sequence present between the attL sites between the attR 

sites of a pBiFC plasmid (Figure 11) in a Gateway recombination reaction (see section 2.4.5). The 

attL1/4 recombine with attR1/4 and the attL2/3 sites recombine with the attR2/3 sites. The pBiFC vector 

exists in four different versions to allow all the possible prey and bait split YFP fusions (Figure 11). 

Note the presence of already incorporated antigenic epitopes (HA and Myc) to allow easy Western blot 

analysis. 

2.4.1.3 Plasmid for in vitro protein expression 

The pIVEX2.3d plasmid was used for the overexpression of proteins in a bacterial in vitro translation 

system (Imbert et al., 2021) (Figure 12). It contains a bacterial origin of replication, an 

ampicillin/carbenicillin resistance encoding gene allowing molecular cloning in E. coli. The transgene 

was cloned in the multiple cloning site with the Gibson cloning method downstream of the constitutive 

T7 bacteriophage promoter and using SalI and SacI as restriction sites to linearize the plasmid backbone. 

The transgene was cloned in frame with a His6 tag. 

 

 

Figure 12 Map of the pIVEX2.3d plasmid was used for bacterial cell-free in vitro protein expression. 



111 

 

2.4.1.4 Protein expression vector for Saccharomyces cerevisiae 

The YEplac195 plasmid was used to drive protein expression in yeast (Figure 13). It contains a bacterial 

origin of replication allowing cloning in E. coli and a yeast origin of replication. The 

ampicillin/carbenicillin resistance gene allows selection in E. coli for cloning purposes. The URA3 gene 

allows to alleviate the uracil auxotrophy of the yeast strain used allowing selection of transformed yeast. 

The transgene was cloned in the multiple cloning site according to the Gibson cloning method 

downstream of the inducible lac promoter and using PstI and BamHI restriction sites to linearize the 

plasmid backbone. 

 

 

Figure 13 Map of the YEplac195 plasmid was used for constitutive and efficient protein expression in 

Saccharomyces cerevisiae. 
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2.4.2 Polymerase chain reaction 

Different commercial DNA polymerases were used for polymerase chain reaction (PCR) depending on 

the nature of the template. 

For accurate template amplification for molecular cloning purposes, the Phusion DNA Polymerase (New 

England Biolabs) was used. The PCR reaction contains 1.5 mM MgCl2, 0.2 mM of each dNTP (dTTP, 

dATP, dCTP, dGTP), 0.5 µM of forward and reverse primers, 0.02 U/µL Phusion DNA polymerase and 

an adequate template DNA concentration for a final reaction volume of 25 or 50 µL. The samples are 

put in a thermocycler and are denatured for 5 min at 98°C. Each cycle starts with a denaturing step at 

98°C for 10 sec followed by a 30 sec primer annealing step at a temperature depending on the nature of 

the primer pair used (3°C below the calculated melting temperature) and ends with an amplification step 

at 72°C for a duration depending on the template length (30 sec/kb). The PCR cycle is repeated 35 times. 

For the amplification of long fragments necessitating high accuracy and processivity, the Platinum 

SuperFi II DNA polymerase (Thermo Fisher) was used. The PCR reaction contains 1.75 mM MgCl2, 

0.2 mM of each dNTP (dTTP, dATP, dCTP, dGTP), 0.5 µM of forward and reverse primers, 0.02 U/µL 

Platinum SuperFi II DNA polymerase and an adequate template DNA concentration for a final reaction 

volume of 25 or 50 µL. The samples are put in a thermocycler and are denatured for 5 min at 98°C. Each 

cycle starts with a denaturing step at 98°C for 10 sec followed by a 30 sec primer annealing step at 60°C 

and ends with an amplification step at 72°C for a duration depending on the template length (30 sec/kb). 

The PCR cycle is repeated 35 times unless indicated otherwise. Long fragments for Nanopore long-read 

sequencing were obtained by amplification of cDNA with the Platinum SuperFi II DNA polymerase 

protocol. The amplification step was realized at 72°C for 8 min and 5 sec were added per PCR cycle to 

compensate for the possible loss of polymerase activity from cycle to cycle. 

To verify the presence of a plasmid in a E. coli colony grown on LB-agar, PCRs were performed directly 

on the colony using the Taq DNA polymerase (Euromedex). The colony PCR reaction contains 1.5 mM 

MgCl2, 0.2 mM of each dNTP (dTTP, dATP, dCTP, dGTP), 0.5 µM of forward and reverse primers, 

0.02 U/µL Taq DNA polymerase for a final reaction volume of 15 µL. The bacterial colony is added 

using a pipette tip. The samples are put in a thermocycler and are denatured for 5 min at 95°C. Each 

cycle starts with a denaturing step at 95°C for 10 sec followed by a 30 sec primer annealing step at a 

temperature on the nature of the primer pair used (3°C below the calculated melting temperature, usually 

around 56°C) and ends with an amplification step at 72°C for a duration depending on the template 

length (1 min/kb). The PCR cycle is repeated 40 times since the first 5 PCR cycle are necessary to 

disrupt the bacterial cells. 

The primer melting temperatures were calculated using the ThermoFisher primer Tm calculator last 

accessed online on 02/01/2023: https://www.thermofisher.com/fr/fr/home/brands/thermo-

https://www.thermofisher.com/fr/fr/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/tm-calculator.html
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scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-

library/thermo-scientific-web-tools/tm-calculator.html  

2.4.3 DNA fragment purification on agarose gel 

PCR fragments are run on 1% agarose (w/v) gels for 35 min at 100V. The fragments of interest are cut 

out of the gel using a scalpel and extracted with a Monarch DNA gel extraction kit (New England 

Biolabs N° T1020L) according to the manufacturer’s protocol. For fragments longer than 8 kb, 1.5 

volumes of water are added to the dissolved fragment to facilitate DNA-agarose separation. 

2.4.4 DNA fragment assembly by the Gibson method 

The Gibson assembly method allows to directionally assemble multiple overlapping DNA fragments 

together based on sequence homology (Gibson et al., 2009). The DNA fragments are generated by PCR 

and by digesting the backbone plasmid. About 15 fmol of each fragment to be assembled are added to a 

Gibson reaction mix containing 100 mM Tris-HCl pH 7.5, 10 mM MgCl2, 0.2 mM dATP, 0.2 mM 

dCTP, 0.2 mM dGTP, 0.2 mM dTTP, 10 mM dithiothreitol, 0.05 g/mL polyethylene glycol (PEG)-8000, 

1 mM NAD, 2.5 mU/µL T5 exonuclease (New England Biolabs N°M0363S), 25 mU/µL Phusion High 

fidelity DNA polymerase (New England Biolabs N°M0530S) and 4 U/µL TAQ DNA ligase (New 

England Biolabs N°M0208S) in a final volume of 20 µL. The reaction mix incubated at 50°C for 1h is 

ready to be used for transformation. 

2.4.5 Gateway recombinational cloning 

The Gateway cloning method uses site-specific tyrosine recombinase activity to directionally assemble 

DNA fragments flanked with recombinase recognition sites into DNA backbones carrying 

complementary recombinase recognition sites. The DNA fragment of interest is cloned into a donor 

vector by Gibson assembly. 200 ng of destination vector is mixed with donor vector in a molecular 

ration of 1:3 (destination:donor) in a final volume of 8 µL according to Grefen & Blatt, 2012. 2 µL of 

commercial Gateway LR clonase mix II (Invitrogen N° 11791020) is added to the DNA mix and the 

recombination reaction is carried out at room temperature over 8h. After incubation, the reaction mix 

can be used for transformation. 

2.4.6 Escherichia coli transformation and selection of transformants 

To generate transformation competent E. coli cells, the commercially available DH5α strain (60602 

Lucigen) was used (see section 1.3). 150 mL of LB medium were inoculated with 5 mL of overnight 

cultures and grown at 37°C until an optical density at 600 nm of approximately 0.4 is reached. The cells 

were centrifuged for 10 min at 5 000 x g at 4°C and the pellet is gently resuspended in 15 mL of cold 

sterile MgCl2 100 mM while being maintained on ice. After 30 min incubation on ice at 4°C, the cells 

were centrifuged 10 min at 5 000 x g at 4°C and the pellet is gently resuspended in 3 mL of cold sterile 

CaCl2 100 mM. The cells are incubated on ice at 4°C for 90 min and glycerol is added to a final 

https://www.thermofisher.com/fr/fr/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/tm-calculator.html
https://www.thermofisher.com/fr/fr/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/tm-calculator.html
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concentration of 25%. 100 µL aliquots of competent cells are frozen in liquid nitrogen and stored at -

80°C. 

Competent cells are thawed on ice and the DNA to be transformed is added. As a negative control, the 

appropriate digested DNA backbone to which no insert was added is incubated with competent cells. 

After a gentle mix, the cells are incubated on ice for 20 min before undergoing a heat shock at 42°C for 

45 sec. After heat shock, the transformed cells are put back on ice for 5 min and 900 µL of LB medium 

is added. Cells are grown for 1 h at 37°C for recovery before being spread on LB-agar containing the 

appropriate selection pressure. The transformed bacteria are grown at least 12 h at 37°C. The bacteria 

colonies that grew on the selection medium are selected and screened by PCR to confirm the presence 

of the desired construct and thus their successful transformation. 

2.4.7 Plasmid DNA preparation from E. coli 

Plasmid DNA preparation was accomplished using commercial Miniprep and Midiprep kits (Macherey-

Nagel NucleoSpin/NucleoBond) according to the manufacturer’s protocol. The technique is based on 

the alkaline denaturation of chromosomal DNA while plasmid DNA is retained on an anion exchange 

column (Birnboim & Doly, 1979). Minipreps and Midipreps differ by the initial volume of culture used 

for cell lysis. For Minipreps, 10 mL of liquid overnight cultures is used while for Midipreps, 200 mL of 

culture is used. The purity of the plasmids is tested by running a 1% agarose (w/v) gel and plasmid 

quantity is assessed by spectrophotometry (NanoDrop 2000, Thermo). 

2.4.8 Sanger sequencing of plasmids and DNA fragments 

Sanger sequencing was performed by the Macrogen sequencing service according to the Sanger 

sequencing technique (Sanger et al., 1977). 

2.4.9 Cryopreservation of Escherichia coli and Agrobacterium tumefaciens strains 

A single colony of E. coli or A. tumefaciens is scratched off an LB-agar plate containing the appropriate 

selection pressure and inoculated in 10 mL liquid LB medium containing the same selection pressure. 

E. coli and A. tumefaciens strains are cultured at 37°C under 180 rpm agitation for 16 hours or 24h 

respectively. Bacteria are mixed with sterile glycerol to a final concentration of 20% (v/v) glycerol and 

flash-frozen in liquid nitrogen prior to storage at -80°C.  

2.5 Agrobacterium tumefaciens transformation 

To produce transformation competent A. tumefaciens C58C1 cells, 5 mL of overnight liquid cultures are 

used to seed 200 mL of LB containing the appropriate antibiotics mix. Cells are grown at 28°C with 180 

rpm agitation until the optical density measured at 600 nm reaches 0.5. The cells are incubated on ice 

for 5 min at 4°C and centrifuged for 20 min at 5 000 x g at 4°C. The pellets are gently resuspended in 4 

mL of cold sterile CaCl2 20 mM, frozen in liquid nitrogen and stored at -80°C. 
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To transform A. tumefaciens C58C1, 600 ng of plasmid DNA were added to 100 µL of competent cells, 

which are then incubated for 5 min at 37°C. 900 µL of LB are added and the cells are incubated 2 h at 

28°C for recovery. The cells are spread on LB-agar containing the appropriate selection pressure for 

plasmid selection. The bacteria are grown at 28°C for 2-3 days until colonies appear. 

2.6 Transient transgene expression in Nicotiana benthamiana by agroinfiltration 

Approximately five colonies of A. tumefaciens C58C1 transformed with the desired construct are used 

to seed 10 mL of LB medium containing the appropriated antibiotics mix supplemented with 

acetosyringone (20 µM) and the appropriate antibiotic for plasmid selection. In addition to the strains 

transformed with the constructs of interest, the A. tumefaciens strain expressing P19 protein, a 

suppressor of post-transcriptional gene silencing that enhances transient transgene expression (Voinnet 

et al., 2003, retracted), is grown in LB medium containing the appropriate antibiotics mix supplemented 

with acetosyringone (20 µM). All the strains are grown for 24 h at 28°C with 180 rpm agitation, then 

centrifuged for 10 min at 4 000 rpm. The pellets are resuspended in 5 mL of agro-infiltration buffer 

(MgCl2 1 mM, acetosyringone 200 mM) and further diluted to obtain between 5mL or 10 mL of cell 

suspensions with an optical density measured at 600 nm of one. The different Agrobacterium strains to 

be agroinfiltrated are then mixed in a ratio of 1:1. 

Using a needle, a small superficial laceration is performed on top of young leafs of 3-4 weeks old 

Nicotiana benthamiana grown in controlled conditions (see section 1.1.1.2). An appropriate volume of 

bacterial suspension is gently injected in the leaf through the laceration with a 1 mL syringe until the 

whole surface of the leaf is soaked. The agroinfiltrated plants are put back in controlled growth 

conditions and grown for at least 2 days. The expression of the transgene usually takes place between 2 

and 4 days after agroinfiltration. 

2.7 Saccharomyces cerevisiae transformation 

To generate heat shock transformation-competent yeast, 3 mL of YPD medium inoculated with the 

desired strain to be transformed is incubated at 30°C for 16h under 200 rpm agitation. The culture is 

diluted 10 times in a final YPD volume of 10 mL and incubated at 30°C under 200 rpm agitation until 

the exponential phase is attained (OD600 of 1-1.5). The cells are pelleted by centrifugation at 3000 rpm 

for 3min and washed in 10 mL of sterile water. Then he cells are washed in 1 mL of lithium acetate 

(LiAc)-sorbitol (Sorb) solution (LiAc 100mM, 10mM Tris-Acetate pH8, 1mM EDTA, 1M Sorbitol)) 

and centrifuged at 3000 rpm for 3min. LiAc is thought to favor transformation because of its chaotropic 

effect (Kawai et al., 2010). The pellet is resuspended in 250 µL of LiAc-Sorb. The competent cells can 

be stored at 4°C for a few hours. 

50µL of competent cells are mixed with 5µL of ssDNA 10mg/mL, 500µg of plasmid and 300µL µL of 

LiAc-polyethylene glycol (PEG) solution (LiAc 100mM, 10mM Tris-Acetate pH8, 1mM EDTA, 

PEG3350 40% (w/v)), Transformation is achieved by incubating the cells at 30°C for 30 min under 400 
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rpm agitation followed by a heat shock allowing plasmid DNA entry at 42°C for 15 min under 400 rpm 

agitation. Cells are centrifuged at 3000 rpm for 3 min and the pellet is resuspended in 100 µL of sterile 

water. Cells are spread on solid CSM –URA medium for selection. Transformed yeast cells are grown 

for 48h at 30°C and growing colonies are selected for genotyping. 

2.8 Arabidopsis thaliana stable line generation by floral dip 

Arabidopsis thaliana plants are grown for approximately 6 weeks in a 16h-8h light-dark photoperiod 

until the inflorescences contain a high number of floral buds. To increase the number of inflorescence-

bearing stalks, the first stalk rising above the rosette is cut to allow multiple secondary stalks to grow, 

which increases the number of inflorescences. 24h before the floral dip, 2 mL pre-cultures are started 

from a single colony on a plate in LB medium containing the appropriate antibiotics mix. Pre-cultures 

are grown for 8 h at 28°C under 180 rpm agitation. After 8 h, the pre-cultures are transferred to 100 mL 

of liquid LB medium containing the same antibiotics cocktail supplemented with acetosyringone (50 

µM) and grown for 16 h at 28°C under 180 rpm agitation. After 16 h of growth, the OD600 of the 

cultures are measured and 140 OD equivalents are collected in 50 mL Falcon tubes. Bacteria are 

centrifuged at 5000 x g for 20 min and the pellets are resuspended in 200 mL of floral dip buffer 

(Murashige & Skoog with vitamins [MSP09, Caisson Labs] 2.1 g/L, 5% (w/v) sucrose, 0.05% (v/v) 

Silwet-77 adjuvant, 200 µM acetosyringone). All the inflorescences are dipped in the Agrobacterium 

solution (floral dip) for 30 sec and the treated plants isolated in a humid environment to favor the activity 

of the bacterium. The plants are then kept in the dark for 48 h to avoid the light to burn the parts that 

have been in contact with the agroinfiltration solution. After 48 h, the treated plants are put back to 

normal growth conditions. 

The treated plants are grown until siliques appear, then let dried to recover the seeds. To select for 

transformed seeds, approximately 500 µL of seeds are sown on soil and germinated. Two-three weeks 

after sowing, the seedlings are sprayed with an aqueous solution containing 0.1% (v/v) of Basta 

herbicide containing glufosinate-ammonium (Basta®, Profert). The seedlings effectively transformed 

with the transgene carry a gene conferring resistance to the herbicide, thus allowing their selection and 

sub-culturing. 

3 Plant phenotype analysis 

3.1 Cold stress 

To detect a potential phenotype in cold growth conditions, Arabidopsis thaliana Col0 or mutant lines 

were sown and grown on soil for two weeks in short days conditions as described in section 1.1.1.2. 

While one half was kept in standard conditions, the other half was put at 4°C with the same light 

conditions. Pictures of each plant were taken every week. 
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3.2 Arabidopsis thaliana pollen collection and pollen tube germination 

A. thaliana pollen grains were collected according to Dumont et al., 2015. Pollens were obtained from 

A. thaliana plants grown on soil for six weeks in long day conditions. For each A. thaliana line, 35 

newly opened flowers were collected using a scalpel and tweezers and put in a 2 mL microcentrifuge 

tube. 1 mL of pollen germination medium (PGM) (5 mM CaCl2, 0.01% (w/v) H3BO4, 1 mM MgSO4, 5 

mM KCl, 10% (w/v) sucrose, pH adjusted to 7.5) was added and samples were vigorously shaken with 

a mechanical shaker at maximum speed for 5 min. Samples were centrifuged at 3 200 x g for 7 min to 

pellet the pollen grains that appear as a yellowish pellet. The remaining floral parts are removed using 

tweezers and the supernatant is removed. 500 µL of PGM are added and pollen grains are carefully 

resuspended with mild pipette strokes. 

To follow pollen tube germination and growth, an appropriate amount of freshly collected pollen grains 

were immediately put in 6 well plates and volume was adjusted to 1 mL with PGM medium. Pollen tube 

germination was followed over time with an inverted microscope (Olympus CKX53). At each time 

point, six images were taken and analyzed. 

4 Subcellular fractionation 

4.1 Mitochondria purification on a discontinuous Percoll gradient 

Mitochondria from calli were purified according to well established protocols in our laboratory (Jouhet 

et al., 2004; Leterme et al., 2021). The purification process is illustrated in Figure 14. 

Mitochondria are fragile organelles that have to be manipulated with great care. To preserve their 

integrity and function, each purification step (grinding, centrifugation, fractionation) has to be 

performed at 4°C and all the material used (mortars, tubes, rotors, buffers) has to be pre-chilled at 4°C 

before use. Very importantly, the material used for mitochondria purification has to be free of detergent. 

Arabidopsis thaliana calli are cultured for 4 days in liquid medium are filtered through a glass fiber 

filter (Merck, AP1509000) using a vacuum filtration unit. Cells are weighed and immediately placed in 

a pre-chilled mortar. At this step, a small aliquot can be collected and stored at -80°C for further analysis 

of the whole cell fraction. In the cold room, adequate volumes of grinding buffer (0.3 M mannitol, 15 

mM MOPS pH 8, 2 mM EGTA, 0.6% (w/v) polyvinylpyrrolidone K 25, 0.5% (w/v) bovine serum 

albumin, 10 mM DTT, 1 mM PMSF, 5 mM 6-aminocaproic acid, 1 mM benzamidine) (30 mL for 64 g 

of callus) and sand (15 mL for 64 g of callus) are added to the cells in the mortar. Cells are grounded 

for 7 min with a pestle until a completely homogenized lysate is obtained. 20 mL of grinding buffer are 

added to the lysate to facilitate its transfer to 250 mL centrifuge bottles that fit in the JA10 (Beckman 

Coulter) rotor. The residual lysate is washed out and the pestle rinsed with an additional 30 mL of 

grinding buffer. The lysate is centrifuged at 700 x g for 5 min at 4°C in an ultracentrifuge (Optima LE-

80K, Beckman Coulter) using a JA10 rotor to pellet unbroken cells, heavy material and sand. The 
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supernatant is collected with a pipette and distributed in 35 mL centrifuge tubes that fit in a JA25.50 

rotor (Beckman Coulter). The supernatant is centrifuged at 3000 x g for 5 min at 4°C in an ultracentrifuge 

(Optima LE-80K, Beckman Coulter) using a JA25.50 rotor. The supernatant is transferred to fresh 35 

mL tubes and the centrifugation is repeated. The supernatant is transferred to fresh 35 mL tubes and 

centrifuged at 20 000 x g for 15 min at 4°C in a JA25.50 rotor to pellet the crude mitochondria. The 

supernatant is discarded and the crude mitochondria are gently resuspended in 1 mL of washing buffer 

(300 mM mannitol, 15 mM MOPS pH 8, 1 mM PMSF, 5 mM 6-aminocaproic acid, 1 mM benzamidine) 

using a soft paintbrush. The suspension is transferred to a Potter-Elvehjem tissue grinder using a cut 

pipette tip. Crude mitochondria are homogenized by three gentle strokes and transferred to a 15 mL 

Falcon tube. An appropriate volume of washing buffer is used to complete the crude mitochondria 

fraction to a total volume of 2 mL and is previously used to wash the paintbrush, the 35 mL centrifuge 

tube and the Potter-Elvehjem tissue grinder. 

Prepare discontinuous gradients by layering 5 mL of 40 % Percoll, 20 mL of 23 % Percoll and 10 mL 

of 18 % Percoll on top of each other in a 40 mL ultracentrifuge tube using a peristaltic pump. The three 

layers should be deposited with a very slow flow rate and should be clearly visible. 2 mL of crude 

mitochondria are carefully added on top of a discontinuous gradient and centrifuged at 50 000 x g for 

45 min at 4°C in a Beckman Coulter centrifuge SW32-Ti swing-out rotor (Beckman Coulter) with 

maximum acceleration and a slow deceleration. After centrifugation, mitochondria appear at the 23%-

40% Percoll interface. The upper part of the gradient is removed by aspiration and 4 mL of mitochondrial 

fraction is retrieved with a pipette and placed in a 35 mL centrifuge tube. The tube is filled with washing 

buffer and centrifuged at 20 000 x g for 15 min at 4°C in a JA25.50 rotor. The supernatant is carefully 

discarded and the tube is filled again with washing buffer. The centrifugation is repeated and the 

supernatant removed. The pellet containing the purified mitochondria is resuspended in 1 mL of washing 

buffer using a pipette with a cut tip. 

At this step, mitochondria can be used in different manners. If a single-gradient purification is sufficient, 

mitochondria can be transferred to an Eppendorf tube and centrifuged at 20 000 x g for 8 min at 4°C in 

a microcentrifuge. The pellet can either be stored dry at -80°C for further lipid analysis or be resuspended 

in an appropriate volume of buffer for subsequent protein and/or complex analysis. If a second 

purification on a continuous Percoll gradient is necessary, the mitochondria suspension is transferred to 

a 4 mL Potter-Elvehjem cell grinder and homogenized by 3 gentle strokes. The homogenized 

mitochondrial fraction can then be loaded on top of a continuous 28% (v/v) Percoll gradient. 



119 

 

 

5 Methods for protein and protein complex purification, analysis and 

quantification 

5.1 Total protein extraction from Arabidopsis thaliana calli 

A small amount of callus is collected with a spatula and put in a resistant 2 mL bead-beater tissue 

homogenizer tube (PreCellys® 2 mL Empty Reinforced Tubes). 200 µL of protein buffer (urea 8 M, 

Tris-HCl 50 mM pH 6.8, EGTA 1 mM, DTT 10 mM) and about 200 µL of 425-600 µm acid-washed 

glass beads (Sigma-Aldrich) are added. The sample is heated at 70°C for 5 min with manual agitation 

every minute. The cells are grounded in a bead-beater tissue homogenizer (PreCellys® Evolution, 

Ozyme) at 4°C with 3 rounds of 20 s agitation at 10 000 rpm separated by pauses of 30 s. The heating 

and grinding steps are repeated before centrifugation for 5 min at 5 000 x g at 4°C. The supernatant 

contains the total protein extract. At this step, the sample can be frozen and stored at -20°C or put on ice 

for further manipulations.  

 

Figure 14 Flow chart of the mitochondria purification process using a discontinuous Percoll gradient (adapted 

from Leterme et al. 2021). The major steps are indicated and the pictures illustrate the result of the concerned 

step.  
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5.2 Protein quantity determination by a colorimetric protein assay with Coomassie 

blue 

The protein content of a sample is determined by a colorimetric protein assay with Coomassie blue 

(Bradford, 1976). The protein assay dye (Bio-Rad, Protein Assay Dye Reagent Concentrate, undisclosed 

proprietary composition) is diluted 5 times in water and distributed in spectrophotometry cuvettes. An 

appropriate quantity (between 1 µL and 50 µL) of sample is diluted in the dye, thoroughly mixed and 

incubated for 5 min before absorbance values are read at 595 nm on a spectrophotometer (Eppendorf 

Biophotometer D30). Protein concentration is determined using a BSA standard curve as a reference 

and Lambert-Beer’s law. If detergent is present in the protein samples, the Pierce Detergent compatible 

Bradford assay (Invitrogen) is used following similar procedure. 

5.3 Protein sample concentration through a centrifugable molecular cutoff filter 

If protein concentration has to be increased for further use, the protein-containing sample is loaded on a 

centrifugable molecular cutoff filter. Depending on the protein size and sample volume, different 

centrifugable molecular cutoff filters were used (Amicon centrifugal filter units). The samples contained 

in the centrifugable molecular cutoff filter are centrifuged at a maximum speed of 3 000 x g to prevent 

proteins from sedimenting and agglomerate on the filter membrane. Samples are centrifuged until the 

desired volume is obtained. Samples are removed from the centrifugable molecular cutoff filter with a 

micropipette after washing off the filter membrane with the sample. 

5.4 Protein expression systems 

5.4.1 Protein expression in the yeast Saccharomyces cerevisiae 

Yeast strains are inoculated in 10 mL of CSM –URA medium and cultured overnight for 24h at 30°C. 

After 24h, the OD600 is measured and an appropriate volume of culture is placed in 100 mL of –URA 

medium so as to obtain an OD600 of 0.025. The culture is grown 16h (overnight) at 30°C under 160 

rpm agitation. When the OD600 is between 1 and 2, which corresponds to the exponential phase, the 

yeast is grown for 2h at 17°C under 160 rpm agitation. Recombinant protein production under the control 

of pGAL1 promoter is induced by adding galactose to a final concentration of 2% (v/v). The yeast is 

grown overnight at 17°C until the culture reaches stationary phase at an OD600 of approximately 4-5. 

The recombinant proteins are natively extracted using a cell disruption method. The equivalent of 100 

OD600 of yeast culture is centrifuged for 3 min at 3000 x g at 4°C. The pellet is resuspended in 1 mL 

of NaCl 0.9% (w/v), placed in a bead beater tube (PreCellys® 2 mL Empty Reinforced Tubes, Ozyme) 

and maintained on ice for the rest of the process. The cells are centrifuged for 3 min at 3000 x g and 

washed 2 times with NaCl 0.9% (w/v). The cells are eventually resuspended in lysis buffer (20 mM 

Tris-HCl pH8, 150 mM Nacl, 1 mM EDTA pH8, 1 mM PMSF, protease inhibitor (Roche Complete, 1 

tablet for 50 mL, added just before experiments)) and 425-600 µm acid-washed glass beads (Sigma-

Aldrich, 100 µL for 100 OD) are added. Cells are broken using a bead beater tissue homogenizer 
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(PreCellys® Evolution, Ozyme) at 4°C with 3 rounds of 20 sec agitation at 5 500 rpm followed by a 

pause of 30 sec to avoid heat. The disrupted cells are centrifuged 3 min at 3 000 x g at 4°C to pellet 

intact cells, cell debris and glass beads. The supernatant that contains the soluble recombinant protein is 

placed in fresh 1.5 mL microcentrifuge tubes and centrifuged at 16 000 x g for 20 min at 4°C to further 

eliminate insoluble material. The supernatant is collected and used for the protein purification process. 

The pellet is conserved for analysis. 

5.4.2 Cell-free protein expression 

The sequence corresponding to the protein of interest was cloned into a pIVEX 2.3d vector with an His6 

tag (see section 2.4.1.3). The protein of interest is synthesized in vitro using a cell-free expression 

system under the supervision of Lionel Imbert (ISBG, Grenoble). Briefly, the protein is expressed under 

RNAse-free conditions in batch mode, in a volume of 15 mL of reaction mixture, for 3 h at 27 ºC under 

gentle agitation. The cell-free mixture (Imbert et al., 2021) contained 16 µg/mL of pIVEX 2.3d plasmid 

encoding the protein sequence, 1 mM of 20 essential amino acids protonated, 0.8 mM of each rNTPs 

(guanosine-, uracil-, and cytidine-5’-triphosphate), 55 mM HEPES (pH 7.5), 68 µM folinic acid, 0.64 

mM cyclic adenosine monophosphate, 3.4 mM dithiothreitol, 27.5 mM ammonium acetate, 2 mM 

spermidine, 80 mM creatine phosphate, 200 mM potassium acetate, 18 mM magnesium acetate, 250 

µg/mL creatine kinase, 27 µg/mL T7 RNA polymerase, 0.175 µg/mL tRNA and 400 µL/mL S30 E. coli 

bacterial extract. 

5.5 Protein purification by nickel affinity chromatography 

The His-tagged proteins produced by a cell-free or yeast expression system are centrifuged at 16 000 x 

g at 4°C for 30 min to pellet any insoluble material. The supernatant is mixed with 20 mL of 

solubilization buffer (Tris-HCl pH8, NaCl 0.15 M) and loaded by gravity flow on 2 mL of Ni-Sepharose 

resin (Ni-Sepharose Fast Flow, Cytiva) previously equilibrated with 10 mL of solubilization buffer. The 

flow through is collected and passed a second time through the Ni-NTA resin. To eliminate contaminants 

retained on the column, the resin is consecutively washed with 15 mL of three washing buffers 

containing increasing concentrations of imidazole (washing buffers 1, 2 and 3 : Tris-HCl pH8, NaCl 

0.15 M, 0.025, 0.05 and 0.075 M imidazole respectively). The protein of interest is eluted by affinity 

competition with 5 mL of a buffer containing a high imidazole concentration (Tris-HCl pH8, NaCl 0.15 

M, imidazole 0.2 M) and fractions of 1.5 mL are collected. The fractions containing the purest form of 

the protein of interest is determined by SDS-PAGE  followed by Coomassie blue staining (see section 

5.8). Protein concentrations are determined by colorimetric protein assay with Coomassie Blue (see 

section 5.2). If needed, protein concentration is increased with a centrifugable molecular cutoff filter 

(see section 5.3). 
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To remove imidazole that might interfere with downstream measures, the concentrated fraction was then 

subjected to desalting through a PD10 desalting column (Cytiva) according to the manufacturers 

recommendations. 

5.6 MTL complex purification and analysis 

5.6.1 Extraction of mitochondrial membrane complexes 

Crude mitochondria are obtained by the standard protocol detailed in a previous section (section 4.1). 

The following steps have been adapted from a protocol previously established in our laboratory 

(Michaud, 2018). 

5.6.1.1 Mitochondrial membranes purification 

After resuspension, mitochondrial fractions are centrifuged at 11 000 x g at 4°C for 5 min to pellet 

mitochondria. Mitochondrial membranes are obtained by bursting mitochondria by osmotic choc. The 

pellet is resuspended in 1 mL of swelling buffer (10 mM MOPS pH 7.4. Just before use, 1 mM PMSF, 

5 mM 6-aminocaproic acid and 1 mM benzamidine are added) and incubated on ice for 5 min. 

Mitochondrial integrity is broken by vigorously shaking the suspension for 10 s using a shaker at. 

Mitochondrial membranes are pelleted with a centrifugation at 100 000 x g at 4°C for 20 min using an 

ultracentrifuge (Sorvall Discovery M150 SE) with the S55A2 rotor. The membranes are resuspended in 

150 µL of purification buffer (30 mM HEPES pH7, 1 mM EDTA, NaCl variable concentration) of 

varying NaCl concentration depending on the type of experiment that has to be performed subsequently. 

For subsequent size exclusion chromatography or sucrose gradient ultracentrifugation, the 

mitochondrial membranes were resuspended in a buffer containing 100 mM NaCl. For anion exchange 

chromatography, the mitochondrial membranes were resuspended in a buffer containing 5 mM NaCl. 

5.6.1.2 Crosslinking 

The crosslinking step has only been realized during the MTL complex stability tests. To crosslink the 

mitochondrial membrane complexes, the equivalent of 300 µg of mitochondrial membrane proteins are 

resuspended in 150 µL of washing buffer (300 mM mannitol, 15 mM MOPS pH 8, 1 mM PMSF, 5 mM 

6-aminocaproic acid, 1 mM benzamidine). 1.5 µL of DSP (3,3'-dithiobis(succinimidyl propionate)) 

crosslinking reagent freshly dissolved in DMSO is added to a final concentration of 0.4 µg/µL. The 

mixture is gently shaken and incubated on ice for 15 min. DSP is a bifunctional crosslinking reagent 

that reacts with the terminal amines situated on the lysine side chains and on the N-terminal end of the 

protein backbone (Hermanson, 2013). The crosslinking reaction is stopped by adding 15 µL of Tris-HCl 

1 M pH 7.4 and by gently mixing before another 15 min incubation on ice. The sample is centrifuges at 

11 000 x g for 5 min at 4°C and the supernatant is discarded. To wash off all the DSP, the washing step 

is repeated with Tris-HCl 1 M pH 7.4. The crosslinked mitochondrial complexes still linked to 

membranes are resuspended in purification buffer of varying NaCl concentration depending on the type 

of experiment that has to be performed subsequently. 
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5.6.1.3 Solubilization of mitochondrial complexes 

The solubilized mitochondrial membranes are placed in 1.5 mL ultracentrifuge tubes (Beckman Coulter 

Ref 357448). To extract and solubilize the mitochondrial membrane complexes from the membranes, 

1.5 µg of DDM was added per µg of mitochondrial membrane proteins. Typically, 13 µL of n-dodecyl-

β-D-maltoside (DDM) 20% (w/v) were added to 2600 µg of membrane proteins for a final volume of 

520 µL and a final concentration of 0.5% (w/v) DDM. The complexes are solubilized by slowly pipetting 

the mixture up and down 30 times (pipette set on 150 µL). After 5 min incubation on ice, the sample is 

centrifuged at 100 000 x g for 20 min at 4°C with an ultracentrifuge (Sorvall Discovery M150 SE) to 

pellet insoluble materials. The supernatant that contains the solubilized mitochondrial membrane 

complexes is transferred to a fresh 1.5 mL tube for further downstream applications. 

5.6.2 Size exclusion chromatography 

To separate the mitochondrial complexes according to their size, we chose a size exclusion 

chromatography (SEC) approach. Given the uncertainty concerning the real size of the MTL complex, 

we chose a SEC column with a broad separation range. We used a Superose 6 Increase 10/300 GL (GE 

Healthcare) composed of crosslinked agarose beads with an average diameter of 8.6 µL and a separation 

range ranging from 5 kDa to 5 000 kDa for globular proteins. The exclusion volume, which corresponds 

to the volume outside the beads, was determined experimentally at 8.2 mL by running dextrans. The 

column has a total volume of 24 mL. Samples are run on the column with a fast protein liquid 

chromatography (FPLC) system (ÄKTA pure) equipped with an injection loop, a UV (280 nm) 

spectrophotometer, a conductivity sensor, a hydrostatic pressure sensor and an automated fraction 

collector. 

The whole SEC process is performed at 4°C and samples are kept on ice. The SEC column is equilibrated 

with 2 column volumes of water and 2 column volumes of purification buffer (30 mM HEPES pH7, 1 

mM EDTA, 100 mM NaCl) supplemented with 0.05% (w/v) DDM to maintain a detergent environment. 

The flow rate is set so as to keep the hydrostatic pressure below 1.5 MPa, typically between 0.3 mL/min 

and 0.4 mL/min for aqueous solutions. The concentrated sample containing the solubilized 

mitochondrial membrane complexes is injected in the injection loop with a syringe. The sample volume 

should not exceed 500 µL to increase the SEC resolution. The sample is injected on the column with 2.5 

mL of purification buffer. The sample is eluted with 1.5 column volumes (36 mL) of purification buffer 

at a constant flow rate of 0.3 mL/min. During all the elution, 1 mL fractions are collected and conserved 

for further analysis. The protein content in the eluted fractions is followed by measuring the absorbance 

at 280 nm. Additionally, the total protein content is determined by a colorimetric protein assay (see 

section 5.2). The presence of the MTL complex in the fractions is detected by CN-PAGE (see section 

5.6.5). 
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5.6.3 Sucrose density gradient ultracentrifugation 

Gradient ultracentrifugation allows to separate particles in solution according to their hydrodynamic 

radius and density (Fernandez-Martinez et al., 2016; Voet & Voet, 2011). We used a pre-formed sucrose 

density gradient to try to isolate the MTL complex. The sucrose density gradient is generated using a 15 

mL gradient mixer (Interchim), a peristaltic pump and two buffers containing different sucrose 

concentrations. The whole sucrose gradient ultracentrifugation process is realized at 4°C and samples 

are kept on ice.  5 mL of heavy buffer (30 mM HEPES pH7, 1 mM EDTA, 100 mM NaCl, 30% (w/v) 

sucrose, 0.05% (w/v) DDM) is placed in the downstream compartment of the gradient mixer and 5 mL 

of light buffer (30 mM HEPES pH7, 1 mM EDTA, 100 mM NaCl, 5% (w/v) sucrose, 0.05% (w/v) 

DDM) is placed in the upstream compartment separated by a valve. Both buffers are supplemented with 

a protease inhibitor cocktail (Roche Complete, 1 tablet for 50 mL, added just before experiments). The 

gradient mixer is connected to the peristaltic pump that allows a flow rate of 1 mL/min. The output is 

carefully poured in an ultra-clear ultracentrifuge tube (Beckman Coulter, ref. 344059). The valve 

between the compartments is opened so that the heavy buffer is progressively diluted, hence forming a 

bottom-up 30%-5% sucrose density gradient in the ultracentrifuge tube. The solubilized mitochondrial 

membrane complexes are carefully placed on top of the density gradient with pipette. The sample 

volume should not exceed 500 µL to enhance the separation resolution. The gradient is placed in a 

SW41Ti rotor (Beckman Coulter) and is centrifuged at 200 000 x g for 20h at 4°C in an ultracentrifuge 

(Beckman Coulter Optima LE-80K). The centrifuge tube is punctured at the bottom and the centrifuged 

sucrose gradient is slowly removed with a peristaltic pump at a flow rate of 1 mL/min. The sucrose 

gradient is divided into 500 µL fractions that are kept for further analysis and purification steps. The 

total protein content is determined by a colorimetric protein assay (see section 5.2). The presence of the 

MTL complex in the fractions is detected by CN-PAGE (see section 5.6.5). 

5.6.4 Anion exchange chromatography 

To separate proteins and complexes according to their charge, we used a 1 mL Q-sepharose anion 

exchange chromatography (AEC) column and applied a NaCl gradient. Samples are run on the column 

with the same fast protein liquid chromatography (FPLC) system as for SEC (ÄKTA Pure). The AEC 

column is equilibrated with 8 column volumes of water followed by 10 column volumes of low salt 

buffer (30 mM HEPES pH7, 1 mM EDTA, 5 mM NaCl, 0.05% (w/v) DDM) at a flow rate of 0.5 

mL/min. 1.5 mL of concentrated sample containing the solubilized mitochondrial membrane complexes 

is loaded in the injection loop with a syringe. The sample is injected on the column with 5 mL of low 

salt buffer. The column is washed with 2 mL of low salt buffer before the start of the elution. To elute 

the proteins according to their charge, the high salt buffer (30 mM HEPES pH7, 1 mM EDTA, 1 M 

NaCl, 0.05% (w/v) DDM) is progressively injected so as to reach 40% after 15 column volumes 

effectively increasing the NaCl concentration from 5 mM to 400 mM. 500 µL fractions are collected 

during the whole elution process and conserved for further analysis and purification steps. To wash off 
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the remaining proteins, the NaCl concentration is increased to 1 M. As for the SEC and sucrose gradient 

ultracentrifugation, the total protein content in the fractions is determined by a colorimetric protein assay 

(see section 5.2). The presence of the MTL complex in the fractions is detected by CN-PAGE (see 

section 5.6.5). 

5.6.5 Clear native polyacrylamide gel electrophoresis for MTL complex visualization 

Clear native polyacrylamide gel electrophoresis (CN-PAGE) allows the separation of proteins in a 

complex sample according to their net charge and size. To generate the separation clear native gradient 

gel, two different mixtures are realized (Table 8). Mix 1 contains a high acrylamide concentration (12%) 

as well as glycerol. Mix 2 has a lower acrylamide concentration (3.5%) and no glycerol. The APS 

(ammonium persulfate, the electron donor) and TEMED (tetramethylethylenediamine, the catalyst for 

the polymerization reaction) are added at the last moment. 2 mL of Mix 1 is loaded on the downstream 

compartment of a 15 mL gradient mixer that contains a magnetic stirrer  and 2.5 mL of mix 2 is loaded 

in the upstream compartment separated by a valve. The gradient mixer is connected to a peristaltic pump 

to regulate the flow. The peristaltic pump is activated at a rate of approximately 3 mL/min and the valve 

separating both compartments is opened to allow the progressive mixing of both acrylamide solutions, 

hence generating an acrylamide and glycerol gradient. The mix is progressively poured between two 1 

mm glass plates and 1 mL of water is carefully placed at the top of the gel to generate a straight interface. 

The gel is left to polymerize for at least 1h at room temperature. After removal of the water on top of 

the separation gel, the stacking gel (Table 9) is poured and left to polymerize for at least 1h at room 

temperature. 

20 µL of sample usually containing about 5 µg of proteins is mixed with 5 µL of native loading buffer 

(300 mM Tris-HCl pH 6.8, 50% (v/v) glycerol, 0.5% (w/v) bromophenol blue in water) and loaded on 

the stacking gel. Molecular size is assessed using a native protein molecular weight ladder (Native Mark 

unstained protein standard, Thermo Fisher). CN-PAGE is run in native migration buffer (50 mM Tris, 

384 mM glycine, pH 8.3 adjusted with HCl) at 80V until the bromophenol blue reaches the bottom of 

the gel (approximately 2h15min). The proteins on the clear-native gel can be stained by Coomassie blue 

(InstantBlue® Coomassie Protein Stain (ISB1L), ABCAM), by NoStain protein labeling reagent 

(Thermo Fisher) or by the silver nitrate staining method (Silver Stain, Bio-Rad). 

Table 8 Composition of the separation clear native gradient gel. The highest acrylamide concentration is at the 

bottom of the gel. Note the double gradient in acrylamide and glycerol concentration. N/A: not applicable.  

Component Concentrations in 12% gel (Mix 1) Concentrations in 3.5% gel (Mix 2) 

Acryl/Bis 37.5/1 30% 12% (v/v) 3.5% (v/v) 

Tris pH 8.8 0.4 M 0.4 M 

Glycerol 10% (v/v) N/A 

APS 0.1% (w/v) 0.1% (w/v) 

TEMED 0.04% (v/v) 0.04% (v/v) 
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Table 9 Composition of the stacking gel. 

Component Concentration in stacking gel 

Acryl/Bis 37.5/1 30% 3% (v/v) 

Tris pH 6.8 0.125 M 

APS 0.1% (w/v) 

TEMED 0.04% (v/v) 

 

5.6.6 Cryo-electron microscopy 

Negative staining electron microscopy, sample vitrification and cryo-electron microscopy was realized 

by Irina Gutsche (IBS, MICA) and Maria Bacia-Verloop (IBS, MICA). 

Briefly, for negative stain, sample was applied to the clear side of carbon on a carbon-mica interface, 

stained with 2% (w/v) uranyl acetate and floated on a copper grid. Images were recorded with a 

ThermoFisher Scientific T12 microscope at 120kV with a LaB6 filament, at a nominal 23,000× 

magnification. Freshly purified protein samples that have not been frozen were used in cryo-EM 

experiments. For cryo-EM, 3 microliter of sample was put on a Quantifoil 2:1 grid, vitrified with a 

ThermoFisher Scientific Vitrobot IV as described in Dubochet et al., 1988 and observed with a 

ThermoFisher Scientific Glacios 300 kV Field Emission Gun transmission electron microscope. 

5.7 In vitro lipid binding assay 

To test the ability of a polypeptide to bind to lipids, an in vitro binding assay was performed. Different 

quantities of protein of interest (between 5µg and 15 µg) were incubated with 1 µg of commercial 

nitrobenzoxadiazole (NBD)-conjugated lipids in lipid binding buffer (50 mM Tris pH 8, 300 mM NaCl, 

10% (v/v) glycerol) at 22°C for 1h. The NBD-conjugated lipids were NBD-PC, NBD-PE, NBD-PS and 

NBD-PA (Avanti polar lipids). The samples were run on a commercial CN-PAGE gel (Mini-Protean 

TGX, native gel, Bio-Rad) at 90v until bromophenol blue reached the bottom of the gel. NBD 

fluorescence was read directly in-gel using a fluorescence imager (Amersham Typhoon) using a 488 nm 

excitation laser and a Cy2 emission filter. Protein content was read by Coomassie blue staining  

(InstantBlue® Coomassie Protein Stain (ISB1L), ABCAM). 

5.8 Polyacrylamide gel electrophoresis in denaturing conditions (SDS-PAGE) 

Polyacrylamide gel electrophoresis in denaturing conditions using sodium dodecyl sulfate (SDS) as 

denaturing agent enables to separate proteins contained in a complex protein sample according to their 

molecular mass only and independently from their intrinsic electric charge. An appropriate quantity of 

proteins, typically between 5 µg and 40 µg, are mixed with a four times concentrated denaturing buffer 

(LDS (4X) NuPAGE™, Life technologies) and a ten times concentrated reducing buffer (Sample 

reducing agent (10X) NuPAGE™, Life technologies) to charge proteins negatively and suppress their 

tertiary structure. Samples are heated at 95°C for 5 min to finalize their denaturation. Proteins are loaded 

on a polyacrylamide gel (NuPAGE™ 4 to 12 % Bis-Tris minigel, Life Technologies) and their migration 
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is carried out in a Mini Gel Tank (Life Technologies) first at 100V for 5 min, then at 80V for 1h45min. 

Proteins are co-migrated with a molecular weight marker (Precision Plus Protein™ Dual Color 

Standards, BioRad) enabling to assess the molecular masses of the proteins contained in the samples. 

If the proteins are not meant to undergo Western blotting after SDS-PAGE, the gel is colored by 

Coomassie blue (InstantBlue® Coomassie Protein Stain (ISB1L), ABCAM) for 30 min and washed 

three times in water prior to photography. 

5.9 Protein immunodetection by immunoblotting (Western Blot) 

Immunoblotting enables to specifically identify a protein of interest in a complex protein sample 

previously separated by SDS-PAGE or CN-PAGE using antibody specificity. A nitrocellulose 

membrane (Amersham Protran 0.2 µm) and Whatman papers cut to the same size as the polyacrylamide 

gel are plunged into Laemmli 1X (Glycine 192 mM, Tris-HCl 25 mM, pH 8.3) containing 20% ethanol. 

A standard Western blot sandwich is assembled so as to place the polyacrylamide gel on the negatively 

charged pole and in direct apposition with the nitrocellulose membrane to enable the migration of 

negatively charged proteins from the gel to the membrane. Transfer was carried out at 90V and 300 mA 

for 1h with agitation and cooling. After transfer, the membrane is washed three times in water and 

reversibly stained with Ponceau red (0.2% w/v Ponceau red, 3% (v/v) trichloroacetic acid) to verify the 

presence of proteins on the membrane. The membrane is destained by three washes in Tris buffer saline 

(TBS; Tris-HCl 20 mM, NaCl 150 mM, pH7.6) and saturated in TBS-milk 5% (w/v) for at least 2h 

under agitation. Primary antibodies were applied on the membrane by dilution in TBS-milk; the dilution 

factor depends on the antibody (Table 10).The primary antibodies were applied on the membrane 

overnight at 4°C under mild agitation. If the primary antibodies are not coupled to the horseradish 

peroxidase (HRP), secondary antibodies coupled to the aforementioned enzyme have to be applied. In 

that case, the membrane was washed three times in TBS-milk and the secondary antibodies (Table 10) 

were diluted to 0.01% (v/v) and incubated 3h at room temperature under mild agitation. The membrane 

was washed three times 10 min in TBS to remove the unbound antibodies. The detection of HRP-

conjugated antibodies was achieved by applying Clarity™ or Clarity Max Western ECL Substrate 

(BioRad) that contains luminol. The HRP catalyzes luminol oxidation, which generates light at 428 nm 

that can be detected using a luminescence detection system (Amersham ImageQuant 800). 
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Table 10 List of primary and secondary (2°) antibodies used in this study. 

Antibody name Type Dilution used Host Reference 

Anti-AtMIC60 Polyclonal 1/5000 Rabbit (Michaud et al., 

2016) 

Anti-AtTOM40 Polyclonal 1/2000 Rabbit (Michaud et al., 

2016) 

Anti-RISP Polyclonal 1/10000 Rabbit (Michaud et al., 

2016) 

Anti-COXII Polyclonal 1/1000 Rabbit Agrisera 

Ref. AS04053A 

Anti-VDAC Polyclonal 1/1000 Rabbit (Michaud et al., 

2016) 

Anti-NDPK3 Polyclonal 1/5000 Rabbit Agrisera 

Ref. AS08302 

Anti-DGDG Polyclonal 1/1000 Rabbit (Maréchal et al., 

2002) 

Anti-His6 Cter Monoclonal 1/5000 Mouse Life technologies 

Ref. 46-0693 

Anti-RFP Polyclonal 1/1000 Rabbit Invitrogen 

Ref. R10367 

Anti-HA Monoclonal 1/5000 Mouse Sigma 

Ref. H9658 

Anti-Myc Monoclonal 1/500 Mouse Invitrogen 

Ref. MA1-980 

Anti-Rabbit (2°) Polyclonal 1/10000 Goat Interchim 

Ref. 115-035-003 

Anti-Mouse (2°) Polyclonal 1/10000 Goat Interchim 

Ref. 111-035-003 

 

6 Lipid analysis 

6.1 Glycerolipid extraction 

6.1.1 Glycerolipid extraction from biological samples by the Folch method 

The Folch method (Folch et al., 1957) was used to extract glycerolipids from solid biological samples. 

Lipids were extracted according to a modified Folch method (Simionato et al., 2013). Typically, 

approximately 0.5 g of callus or a quantity of isolated mitochondria equivalent to 600 µg of 

mitochondrial proteins were used for lipid extraction. Calli are collected and dried using a Whatman 

filter and a vacuum filtration unit. Living plant material is either collected from a specific part of the 

plant (leaves, roots, hypocotyl) or from a whole seedling. Mitochondria are obtained as described in 

section 4.1. The collected biological material is immediately flash-frozen in liquid nitrogen and stored 

at -80°C to prevent lipase activity. Before extraction, the biological material is lyophilized overnight 

using a lyophilizator (Christ Alpha 2-4 LDplus) to remove water from the samples and prevent lipase 

activity. 

The lyophilized samples, which are constantly maintained in liquid nitrogen to prevent lipase activity, 

are transferred to 35 mL Corex tubes pre-chilled in liquid nitrogen. Samples are then grounded using a 
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Potter-Elvehjem pestle to allow maximal surface contact with the reagents. 4 mL of boiling ethanol are 

added to the samples which are then incubated 5 min at 90°C to inhibit lipase activity. 2 mL of methanol 

and 8 mL of ethanol-stabilized chloroform (chloroform, Puriss. p.a., Reag. ISO, Reag. Ph. Eur., 99.0-

99.4% (GC), Honeywell) are added and the samples are homogenized by bubbling argon through them 

which additionally protects the lipids from oxidation. Samples are incubated 1 h at room temperature 

under an argon atmosphere before being filtrated through quartz wool into another Corex tube to remove 

cellular debris. The organic phase containing the lipids is separated from the hydrophilic phase by adding 

3 mL of chloroform/methanol (2:1 v/v) and 5 mL of NaCl 1% (w/v). After mixing with bubbled argon, 

the samples are centrifuged 10 min at 2000 rpm at room temperature and the inferior organic phase is 

collected. The lipid extracts are retrieved by evaporating the organic phase under argon. Lipids can be 

stored at -20°C for several months without degradation if maintained in an argon atmosphere. 

6.2 Methanolysis of total lipid extracts 

Methanolysis is a nucleophilic transesterification reaction in which the acyl groups are detached from 

the glycerol skeleton and esterified to methanol thus forming fatty acid methyl esters (FAMEs) which 

can be used to determine the total lipid content of the lipid extracts. FAMEs were obtained according to 

(Jouhet et al., 2003). The lipid extracts are resuspended in 1 mL of ethanol-stabilized chloroform 

(chloroform, Puriss. p.a., Reag. ISO, Reag. Ph. Eur., 99.0-99.4% (GC), Honeywell) and 50 µL are mixed 

with 5 µg of internal standard (C15:0, a saturated odd chain fatty acid containing 15 carbons) and 3 mL 

of 2.5% sulfuric acid in methanol in sealable glass tubes. The methanolysis reaction takes place at 100°C 

for 1 h. While the acidic environment and the high temperature catalyze the transesterification reaction, 

the excess of methanol and absence of water displace the reaction equilibrium towards FAMEs 

formation. The tubes are left to cool for 5 min at room temperature before 3 mL of water are added to 

stop the reaction. To retrieve the hydrophobic FAMEs, 3 mL of hexane are added, the tubes are 

thoroughly mixed and the phases are allowed to form for at least 20 min. The upper organic phase 

containing the FAMEs is collected and the phase partition step is iterated. The collected hexane phases 

are evaporated under argon and the FAMEs can be stored at -20°C. 

6.3 Fatty acid and lipid quantification 

6.3.1 Quantification of fatty acid methyl esters by gas chromatography coupled to ion flame 

detection 

The FAMEs were resuspended in 50 µL of hexane analyzed by gas chromatography-flame ionization 

detector (GC-FID) (Perkin Elmer Clarus 580) on a 30-m long cyanopropyl polysilphenesiloxane column 

(SGE BPX70) with a diameter of 0.22 mm and a film thickness of 0.25 μm. The GC column is heated 

at 180°C and nitrogen is used as vector gas. FAMEs were identified by comparison of their retention 

times with those of standards (Sigma-Aldrich) and quantified by the surface peak method using the 
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C15:0 fatty acid internal standard for calibration. The measured FAMEs quantity allows to determine 

the glycerolipid concentration in the initial sample. 

6.3.2 Quantification of glycerolipids by high performance liquid chromatography coupled 

to triple quadrupole mass spectrometry (HPLC-MS/MS) 

Lipid analysis by high performance liquid chromatography (HPLC)-MS/MS was performed on the 

LIPANG (Lipid Analysis in Grenoble) platform directed by Juliette Jouhet. Quantification experiments 

were carried out by Juliette Jouhet, Mathilde Louwagie and Morgane Michaud. 

The lipid extracts corresponding to 25 nmol of total fatty acids were dissolved in 100 µL of 

chloroform/methanol [2/1, (v/v)] containing 125 pmol of each internal standard. Internal standards used 

were PE 18:0-18:0 and DAG 18:0-22:6 from Avanti Polar Lipid and SQDG 16:0-18:0 extracted from 

spinach thylakoid (Demé et al., 2014) and hydrogenated as described in Buseman et al., 2006. Lipids 

were then separated by HPLC and quantified by MS/MS. 

The HPLC separation method was adapted from (Rainteau et al., 2012). Lipid classes were separated 

using an Agilent 1200 HPLC system using a 150 mm×3 mm (length × internal diameter) 5 µm diol 

column (Macherey-Nagel), at 40°C. The mobile phases consisted of 

hexane/isopropanol/water/ammonium acetate 1M, pH5.3 [625/350/24/1, (v/v/v/v)] (A) and 

isopropanol/water/ammonium acetate 1M, pH5.3 [850/149/1, (v/v/v)] (B). The injection volume was 20 

µL. After 5 min, the percentage of B was increased linearly from 0% to 100% in 30 min and stayed at 

100% for 15 min. This elution sequence was followed by a return to 100% A in 5 min and an 

equilibration for 20 min with 100% A before the next injection, leading to a total runtime of 70 min. 

The flow rate of the mobile phase was 200 µL/min. The distinct glycerophospholipid classes were eluted 

successively as a function of the polar head group. 

Mass spectrometric analysis was done on a 6460 triple quadrupole mass spectrometer (Agilent) 

equipped with a Jet stream electrospray ion source under following settings: Drying gas heater: 260°C, 

Drying gas flow 13 L/min, Sheath gas heater: 300°C, Sheath gas  flow: 11L/min, Nebulizer pressure: 

25 psi, Capillary voltage: ± 5000 V, Nozzle voltage ± 1000. Nitrogen was used as collision gas. The 

quadrupoles Q1 and Q3 were operated at widest and unit resolution respectively. PC analysis were 

carried out in positive ion mode by scanning for precursors of m/z 184 at a collision energy (CE) of 34 

eV. SQDG analysis was carried out in negative ion mode by scanning for precursors of m/z -225 at a 

CE of -56eV. PE, PI, PS, PG, PA, MGDG and DGDG measurements were performed in positive ion 

mode by scanning for neutral losses of 141 Da, 277 Da, 185 Da, 189 Da, 115 Da, 179 Da and 341 Da at 

CEs of 20 eV, 12 eV, 20 eV, 16 eV, 16 eV, 8 eV and 8 eV, respectively. Quantification was done by 

multiple reaction monitoring (MRM) with 30 ms dwell time. DAG and TAG species were identified and 

quantified by MRM as singly charged ions [M+NH4]+ at a CE of 16 and 22 eV respectively with 30 ms 

dwell time. CL species were quantified by MRM as singly charged ions [M-H]- at a CE of -45 eV with 
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50 ms dwell time. Mass spectra were processed by MassHunter Workstation software (Agilent) for 

identification and quantification of lipids. Lipid amounts (pmol) were corrected for response differences 

between internal standards and endogenous lipids and by comparison with a quality control (QC). QC 

extract correspond to a known lipid extract from Arabidopsis cell culture qualified and quantified by 

TLC and GC-FID as described by (Jouhet et al., 2017). 

7 Imaging techniques 

7.1 Laser scanning confocal microscopy 

Laser scanning confocal microscopy was performed on a microscope Zeiss LSM880 equipped with a 

40x and a 63x/1.4 oil-immersed Plan-Apochromat objective, running Zen 2.3 SP1 acquisition software 

(Platform μLife, IRIG, LPCV). For rBiFC experiments, the 40x objective was used for acquisitions. The 

organelle markers used during confocal fluorescence microscopy are listed in Table 11. RFP was 

excited at 561 nm at 2.8% laser capacity and its fluorescence was detected between 582 nm and 622 nm 

with a photomultiplier tube detector set to 750V. YFP was excited at 514 nm at 2.8% laser capacity and 

its fluorescence was detected between 519 nm and 550 nm with a photomultiplier tube detector set to 

750V. At least 8 images were taken randomly over the whole sample in two leaves and in three biological 

replicates. AtVPS13M1 localization experiments were performed using the 63x/1.4 oil-immersed Plan-

Apochromat objective. eGFP was excited at 488 nm at laser capacities between 1.5% and 10% and its 

fluorescence was detected between 493 nm and 524 nm with a photomultiplier tube detector set between 

700V and 800V. RFP was excited at 561 nm at laser capacities between 1.5% and 10% and its 

fluorescence was detected between 583 nm and 625 nm with a photomultiplier tube detector set between 

600V and 800V. YFP was excited at 514 nm at laser capacities between 1.5% and 10% and its 

fluorescence was detected between 519 nm and 570 nm with a photomultiplier tube detector set between 

600V and 800V. Chlorophyll was excited at 633 nm at laser capacities between 1.5% and 5% and 

autofluorescence was detected between 642 nm and 698 nm with a photomultiplier tube detector set 

between 600V and 700V. At least 8 images were taken randomly over the whole sample in two leaves 

and in three biological replicates. Images were visualized and treated with the ImageJ 1.53a software 

running the image processing package Fiji. 

Table 11 List of the constructs used as organelle markers during confocal fluorescence microscopy experiments. 

Name Construct Target organelle 

ER-RFP From Anne-Marie Duchene, IBMP, Strasbourg ER 

Mito-YFP 
pFP108-ctYFP-TOM20.2 (split YFP C-terminus) 

Mitochondria 
pFP108-ntYFP-TOM20.3 (split YFP N-terminus) 

Mito-RFP pFP108-CYS4-RFP Mitochondria 
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1 The discovery of the mitochondrial transmembrane lipoprotein 

(MTL) complex 

The MTL complex has already been introduced in section 4.2 of Leterme & Michaud, 2022. A more 

detailed description of its discovery by Michaud et al. and further experimental characteristics are given 

in this introductory section.  

The MTL complex was initially found during a radiolabeling experiment designed to identify complexes 

implied in chloroplast to mitochondria DGDG transport during Pi starvation (Michaud et al., 2016). 

During this experiment, the authors took advantage of the fact that when mitochondria are isolated on a 

Percoll cushion, fragments of plastid membranes remain attached and co-purify with mitochondria, 

probably due to mitochondria-chloroplast MCSs. Mitochondria from calli grown in presence or absence 

of Pi were isolated and incubated with radiolabeled UDP-galactose. UDP-galactose is used by MGDG 

and DGDG synthases to form their respective products, thus radiolabeling DGDG, the final product. 

The radiolabeled DGDG is then transported to mitochondria and tags the complexes through which it is 

transported. The mitochondrial membrane complexes were extracted and run on CN-PAGE which 

revealed the existence of a single radioactive band in both Pi replete and deplete conditions. The proteins 

associated to the radioactive band form a wavy band at an apparent size of 800 kDa. 

The protein content corresponding to this wavy band was determined by mass spectrometry. The results 

reveal that the MTL complex contains about 200 proteins distributed mostly in both mitochondrial 

membranes (Figure 15A.1), but also in other membranes like the chloroplast OE or the ER. A protein 

was considered to be part of the MTL complex if it was retrieved in the wavy band on CN-PAGE in all 

the analyzed conditions, that is when the mitochondrial membrane complexes were solubilized using 

1.5 µg or 10 µg of DDM per gram of mitochondrial complexes and in phosphate replete and deplete 

conditions. The mitochondrial components of the MTL complex are distributed among multiple 

mitochondrial complexes. Notably, all the components of the TOM complex are present in the MTL 

complex. Components from the mitochondrial respiratory complexes I, III and IV, from the TIM 

complex and AtMIC60 from the MICOS complex have also been identified. Furthermore, AtMIC60 

and TOM40 have been shown to interact with each other (Figure 15A.2). Thus, the MTL complex spans 

through both mitochondrial membranes and forms an intramitochondrial contact site tether. The MTL 

complex is enriched in lipids and was shown to contain mostly DGDG, PE and PC. The lipid content 

might explain the wavy aspect of the band as well as the mismatch between the protein content and the 

apparent size of the complex. 

During Pi starvation, Col0 presented an increase of DGDG content following its import in mitochondria 

and a decrease of PE content following its degradation, as expected (Figure 15A.3). Interestingly, the 

same changes in lipid content were reflected in the MTL complex (Figure 15A.4). Furthermore, the 

amount of AtMIC60 and TOM40 proteins both increased during Pi starvation while their total quantity 
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remained unchanged in whole mitochondria, suggesting that these proteins are relocalized to MTL 

complexes upon Pi starvation (Figure 15A.5, green arrows). In the atmic60 KO mutant (Figure 15B), 

the amount of PE inside mitochondria and the MTL complex increase compared to Col0, suggesting a 

PE export defect (Figure 15B.1). A lack of DGDG was also observed in mitochondria and the MTL 

complex of atmic60 KO mutants upon Pi starvation, suggesting a defect in DGDG import (Figure 

15B.2). AtMIC60 has also been shown to destabilize liposomes in vitro. This led to hypothesize that 

AtMIC60 could promote lipid extrusion or insertion from or into membranes, hence facilitating lipid 

transport. 

Altogether, these data support a model in which the MTL complex, and particularly AtMIC60, promotes 

PE and DGDG transport between both mitochondrial membranes (Figure 15C). Notably, its implication 

in Pi starvation-induced lipid remodeling strongly suggests a function in PE export to promote its 

degradation and DGDG import to replace the degraded phospholipids (Figure 15C). The position of the 

MTL complex in mitochondria suggests that it is implied in intramitochondrial lipid trafficking. 

However, the presence of extramitochondrial proteins in the MTL complex suggests that it could be 

implicated in the direct lipid channeling from other cell compartments, notably chloroplasts, to 

mitochondria, but the transport mechanism allowing the suspected lipid movements remain to be 

discovered. 
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2 Results 

2.1 Rationale 

The MTL complex is an intriguing molecular arrangement between proteins and lipids, presumably 

spanning through the two mitochondrial membranes, at least. The initial determination of its 

composition from CN-PAGE revealed that it contained over 200 proteins belonging to different already 

known complexes mainly located in mitochondria, but also in other, and dispatched through multiple 

cell compartments, including the chloroplast. Given its number and variety of components as well as its 

enrichment in lipids, the MTL complex cannot be considered as a complex in the first biochemical sense 

of the word, but rather as a supercomplex. Even though the MTL complex might regroup a huge number 

of proteins, it is hard to imagine that all the identified components are permanent members of the 

complex. In this context, we wanted to get more insight on the composition, architecture and structure 

of the MTL complex. To this end, we decided to try to further purify the MTL complex using different 

biochemical and biophysical approaches to get access to a refined protein composition by proteomic 

analysis and to structural information by cryo-electron microscopy (cryo-EM). 

After mitochondria purification by our standard protocol (see materials and methods), mitochondrial 

membranes were obtained by centrifugation after osmotic shock and mitochondrial complexes were 

extracted using different buffers complemented with 1.5 µg DDM per µg of complexes (Figure 16A). 

The MTL complex presents multiple physico-chemical characteristics important for potential 

purification processes. First, the MTL complex is a huge complex enclosing multiple sub-complexes. 

This huge size is important to consider biochemical isolation methods based on the size of particle 

hydrodynamic radius like size exclusion chromatography or density gradient ultracentrifugation. 

Second, when the crude mitochondrial complexes are run on CN-PAGE, the MTL complex appears as 

a wavy band around 800 kDa (Figure 16B). On CN-PAGE, particles migrate according to their global 

charge, size and propensity to interact with the polyacrylamide matrix. The fact that the MTL complex 

is able to enter the clear native gel shows that it is carrying a net negative charge. Thus, it might be 

reasonable to attempt techniques based on electrostatic interactions like anion exchange 

chromatography. Finally, the MTL complex is enriched in lipids, namely PE and PC, the major 

mitochondrial lipids, and DGDG when cells are subjected to phosphate starvation. The presence of 

hydrophobic components in the MTL complex influences its separation on CN-PAGE as well as its 

charge, compaction and propensity to interact with diverse matrices, which is difficult to predict. 

Therefore, to attempt the MTL complex purification, the crude complexes were subjected to different 

purification approaches, namely size exclusion chromatography (SEC), sucrose gradient 

ultracentrifugation followed by SEC and anion exchange chromatography (AEC) followed by SEC 

(Figure 16C). Since the MTL complex has no measurable activity, its characteristic migration pattern 

as a wavy band on CN-PAGE is the only way to detect its presence. This pattern will be used to 
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determine the presence of the MTL complex and the amount of contamination by other complexes along 

the purification process. The integrity of the MTL complex will be tested by analyzing the presence of 

different known subunits by immunoblotting on CN-PAGE. 

2.2 MTL complex stability in solution 

For its initial characterization, the MTL complex was kept in a buffer containing 50 mM imidazole pH 

7, 0.5 M aminocaproic acid, 1mM EDTA (Figure 17A; buffer B1). Since most protein purification 

methods necessitate a different buffer composition with a particular ionic strength to prevent unwanted 

protein interactions, we set out to determine buffer compositions suitable to maintain MTL complex 

integrity (Figure 17A). In standard conditions (buffer B1), the MTL complex is recognizable by its 

migration pattern as a wavy band around 800 kDa on CN-PAGE (Figure 17B). To test the stability of 

the MTL complex in variable ionic strength environments, different NaCl concentrations were tested. 

While the buffers containing 50 mM NaCl (buffer B2) and 150 mM NaCl (buffer B4) caused the wavy 

band to appear at higher molecular masses, the buffer containing 100 mM NaCl (buffer B3) generated 

a MTL complex migration pattern similar to the original conditions (Figure 17B). Thus, we decided to 

keep the native complexes in buffer 3 containing 100 mM NaCl. To know if the MTL complex can be 

crosslinked to facilitate downstream applications, we added the crosslinking agent dithiobis-

succinimidyl propionate (DSP) to buffer 1. In these conditions, the MTL complex loses its wavy shape 

and migrates at a higher apparent molecular mass on CN-PAGE (Figure 17B). Since the MTL complex 

 

Figure 16 Workflow of the MTL complex purification attempts. (A) Mitochondria were purified on a 

discontinuous Percoll gradient and their membranes were purified after breaking the mitochondria by osmotic 

shock. Mitochondrial complexes were extracted and solubilized with dodecyl-β-D-maltoside (DDM) in a 

1.5µg/1µg DDM/mitochondrial complexes ratio. (B) When the crude mitochondrial complexes are run on 

clear native polyacrylamide gel electrophoresis (CN-PAGE), the MTL complex appears as a wavy band 

around 800 kDa (red star). (C) Different biochemical purification techniques were attempted to purify the 

MTL complex. The final goal is to refine the protein composition of the MTL complex by proteomic analysis 

and to acquire structural information by cryo-electron microscopy. 
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is still visible in buffer 3 and since DSP seems to modify its aspect on CN-PAGE, we decided to use 

buffer 3 containing 100 mM NaCl to attempt the native purification of the MTL complex. 

2.3 MTL complex purification by size exclusion chromatography 

When run on CN-PAGE, the MTL complex has an apparent molecular mass of 800 kDa (Michaud et 

al., 2016). The plant mitochondrial complexes have molecular masses ranging from 100 kDa to 1500 

kDa and can be distinguished on two dimensional BN-PAGE/SDS-PAGE (Klodmann et al., 2011; 

Senkler et al., 2017). Thus, we tried to isolate the MTL complex from the other mitochondrial complexes 

by size exclusion chromatography (SEC). Given the huge size of the MTL complex and the uncertainty 

around its true molecular mass and hydrodynamic radius, we used a Superose 6 Increase 10/300 column 

that is able to discriminate between molecular masses ranging from 5 kDa to 5000 kDa. 

A total of 520 µg of solubilized mitochondrial complexes were loaded on the SEC column. Elution was 

realized with a buffer containing 0.05% (w/v) of DDM to maintain a detergent environment and 1 mL 

fractions were collected over 1.5 column volumes. Since the 5 first collected fractions correspond to the 

column void volume (8.2 mL in our case), we monitored the elution on CN-PAGE beginning at the 6th 

fraction (Figure 18A). The CN-PAGE was stained using the silver nitrate method to maximize the 

sensibility of detection. The fractions 6-8 contain almost no protein complexes, indicating that our 

sample does not contain complexes with an apparent hydrodynamic radius bigger than 5000 kDa. The 

wavy band corresponding to the MTL complex appeared in fractions 11-16. Intriguingly, this wavy band 

 

Figure 17 Buffer selection for MTL complex solubilization in stable conditions and enabling downstream 

purification steps. (A) Composition of the envisaged buffers for complex solubilization. Buffer B1 corresponds 

to the buffer initially used (Michaud et al. 2016). Buffers 2-4 are classic protein buffers buffered by HEPES 

and containing increasing amounts of NaCl to verify the influence of different ionic strength environments on 

the stability and behavior of the MTL complex. Buffer B5 is the same as buffer B1 but with the addition of 

the crosslinking agent dithiobis-succinimidyl propionate (DSP). (B) Crude mitochondrial complexes were 

extracted and solubilized in the respective buffers described before. The complexes were run on CN-PAGE 

and proteins were stained by Coomassie. Red stars indicate the MTL complex on the CN-PAGE. ACA: 

aminocaproic acid. 
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is observed at multiple apparent molecular masses ranging from 800 kDa to 1000 kDa depending on the 

fraction (Figure 18A). The wavy band size seems to follow a bell-shaped distribution with higher 

apparent molecular masses observed at the beginning and at the end of its appearance while the size 

closest to the one observed for the MTL complex in previous experiments is found in fraction 14 (Figure 

18A). The broad distribution of the band of interest in the elution fractions suggests that either the 

complex sticks to the column due to its physico-chemical properties, or that it exists in multiple versions 

with different compositions and properties. Given the concordance between the wavy band observed in 

fraction 14 and the usual MTL complex appearance in previous experiments, we considered this fraction 

as the one containing the MTL complex. Fraction 14 also corresponds to the fraction with the highest 

protein content (Figure 18B). Interestingly, a complex with an apparent molecular mass of 720 kDa is 

eluted in fractions 10 and 11, thus removing this contaminant from the fraction of interest. However, 

multiple other contaminants of lower apparent molecular masses co-elute with the complex of interest 

in fraction 14, which probably contributes to the high protein concentration. 

The UV absorbance diagram following the elution reveals the existence of multiple peaks (Figure 18B). 

Consistent with the CN-PAGE results, the absorbance starts to increase in fractions 10 and 11 to attain 

a first peak in fraction 12, which may correspond to the 720 kDa contaminant. Interestingly, the elution 

of the complex of interest in fraction 14 corresponds to a single, narrow and intense peak appearing after 

16.3 mL of elution volume (Figure 18B). However, the high peak intensity is likely due to the high 

amount of contaminants observed in this fraction. 

To verify that the biochemical integrity of the MTL complex is conserved during the SEC process, we 

checked for the presence of AtTOM40, AtMIC60, RISP (OXPHOS complex III) and COXII (OXPHOS 

complex IV) proteins, which are known to be components of the MTL complex (Michaud et al., 2016), 

in the complex of interest found in fraction 14. The immunoblots reveal that AtTOM40, AtMIC60 and 

RISP are indeed present in the fraction 14 MTL complex (Figure 18C). COXII is also partly present in 

the complex, but forms a smear beneath the wavy band, suggesting that it might be partly dissociated 

from the main complex. Such smears are also observed for AtMIC60 and RISP, further suggesting that 

a small subset of MTL complexes might be partly dissociated during the SEC process. However, all four 

proteins have been observed associated to the MTL complex, showing that it is resistant to harsh 

biochemical and biophysical manipulations even though a small population might lose some of its 

components. 

Altogether, our data suggest that the MTL complex can be subjected to a purification step by SEC 

without losing its biochemical integrity. However, SEC alone is not sufficient to eliminate a big part of 

the contaminants that co-elute in the MTL complex-enriched fraction. Other biochemical methods will 

have to be tested and combined to isolate the MTL complex. 
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2.4 Redefining the apparent size and hydrodynamic radius of the MTL complex 

The elution profile of the SEC revealed that the wavy band, defined as the marker for the presence of 

the MTL complex, is found at different apparent molecular sizes on CN-PAGE. This raises the question 

how the same complex can generate bands at different apparent molecular sizes. Whether this is due to 

differences in composition (and thus size) of the complex or to an effect of concentration is not known. 

We already observed that the higher the total protein content in a fraction, the smaller the apparent 

molecular size of the MTL complex on CN-PAGE (Figure 18A). Thus, we hypothesized that the MTL 

complex concentration has a direct effect on its apparent molecular size on CN-PAGE. To test this, we 

ran different quantities of SEC elution fraction containing the MTL complex on CN-PAGE and revealed 

with NoStain rather than by the silver staining method (Figure 19A). The results clearly show that the 

 

Figure 18 MTL complex purification by size exclusion chromatography. (A) Size exclusion chromatography 

fractions (1 mL) run on CN-PAGE. Red asterisks indicate the band corresponding to the MTL complex. The 

input corresponds to the mitochondrial complexes loaded on the SEC column. About 2500 μg of complexes 

were loaded on the SEC column. Each fraction has a volume of 1 mL. The pictures in red squares correspond 

to the areas of the clear native gels indicated with red dashed boxes with enhanced contrast. (B) Absorbance 

at 280 nm measured on the SEC column elution fractions as a function of the elution time. The elution flow 

was set to 0.4 mL/min. Collected fractions are indicated on the x axis in red. The fraction containing the biggest 

amount of MTL complex is highlighted in orange (fraction 14). (C) Western blot analysis of the fraction 

containing the MTL complex showing the presence of the indicated proteins. Red stars indicate the MTL 

complex. 
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apparent molecular size of the wavy band increases as the quantity of elution fraction applied on CN-

PAGE decreases. Protein and complex size determination from CN-PAGE data is most often misleading 

and inaccurate as the particles migrate according to their global charge, size and propensity to interact 

with the polyacrylamide matrix. The observed effect of complex concentration could be due to the 

modification of the overall particle size or charge by agglomeration, even though this remains to be 

confirmed. 

To get more insight on the size of the MTL complex, we used our SEC data to infer the apparent 

molecular size of the MTL complex based on the hydrodynamic radius. The SEC column was calibrated 

according to the manufacturer’s recommendations by plotting the partition coefficient of different 

standard globular proteins of known molecular weight as a function of the decimal logarithm of the 

molecular weight (Figure 19B). The SEC has been performed three times and the elution of the peak at 

which the MTL complex is observed in its most native state is comprised between 14.3 mL and 16.3 

mL. By reporting these data on the SEC calibration curve, we obtained a theoretical molecular weight 

comprised between 87 kDa and 329 kDa for the MTL complex (Figure 19B). This calculated molecular 

mass is highly divergent from the one initially determined on CN-PAGE (800 kDa). This is not 

surprising, since the calibration curve has been set with soluble globular proteins which gives an 

 

Figure 19 (A) 32 µg, 16 µg and 8 µg of proteins from fraction 14 obtained by size exclusion chromatography 

(SEC) were run on CN-PAGE. Proteins were visualized with NoStain reagent. Red stars indicate the MTL 

complex. The higher the MTL complex quantity, the lower the apparent molecular mass of the wavy band. 

(B) Calibration curve of the Superose 6 Increase 10/300 GL size exclusion chromatography column used for 

the MTL complex purifications. Commercial pure proteins of different known molecular masses were run on 

the SEC column and their respective elution volumes (Ve) were determined. The partition coefficient was 

calculated using the total column volume (Vc; 24 mL) and the void volume (V0; 8.2 mL) as follows: (Ve-

V0)/(Vc-V0). When the partition coefficient is plotted as a function of the base 10 logarithm of the molecular 

mass (MW) in Daltons, the linear regression allows to infer molecular masses of particles eluting with a 

discrete Ve. The linear regression parameters are indicated on the graph. The red arrows represent the elution 

volumes of the MTL complex according to three independent SEC runs. 
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assessment of their apparent hydrodynamic radius on the column. Given the hydrophobic and insoluble 

nature of the MTL complex, the measure of its hydrodynamic radius is most likely erroneous. 

Furthermore, it is not known if the MTL complex can be considered as globular and as stated above, the 

apparent particle size on CN-PAGE depends on more than just the particle size. 

2.5 Sucrose gradient ultracentrifugation combined with size exclusion 

chromatography 

To try to eliminate other contaminants that could not be removed by size exclusion chromatography, we 

set out to try other purification methods. Purifying native membrane complexes has often been achieved 

by applying gradient ultracentrifugation techniques. Determining the right parameters for a particular 

purification, however, is a long and often empirical process implying many trials even though some 

general rules can be followed (Fernandez-Martinez et al., 2016; Voet & Voet, 2011). Since the MTL 

complex is supposed to have a molecular mass comprised between 100 kDa and 800 kDa, we chose to 

use a 5%-30% sucrose gradient in a buffer containing 0.05% DDM to maintain a detergent environment. 

Given the long ultracentrifugation time, we added a protein inhibitor cocktail in the buffer. 

The crude mitochondrial complex extracts were loaded on the gradient from the top and centrifuged for 

20h at 200 000 x g. The sucrose gradient was sampled from the bottom. The MTL complex appears in 

multiple fractions located at about 2/3 from the top, meaning that the complex crossed the gradient over 

a substantial distance which can be considered enough to enable a satisfactory separation (Figure 20A 

& B). The broad distribution of the MTL complex in the sucrose gradient fractions again suggests that 

the complex might exist in multiple states or versions with different compositions and/or different 

physico-chemical properties (Figure 20B). The differential centrifugation allowed to eliminate a 

contaminant with an apparent molecular mass of 720 kDa, probably the same that was eliminated by 

SEC alone (Figure 20B and Figure 18B). However, the MTL complex still co-purifies with several 

other particles of lower apparent molecular masses. This suggests that multiple complexes with similar 

hydrodynamic properties are present in the mitochondrial complex extracts and that additional 

purification steps have to be added. 

In order to further separate the MTL complex from lower molecular weight complexes, we combined 

the sucrose gradient ultracentrifugation with an additional SEC step. Since the sucrose gradient fractions 

6 to 9 seemed to have less low molecular mass contaminants, they were pooled, concentrated and loaded 

on a Superose 6 Increase 10/300 SEC column. The SEC elution UV profile reveals a much more clean 

peak compared to the elution profile of the SEC alone (Figure 20C). This peak, situated in fraction 14 

and appearing after 15.7 mL elution volume, corresponds to the fraction that contains the highest amount 

of MTL complex (Figure 20D) and is consistent with the results obtained for SEC alone. Once again, 

the MTL complex is found in multiple SEC fractions, namely fractions 12-17 (Figure 20D). 
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Unfortunately, SEC following sucrose gradient ultracentrifugation was not sufficient to remove the low 

molecular mass contaminants and hardly improves the MTL complex purity compared to SEC alone 

(compare Figure 20B and Figure 20D). 

 

Figure 20 MTL complex purification attempt by sucrose gradient ultracentrifugation and subsequent size 

exclusion chromatography. (Figure legend continued on next page). 
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To verify the biochemical integrity of the MTL complex after these consecutive treatments, we checked 

the presence of AtMIC60, AtTOM40, RISP and COXII in the SEC fractions 12-16 by immunoblotting 

(Figure 20E). AtMIC60, AtTOM40, RISP and COXII were all present in the MTL complex in the SEC 

fraction 14. A very strong signal can be observed in fraction 13 but it seems to contain a degraded 

version of the MTL complex since a smear appears below the expected MTL complex size for all four 

tested proteins. Only faint bands could be observed in faction 15 and no signal could be detected in 

fraction 16. The higher apparent molecular mass of the MTL complex in fractions 15 and 16 suggest 

that the complex quantity is lower in these fractions. However, the characteristic wavy band can still 

clearly be seen in fraction 15, suggesting that the MTL complex might have a different composition. 

Altogether, our data show that the MTL complex conserves its biochemical integrity throughout 

complex manipulations, but that its purity is difficult to achieve as only few differences between the 

SEC alone and following sucrose gradient ultracentrifugation have been observed. Since the MTL 

complex appears to be quite tolerant to harsh biochemical manipulations, we set out to try other 

purification methods. 

2.6 Anion exchange chromatography combined with size exclusion chromatography 

The fact that the MTL complex can be observed on CN-PAGE shows that it is influenced by the electric 

field and hence has a negative net charge. Therefore, we hypothesized that the MTL complex could be 

separated from the other mitochondrial complexes using anion exchange chromatography (AEC). To 

test this, we loaded the solubilized mitochondrial complexes on a 1 mL Q-sepharose AEC column and 

applied NaCl gradient ranging from 5 mM to 400 mM. The AEC UV elution profile revealed five peaks 

distributed over the whole elution process, probably corresponding to different complex populations 

(Figure 21A). The AEC fractions run on CN-PAGE reveal a very broad distribution of the MTL 

complex over almost all the elution process (Figure 21B). The first six fractions contain almost no 

proteins except for fraction 6 in which very small concentrations of MTL complex can be seen. In 

fractions 7 and 8, the wavy band corresponding to the MTL complex appears isolated with almost no 

contaminants (Figure 21B). These fractions correspond to the shoulder appearing just before the first 

peak on the UV profile (see fractions 7 and 8 on Figure 21A). Peak 1 is distributed over fractions 10 

and 11 in which the MTL complex co-purifies with high amounts of contaminants. It is not known what 

part of peak 1 can be attributed to the MTL complex or to the contaminants. However, comparing the 

Figure 20 MTL complex purification attempt by sucrose gradient ultracentrifugation and subsequent size 

exclusion chromatography. (A) Illustration of the 10 mL 5%-30% sucrose gradient and the fraction 

distribution. Fractions were collected from the bottom after ultracentrifugation. (B) Sucrose gradient fractions 

run on CN-PAGE and stained using the silver nitrate method. The fraction size is 500 µL. Fractions 6 to 9 

were pooled and concentrated before loading on the size exclusion chromatography column. (C) Size 

exclusion chromatography UV profile. A single peak is observed, corresponding to fraction 14 (F14), 

indicating that the eluted particles have comparable sizes. The MTL complex is most abundant in fraction 14. 

(D) Size exclusion chromatography fractions run on CN-PAGE and stained using the silver nitrate method. 

The fractions 13 to 16 were individually analyzed by Western blot. (E) Western blot of the size exclusion 

chromatography fractions run on CN-PAGE. 
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intensity of the UV signal in fractions 7 and 8 in which the MTL complex is almost isolated with peak 

1 suggests that the contaminants account for the majority of peak 1 intensity. Strikingly, the MTL 

complex can be found in all the remaining fractions. Whether the UV absorbance peaks 2 and 3 are 

caused by variations in the MTL complex or by the contaminants is not known. Such a broad distribution 

of the MTL complex in the AEC elution fractions once again suggests that the MTL complex exists in 

multiple states or versions with different compositions and/or different physico-chemical properties 

inducing its dissociation from the Q-sepharose matrix at different ion forces. 

The level of isolation of the wavy band in fractions 7 and 8 and presumably corresponding to the MTL 

complex obtained by AEC was already a big achievement. But since cryo-electron microscopy requires 

samples uniform in particle size, SEC had to be applied on the AEC fractions of interest. This gave us 

the opportunity to add a supplementary purification step to try to further improve the purification. The 

AEC fractions 7 and 8 contained very low amounts of contaminants. Therefore, they were pooled and 

concentrated before being subjected to SEC. Fractions 1-6 contained low amounts of MTL complex, but 

were very pure and were therefore also pooled and subjected to SEC. The UV absorbance profiles of 

 

Figure 21 MTL complex purification attempt by anion exchange chromatography (AEC). (A) Anion exchange 

chromatography UV absorbance profile. Multiple peaks appear during the elution and are assigned numbers 

(in red). (B) Anion exchange chromatography fractions run on CN-PAGE and stained using the silver nitrate 

method. The MTL complex appears in multiple fractions after fraction 7 (red stars). Fractions 1-6 (green box) 

and 7+8 (red box) were pooled together, concentrated and loaded on a size exclusion chromatography column. 
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both SEC elutions exhibit a single peak (Figure 22A). These peaks both appear after 16.4 mL (AEC 

fractions 1-6, hereafter F1-6) and 16.1 mL (AEC fractions 7 and 8, hereafter F7+8) of elution volume 

and correspond to the elution of the MTL complex in the SEC fraction 14, which is consistent with 

previous SEC results (Figure 22A & B). In both cases, the MTL complex wavy band has been obtained 

at a purity never achieved before (Figure 22B). 

To verify the presence of key MTL complex components in the purified fractions, we performed 

Western blot analysis on SEC fraction 14 run on CN-PAGE and SDS-PAGE (Figure 23A). Surprisingly, 

neither AtMIC60 nor AtTOM40 have been detected in the wavy band, showing that the MTL complex 

lost its two putative key components during the purification process (Figure 23A, CN-PAGE). Their 

loss has been confirmed by SDS-PAGE immunoblotting (Figure 23A, SDS-PAGE). While both 

AtMIC60 and AtTOM40 are present in total mitochondria and in the solubilized mitochondrial 

 

Figure 22 (A) Size exclusion chromatography UV absorbance profiles for the pooled AEC fractions 1-6 and 

7+8. A single peak is observed indicating that the eluted particles have comparable sizes. Both peaks are eluted 

in fraction 14. (B) Size exclusion chromatography fractions run on CN-PAGE and stained using the silver 

nitrate method. Red stars indicate the presence of the MTL complex. The MTL complex is mostly found in 

fractions 14. 
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complexes, neither can be found in the purified fractions except for a faint band corresponding to 

AtTOM40 in the F7+8 fraction, confirming that their loss occurred during the purification process 

(Figure 23A, SDS-PAGE). We further looked for MTL complex components and found that multiple 

VDACs were retained in the MTL complex. NDPK-3, which is known to migrate just beneath the MTL 

complex on CN-PAGE but is not part of it, is also found in the purified fractions. Interestingly, even 

though the putative key components AtMIC60 and AtTOM40 have been lost, the galactolipid DGDG is 

maintained in the MTL complex (Figure 23A). The MTL complex is known to contain lipids which are 

thought to play a structural role (Michaud et al., 2016). The presence of DGDG in an incomplete MTL 

complex is consistent with the idea that even though the MTL complex composition may vary, its 

components are held together by lipids. 

That the wavy band corresponding to the MTL complex can exist without AtMIC60 and AtTOM40, 

which we thought were key components, is puzzling and raises the question how and when they have 

been lost. Western blot analysis on SDS-PAGE clearly show that both proteins were present in the 

mitochondria and mitochondrial complex extracts (Figure 23A). To answer this question, we analyzed 

the 28 first AEC elution fractions by Western blot following SDS-PAGE (Figure 23B). Interestingly, 

AtMIC60 is totally absent in the 13 first AEC fractions and starts to appear in fractions 14-16. AtTOM40 

is already present in small amounts in the fractions 5-7, which is consistent with the previous Western 

blot results (Figure 23A). The amounts of AtTOM40 and AtMIC60 proteins increase gradually and are 

most abundant in fractions 20-22, which correspond to the second AEC UV absorbance peak (Figure 

23B). The similar distribution profile of AtMIC60 and AtTOM40 is in accordance with previous results 

showing that both proteins interact together (Michaud et al., 2016). VDACs have a broad distribution 

and are found in variable amounts in all elution fractions (Figure 23B). Interestingly, VDACs are less 

abundant in the fractions 20-22 that contain high amounts of AtMIC60, which might indicate that both 

proteins are present in two different MTL complex sub-populations. Nevertheless, AtMIC60, AtTOM40 

and VDAC are all three found in fractions 23-25. NDPK-3, which is not in the MTL complex, is highly 

abundant in the first AEC fractions and gradually decreases during the elution (Figure 23B). 

Altogether, our data strongly suggest the existence of several sub-populations of MTL complexes that 

differ in protein composition. This modular complex organization is reflected by the broad distribution 

of the MTL complex in the AEC fractions and by the peculiar distribution of the putative key 

components AtMIC60 and AtTOM40. AtMIC60 and AtTOM40 seem to be characteristic only for a 

MTL complex sub-population while another is characterized by the presence of VDAC and/or other 

MTL complex components that have not been detected by immunoblotting. Interestingly, we also show 

that neither AtMIC60 nor AtTOM40 seem to be necessary to retain DGDG in the MTL complex. This 

huge diversity of MTL complex populations raises questions about the real identity of the MTL complex. 
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The MTL complex sub-population containing both AtMIC60 and AtTOM40 co-elutes with high 

amounts of contaminants that do not allow downstream applications (see fractions 20-22 in Figure 21B). 

The high amounts of contaminants found to co-purify with the MTL complex and the MTL complex 

sub-population diversity makes the MTL complex purification even more complex. It is unclear what 

techniques could be used to further improve the purification process. 

2.7 Proteomic analysis and cryo-electron microscopy 

The fact that the MTL complex could retain DGDG without AtMIC60 or AtTOM40 but in presence of 

VDAC raised the possibility that this sub-complex population could also play a role in lipid transport. 

To gain more insight into the composition and structure of this MTL complex sub-population, proteomic 

analysis and cryo-EM imaging were performed on the pooled SEC fractions 14 and 15 originating from 

the AEC fractions 7 and 8 (Figure 21 and Figure 22). 

Proteomic analysis identified a total of 604 proteins in our sample. Among the five most abundant 

proteins, only two are part of the MTL complex (Table 12). Both proteins are also found at high 

abundance values in the original MTL composition dataset (Michaud et al., 2016). AtMIC60 and 

AtTOM40 have been detected in the fraction, but with a very low abundance, which is consistent with 

the anti-AtMIC60 and anti-AtTOM40 immunoblots (Figure 23A & B). Interestingly, all four 

Arabidopsis VDACs are detected with high abundance, especially VDAC1, VDAC2 and VDAC3 

(Table 12). This is consistent with the results obtained in the anti-VDAC immunoblot and shows that 

VDACs are among the most abundant proteins composing the MTL complex sub-population we 

analyzed. NDPK3 is also found at high abundance, which corroborates with the immunoblot results 

 

Figure 23 (A) Western blot analysis of the size exclusion chromatography fractions after CN-PAGE (left 

column) and after SDS-PAGE (right column). (B) Western blot analysis of the anion exchange fractions. The 

corresponding UV absorbance profile of the elution is indicated above. The thee visible peaks are numbered 

as in figure 6A. 
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(Table 12). Unfortunately, none of the other MTL complex components confirmed by immunoblotting 

by Michaud et al. have been detected in the sample. Our proteomics results suggest that the purified 

fraction contains a MTL complex sub-population showing a substantially different composition than the 

one initially described. Notably, it is lacking most of the TOM complex components. Future research 

should focus on determining the composition of other AEC fractions or other purification methods. 

Table 12 Partial results of the proteomic analysis performed on the size exclusion chromatography fraction 14 

originating from the pooled AEC fractions 7+8. The rank is determined based on the calculated protein 

abundances. The presence of a protein in the MTL complex is determined by the original list of components by 

Michaud et al. 2016. n.d.: not detected. 

Rank Accession Protein name In MTL complex Abundance 

1 AT3G08580 AAC1 No 1332698821 

2 AT4G28390 AAC3 No 500324842 

3 AT5G63400 ADK1 Yes 497123100 

4 AT5G13490 AAC2 No 436164207 

5 AT1G14980 CPN10 Yes 375124032 

13 AT4G11010 NDPK3 No 127365606 

15 AT3G01280 VDAC1 Yes 114772680 

28 AT5G15090 VDAC3 Yes 47402153 

36 AT5G67500 VDAC2 Yes 36027545 

106 AT5G57490 VDAC4 Yes 6828034 

180 AT2G37410 TIM17.2 Yes 2329245 

266 AT4G39690 AtMIC60 Yes 1024495 

495 AT3G20000 AtTOM40 Yes 87341 
n.d. AT3G27080 TOM20.3 Yes n.d. 

n.d. AT2G42210 B14.7 Yes n.d. 

n.d. ATMG00160 COXII Yes n.d. 

n.d. AT1G06530 PMD2 Yes n.d. 

n.d. AT5G13430 RISP Yes n.d. 

n.d. AT3G52230 OMP24 Yes n.d. 

 

Even if the fractions did not contain the previously described version of the MTL complex, we decided 

to collect structural information by cryo-EM of a MTL complex sub-population in collaboration with 

Irina Gutsche (IBS, Grenoble). Before turning to cryo-EM, we observed the purified fraction by negative 

stain EM to verify the homogeneity of the particle size (Figure 24A). Uranyl acetate stain EM revealed 

that the particles were concentrated and presented a slight heterogeneity in size and shape, suggesting 

that the purification method was not sufficient to select a single complex. However, the quality of the 

grids was not sufficient to draw a definitive conclusion. Therefore, we set out to generate cryo-EM grids 

and observe our sample with a Glacios cryo-microscope (see materials and methods). Surprisingly, the 

sample was less heterogeneous than expected and ring-like particles of approximately 7 nm could be 

observed (Figure 24B). Such a size is probably insufficient for a complex like the MTL, with an 

expected molecular mass between 100 kDa and 1000 kDa. We hypothesized that these ring-like particles 

may correspond to VDAC since they are highly abundant in the fraction (Table 12). However, plant 

VDACs are proteins of approximately 30 kDa and with a diameter of 3.5 nm estimated by cryo-EM 
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(Homblé et al., 2012), which is too small to fit the observed particles. However, it cannot be excluded 

that the observed particles are VDAC oligomers. These particles may also correspond to the particular 

MTL complex sub-population we were hoping to see. Given the quality and the numerous uncertainties 

concerning the biochemical characterization of the sample, no further acquisitions were realized. 

 

 

 

 

Figure 24 (A) Negative stain electron microscopy on the size exclusion chromatography fraction 14 

originating from the pooled AEC fractions 7+8. The fraction was deposited on EM grids and stained with 

uranyl acetate to increase the contrast. (B) Cryo-electron microscopy on the same fraction than in (A). The 

fractions was deposited on cryo-EM grids and imaged using a ThermoFisher Scientific Glacios cryo-electron 

microscope. Electron dense ring-like structures with a 7 nm diameter can be seen. Scale bars are indicated in 

red. 
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3 Discussion and perspectives 

The MTL complex is a huge mitochondrial complex containing approximately 200 proteins, spanning 

through both mitochondrial membranes and is implied in DGDG import and PE export to/from 

mitochondria upon phosphate starvation (Michaud et al., 2016). The goal of this study is to further 

investigate the composition, architecture and structure of the MTL complex, which requires its isolation 

from other mitochondrial membrane complexes. Here, we took advantage of the known physico-

chemical characteristics of the MTL complex to attempt its purification using different combinations of 

biochemical techniques. Using the presumably high molecular mass of the MTL complex as 

discrimination factor, we conducted size exclusion chromatography and density gradient 

ultracentrifugation experiments to separate it from the other mitochondrial membrane complexes. Both 

processes illustrate that the MTL complex is resistant to harsh biochemical treatments and that it 

occupies a large range of hydrodynamic radiuses, suggesting that sub-complexes varying in size and 

composition might co-exist. We next exploited the presumed negative charge of the MTL complex to 

isolate it by anion exchange chromatography. We show that AtMIC60 and AtTOM40, the proteins 

previously suggested to be the MTL complex key components, are not present in all the purification 

fractions in which the presence of the MTL complex has been identified. Additionally, neither AtMIC60 

nor AtTOM40 seem to be important to retain DGDG in the complex and can be lost without affecting 

the migration pattern of the MTL complex. Taking all our data in consideration, we propose that 

different MTL complex sub-populations characterized by different protein and maybe lipid 

compositions or sub-complex arrangements co-exist. 

3.1 Size of the MTL complex 

In the initial discovery of the MTL complex, about 200 proteins were considered to be part of the MTL 

complex. A complex containing that many proteins is expected to have a proportionally large molecular 

mass. However, the estimation of the MTL complex molecular mass using its electrophoretic mobility 

on CN-PAGE (800 kDa) was found to be inconsistent for a complex of that size (Michaud et al., 2016). 

This discrepancy may be explained by the lipid enrichment of the MTL complex that could modify its 

migration pattern. This inconsistency could also be explained by the way the MTL complex protein 

composition was determined in the first place. In fact, a protein was considered to be part of the MTL 

complex if it was retrieved in the wavy band on CN-PAGE in all the analyzed conditions, that is when 

the mitochondrial membrane complexes were solubilized using 1.5 µg or 10 µg of DDM per gram of 

mitochondrial complexes and in phosphate replete and deplete conditions (Michaud et al., 2016). 

Despite the stringent protein selection, it cannot be excluded that some proteins or complexes simply 

co-migrate with the actual MTL complex and hence artificially increase the number of components. In 

fact, immunoblots performed on CN-PAGEs showed that over twelve MTL complex components tested, 

two were actually not in the MTL complex but in a complex close to it or having a smeary migration 

pattern overlapping it (Michaud et al., 2016). Furthermore, since proteins and protein complexes migrate 
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according to their charge, size and shape on CN-PAGE, inaccuracies in molecular size assessment are a 

well-known phenomenon. In addition, the mitochondrial membrane complexes were solubilized with 

DDM, which is a non-ionic detergent that does not add electrical charges to the proteins it associates to. 

Size exclusion chromatography separates particles contained in a complex sample according to their 

hydrodynamic radius, which is correlated to the molecular mass of a globular protein or protein complex. 

We found that the MTL complex was predominantly eluted in one particular fraction (Figure 18). The 

elution volume of the fraction of interest was between 14.3 and 16.3 mL, which allowed to calculate the 

theoretical molecular mass of the MTL complex based on the SEC column calibration. We found that 

the MTL complex has a theoretical molecular mass between 87 kDa and 329 kDa. This result is 

surprisingly low and remains difficult to explain. First, soluble and globular proteins were used to 

calibrate the SEC column. However, we expected the MTL complex to have a bigger hydrodynamic 

radius than most of the protein standards. We suspected that the lipid-rich nature of the MTL complex 

substantially contributes to the separation pattern we observed during SEC. On one hand, the 

hydrophobicity might lead to the agglomeration of the MTL complex, but this should result in an even 

bigger apparent hydrodynamic radius. On the other hand, the particular physico-chemical properties of 

the MTL complex might enhance interactions with the SEC column, resulting in a reduced apparent 

hydrodynamic radius. A third possibility is that the MTL complex adopts a completely unknown 

conformation due to the detergents added to the elution or to its intrinsic properties. 

We further used sucrose density gradient ultracentrifugation to separate particles according to their 

density and/or sedimentation speed (Figure 20). The movement of a centrifuged particle in a viscous 

environment depends on two opposing forces: the sedimentation force and the friction force (Voet & 

Voet, 2011). The sedimentation force can be decomposed in two opposing components: the centrifugal 

force that depends on the mass of the particle and the buoyancy that depends on the volume and density 

of the particle (Figure 25). There are two ways to separate particles by centrifugation. In isopycnic 

centrifugation, particles are separated using their difference in density by centrifuging them until both 

components of the sedimentation force equilibrate each other. In zonal centrifugation, particles are 

 

Figure 25 Mathematical expressions of the sedimentation force (𝐹𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛) and friction force (𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛) 

acting on the movement of a centrifuged particle in a viscous environment. m: particle mass, ω: angular speed 

of the centrifuge, r: centrifugation radius, Vp: particle volume, ρ: particle density. Parameters highlighted in 

red vary according to the particle. 
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separated using the difference in sedimentation speed after a certain amount of centrifugation time. We 

currently do not know what type of centrifugation was performed on our sucrose gradient, but given the 

low centrifugation time (20h), it is probable that the ultracentrifugation was zonal. Surprisingly, the 

MTL complex was found in multiple fractions in the bottom half of the gradient. Such a broad 

distribution suggests that the MTL complex sedimented according to variable particle masses and/or 

particle volumes. It is therefore probable that the MTL complex does not represent a population uniform 

in molecular mass and/or particle volume. 

Despite our attempts to assess the molecular mass and size of the MTL complex, the inconsistencies and 

uncertainties encountered during our experiments do not allow to give a precise answer. Further 

characterizations will be necessary. One way to assess the MTL complex size would be to include 

particles/molecules of known sedimentation parameters in the sample run on density gradient 

ultracentrifugation. Alternatively, if the MTL complex can be isolated with satisfactory purity, a multi-

angle laser light scattering (MALLS) approach could be attempted. 

3.2 The MTL complex is divided into different sub-populations 

Density gradient ultracentrifugation suggested a disparity in the MTL complex molecular mass and 

particle volume. Interestingly, anion exchange chromatography aiming to separate mitochondrial 

complexes according to their propensity to interact with a positively charged matrix revealed that the 

MTL complex displays a broad range of affinities for the Q-sepharose resin (Figure 21). Furthermore, 

the protein content analysis by immunoblotting of the AEC elution fractions unveils that the presumable 

MTL key components AtMIC60 and AtTOM40 are unevenly distributed in these fractions even though 

the MTL complex-specific wavy band can be seen in all of them (Figure 23). Taken together, these data 

strongly suggest that different MTL complex sub-populations differing in size and composition co-exist. 

The MTL complex is an assembly of several mitochondrial but also extramitochondrial complexes. 

Proteins from the TOM, TIM, MICOS, respiratory chain complexes I-V and TIC complexes have been 

found in the MTL complex (Michaud et al., 2016). Notably, all the components of the TOM complex 

are present. Given the high number of functional complexes that compose the MTL complex, it is hard 

to imagine that all the MTL sub-complexes interact with each other at all times. For example, in yeast, 

Mic60 interacts with both TOM and SAM complexes while another MICOS component, Mic26, only 

interacts with the SAM complex (Bohnert et al., 2012). Another study in A. thaliana shows that 

AtMIC60 and DGS1 co-migrate with several mitochondrial complexes also present in the MTL complex 

on BN-PAGE, namely the TOM and respiratory complex III (L. Li et al., 2019). Interestingly, the 

amount of AtMIC60 associated to the respective complexes was not evenly distributed, suggesting that 

MICOS associates to different complexes with variable affinities. Furthermore, the fact that all these 

complexes can be separated on BN-PAGE and do not migrate together indicates that their interaction 

inside the MTL complex is either week or transient and that they might associate only when needed. A 
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recent study analyzing the mitochondrial proteome and lipidome in A. thaliana leaves retrieved 183 out 

of the 216 proteins initially identified in the MTL complex (Y.-T. Liu et al., 2023). While this shows 

that most MTL complex components are conserved across different plant tissues, this also suggests that 

the MTL composition may vary. 

If multiple MTL complex sub-population co-exist, the question of their respective biological roles is an 

outstanding one. On one hand, it cannot be excluded that the biochemical techniques used to attempt the 

MTL complex purification partly dissociate some of its components, hence artificially generating 

variability in the physico-chemical properties of the MTL complex. On the other hand, these potential 

artefacts may help to reveal the MTL complex sub-population diversity that would otherwise go 

unnoticed. The MICOS complex is considered to be an interaction hub at the mitochondrial IM and its 

huge known interactome in yeast and human is consistent with its diverse functions in mitochondria 

(Mukherjee et al., 2021; Rampelt et al., 2017). Thus, the association of AtMIC60 with different partners 

is a convenient way to regulate the MTL complex functions according to the cellular and/or 

mitochondrial needs. It is interesting to note that a wavy band characteristic of the MTL complex could 

still be observed even in AEC elution fractions in which neither AtMIC60 nor AtTOM40 could be found 

(Figure 23A). This corroborates the finding that atmic60 KO mutants still had a visible MTL complex 

on CN-PAGE (Michaud et al., 2016). Nonetheless, another MTL complex component, VDAC, was 

highly abundant in these fractions (Figure 23A) as confirmed by proteomic analysis (Table 12). This 

suggests that the MTL complex can exist even without its putative key components and that MICOS 

might just be one of the multiple MTL sub-complexes. 

Overall, these rather speculative considerations suggest that the MTL complex exists in different 

configurations, each characterized by a specific arrangement of components. Such a modular complex 

arrangement is reminiscent of the well-documented case of the mitochondrial respiratory chain 

complexes. In fact, the respiratory chain complexes are known to assemble into plastic higher-order 

supercomplexes in various combinations to respond to physiological needs or stresses (Guan et al., 2022; 

Vercellino & Sazanov, 2022). For example, complex I and complex III assemble in response to ROS 

increase to ameliorate substrate channeling between both sub-complexes (Lopez-Fabuel et al., 2016). 

Complexes I and III can also be found in association with complex IV to form respirasomes (M. Wu et 

al., 2016). Interestingly, TIM23-2 (TIM17:23 complex) and B14.7 (complex I) are both dually localized 

in both TIM17:23 and B14.7 complexes in A. thaliana and seem to regulate the abundance of both 

complexes (Murcha et al., 2012; Y. Wang et al., 2012). Thus, the dynamic arrangements of complexes 

into higher-order structures and the exchange of components between complex sub-populations seem to 

be common features in mitochondrial membrane complexes. However, much remains to be done to 

determine the exact composition of the different MTL sub-populations and their biological relevance 

remains to be investigated. 
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3.3 Lipids might hold the MTL complex components together 

As mentioned above, the characteristic MTL complex migration pattern could still be observed in 

absence of AtMIC60 and AtTOM40. This suggests that the proteins initially defined as the MTL 

complex key components might not be necessary to maintain its migration pattern on CN-PAGE, and 

more speculatively, that other components play a scaffolding role for the MTL complex. Interestingly, 

the fractions without AtMIC60 and AtTOM40 still contained DGDG. Thus, neither of them are required 

to maintain DGDG in the complex. This is in accordance with previous lipidomic analyses performed 

on the MTL complex of atmic60 KO calli showing that the level of DGDG is similar to wild type in Pi-

rich media, but that AtMIC60 is required to increase the MTL complex DGDG content in response to 

Pi starvation (Michaud et al., 2016). The MTL complex is known to be enriched in lipids, notably PE 

and PC as well as DGDG (Michaud et al., 2016). Even though the other lipid species have not been 

quantified in the AEC elution fraction of interest, it is possible that the lipid content provides the required 

environment to allow the interaction of different MTL complex components. This is consistent with the 

fact that the peculiar migration pattern has been attributed to the MTL complex lipid enrichment 

(Michaud et al., 2016). It is interesting to note that phospholipids like DPG and PE, play an important 

role in respiratory chain supercomplex stability by taking part in protein-protein interactions (Guan et 

al., 2022; M. Wu et al., 2016). Similarly, the chloroplast specific lipids MGDG, DGDG and SQDG have 

been found to be important for the stabilization of photosynthetic complexes and to play a role as 

cofactors for the photosystems (Boudière et al., 2014). These examples illustrate the more general 

concept that lipids play a crucial role in the stability, maintenance and function of complexes in densely 

packed membranes and that we are just beginning to understand the role of lipids in the MTL complex. 

3.4 Conclusions and perspectives 

We took a biochemical approach to attempt the purification of the previously identified MTL complex 

with the aim to refine its composition, architecture and structure. We show that the biochemical 

manipulations used for the MTL complex purification conserve the MTL complex-specific migration 

pattern on CN-PAGE. We further show that the size and composition of the MTL complex are not 

homogenous and that multiple MTL complex sub-populations co-exist. Finally, we suggest that the lipid 

environment provides a scaffold for the association of the MTL complex components and promote the 

stability of different MTL complex sub-populations.  

Much remains to be done to confirm and refine our conclusions. Testing other purification techniques 

by exploiting other physico-chemical parameters could be useful. To separate the mitochondrial 

membrane complexes according to their hydrophobicity, a hydrophobic interaction chromatography 

(HIC) approach could be tested. The MTL complex is enriched in lipids and therefore could be retained 

on the HIC column. Further characterizing the different MTL complex sub-populations would be 

another important step. Each AEC fraction could be analyzed for the presence of multiple MTL complex 

components to reveal the compositional variability. A similar analysis could also be performed on the 
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density gradient ultracentrifugation fractions to ask whether the distribution in complex sedimentation 

correlates with its composition. We hypothesized that the different MTL complex sub-populations might 

have different biological roles. Future work should also concentrate on determining the functions of the 

sub-complexes if these can be identified. 

Interestingly, proteins localized in the chloroplast outer and inner envelope have been identified in the 

MTL complex proteome (Michaud et al., 2016). Since the number of mitochondria-chloroplast contact 

sites significantly increases upon phosphate starvation (Jouhet et al., 2004) and given the role of the 

MTL complex in intramitochondrial lipid transport (Michaud et al., 2016), it is tempting to speculate 

that some MTL complex components might directly contact chloroplasts and maybe other compartments 

to create a direct lipid exchange hub. In yeast, genetic interactions between ERMES and MICOS 

components led to hypothesize that MICOS and its interacting partners like the TOM and SAM 

translocases may be part of a much larger supercomplex spanning through both mitochondrial 

membranes and maybe reaching the ER membrane and hence was called ER–mitochondria organizing 

network (ERMIONE) (Hoppins et al., 2011; Jin et al., 2015). ERMIONE provides a convenient 

communication system between ER and mitochondria and is thought to regulate multiple functions like 

lipid transport, mitochondrial protein import or mitochondrial membrane architecture (Wideman & 

Muñoz-Gómez, 2016). A similar network has also been described in mammals. The mitochondrial 

intermembrane space bridging (MIB) complex, which classically includes MICOS, the SAM complex 

and other components of the mitochondrial OM (Huynen et al., 2016), could also expand to the ER 

membrane using the multiple identified EMCS tethers and/or effectors like ORP5/8 (Monteiro-Cardoso 

et al., 2022). In plants, further investigating the links between the MTL complex and partners located in 

other compartments is assuredly an interesting and important prospect. Future studies will focus on 

promising potential chloroplastic interaction partners like OMP24, which is already under investigation 

in our laboratory. 

The MTL complex is an atypical supercomplex whose peculiar properties and seemingly plastic nature 

make its structure and composition difficult to grasp. We propose that the MTL complex is composed 

of not yet identified core components that dynamically interact with other mitochondrial and/or 

extramitochondrial complexes/components depending on the physiological needs. The lipid enrichment 

likely plays an important role in stabilizing the interactions between the different sub-complexes. Future 

work should allow to better define and understand the identity and functions of the MTL complex. 
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1 VPS13 proteins – hydrophobic tunnels for bulk lipid transport 

between membranes 

1.1 Initial discovery and historical overview 

Vacuolar protein sorting (VPS) 13 proteins have gained a lot of attention in the last years due to their 

widespread cellular and physiological effects as well as their peculiar biochemical properties. The 

original discovery, however, goes back to 1977 during a screen for the loss of intracellular 

carboxypeptidase Y (CPY) activity in yeast and the mutant corresponding to mutations in yeast VPS13 

was initially named PEP9 (Jones, 1977). CPY is a vacuole-localized peptidase that transits from the 

Golgi complex through multivesicular bodies before attaining the vacuole (S. C. Li & Kane, 2009). 

Defects in the vacuolar protein sorting machinery leads to CPY secretion. This characteristic 

mistargeting was further used in several genetic screens in yeast to identify proteins involved in vacuolar 

protein sorting which were named either vpt mutants (Bankaitis et al., 1986; Robinson et al., 1988) or 

vpl mutants (Rothman et al., 1989; Rothman & Stevens, 1986). Both vpt and vpl mutants lists were later 

fused together and the protein initially named VPT2 was renamed VPS13 (Raymond et al., 1992). 

Another study aiming to identify the localization determinants of Kex2p in the trans-Golgi network 

(TGN) identified SOI1 (Redding et al., 1996) which was later characterized as a 3144 amino acid (aa) 

residues long protein (Brickner & Fuller, 1997). Thus, PEP9, VPT2, SOI1 and VPS13 are the same 

protein. 

While the context of VPS13 discovery rather suggested a role in protein sorting and vesicular trafficking 

(De et al., 2017), an increasing number of studies found that VPS13 proteins in diverse organisms are 

required for a huge variety of cellular and organellar processes like meiosis and sporulation (Muñoz-

Braceras et al., 2015; Park & Neiman, 2012; Stege et al., 1999), actin skeleton maintenance and cell 

morphology (Föller et al., 2012; Park et al., 2015; Rzepnikowska et al., 2017), mitochondrial function 

(Anding et al., 2018; Lesage et al., 2016; Park et al., 2016; Seong et al., 2018) cellular 

phosphatidylinositol phosphates level regulation (Park et al., 2015; Park & Neiman, 2012) and 

autophagosome and acrosome formation (Anding et al., 2018; Da Costa et al., 2020; Muñoz-Braceras 

et al., 2015). Their absence or mutation in humans lead to neurodegenerative diseases (Gauthier et al., 

2018; Kolehmainen et al., 2003; Lesage et al., 2016; Rampoldi et al., 2001; Seong et al., 2018). 

The variety of cellular and physiological effects of VPS13 proteins is astonishing and make it hard to 

define a particular function for these proteins. The progressive discovery of their localizations and 

biochemical properties paved the way for further investigations towards the understanding of the role 

played by these unusual proteins. 
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1.2 VPS13s are huge proteins localized at membranes and membrane contact sites 

and conserved throughout eukaryotic evolution 

VPS13 proteins are huge molecules constituted of usually more than 3000 aa residues. VPS13 proteins 

are evolutionarily conserved among eukaryotes (Levine, 2022; Neuman, Levine, et al., 2022; Velayos-

Baeza et al., 2004). While the general protein structure and length are conserved, the number of VPS13 

paralogues varies in different eukaryotes. Saccharomyces cerevisiae has only one VPS13 protein called 

ScVPS13 while humans have four (HsVPS13A, B, C, D) (Velayos-Baeza et al., 2004), Dictyostelium 

discoideum has six (Leiba et al., 2017) and Arabidopsis thaliana has four (AtVPS13M1, AtVPS13M2, 

AtVPS13S, AtVPS13X) (Levine, 2022). 

Given the huge size of the VPS13 proteins, the study of their subcellular localization has been 

challenging. However, in the last decades, the localizations of VPS13 proteins have been reported in 

several organisms and reviewed by Dziurdzik & Conibear, 2021 as well as in the present study. VPS13 

proteins localize to a huge variety of membranes and MCSs in Saccharomyces cerevisiae (Table 13), 

Homo sapiens (Table 14), Mus musculus, Drosophila melanogaster, Tetrahymena thermophila and 

Arabidopsis thaliana (Table 15). This broad distribution on organelles and MCSs of various functions 

foreshows the importance of VPS13 proteins in multiple cellular processes. 

Table 13 Known localizations of ScVPS13 in the yeast Saccharomyces cerevisiae. vCLAMP: vacuole–

mitochondria patch, NVJ: nucleus-vacuole junction. 

Protein name Organelle / MCS References 

ScVPS13 

Mitochondria – vacuole (vCLAMPs) 
(Lang et al., 2015) 

(Park et al., 2016) 

Nucleus – vacuole (NVJ) 

(Lang et al., 2015) 

(Park et al., 2016) 

(Bean et al., 2018) 

Endosome – mitochondria  (Park et al., 2016) 

ER – prospore membrane (T. S. Nakamura et al., 2021) 

Endosome 

(Park & Neiman, 2012) 

(Lang et al., 2015) 

(Park et al., 2016) 

Prospore membrane 

(Huh et al., 2003) 

(Park & Neiman, 2012) 

(Park et al., 2013) 

(Park et al., 2016) 

(T. S. Nakamura et al., 2021) 

Lipid droplets (Grippa et al., 2015) 

Peroxisome (John Peter et al., 2017) 

Golgi complex (Kolakowski et al., 2021) 

Autophagosome (Dabrowski et al., 2022) 
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Table 14 Known localizations of VPS13 proteins (HsVPS13A-D) in Homo sapiens. 

Protein name Organelle / MCS References 

HsVPS13A 

ER – mitochondria  

(Kumar et al., 2018) 

(Muñoz-Braceras et al., 2019) 

(Yeshaw et al., 2019) 

(Guillén-Samander et al., 2022) 

ER – lipid droplet  
(Kumar et al., 2018) 

(Park & Neiman, 2020) 

Mitochondria – endolysosome  (Muñoz-Braceras et al., 2019) 

ER – plasma membrane (Guillén-Samander et al., 2022) 

Golgi complex (Hayashi et al., 2012) 

Lipid droplet 
(Yeshaw et al., 2019) 

(Baldwin et al., 2021) 

HsVPS13B 
Golgi complex 

(Seifert et al., 2011) 

(Seifert et al., 2015) 

Endosome (Koike & Jahn, 2019) 

HsVPS13C 

ER – endolysosome  
(Kumar et al., 2018) 

(Cai et al., 2022) 

ER – lipid droplet (Kumar et al., 2018) 

Lysosome (Yang et al., 2016) 

Lipid droplet 
(Yang et al., 2016) 

(Baldwin et al., 2021) 

Mitochondria (Lesage et al., 2016) 

Phagophore 

(Rogers & Foster, 2007) 

(Shui et al., 2008) 

(Trost et al., 2009) 

HsVPS13D 

Mitochondria – lipid droplet (J. Wang et al., 2021) 

ER – mitochondria  (Guillén-Samander et al., 2021) 

ER – peroxisome  (Guillén-Samander et al., 2021) 

Golgi complex 

(Guillén-Samander et al., 2021) 

(Baldwin et al., 2021) 

(Fasimoye et al., 2022) 

 

Table 15 Known localizations of VPS13 proteins in diverse organisms. N/A: not applicable, unknown. 

Protein name Organelle / MCS References 

Mus musculus (4 VPS13 proteins) 

MmVPS13A Golgi (Hayashi et al., 2012) 

MmVPS13B Acrosome (Da Costa et al., 2020) 

MmVPS13C Phagosome 

(Rogers & Foster, 2007) 

(Shui et al., 2008) 

(Trost et al., 2009) 

Drosophila melanogaster (2 VPS13 proteins) 

DmVPS13A/C ER – plasma membrane (Faber et al., 2020) 

DmVPS13D Lysosome (Anding et al., 2018) 

Tetrahymena thermophila 

TtVPS13A Phagosome 
(Jacobs et al., 2006) 

(Samaranayake et al., 2011) 

TtVPS13C Phagosome (Jacobs et al., 2006) 

Arabidopsis thaliana (4 VPS13 proteins) 

AtVPS13M1 N/A N/A 

AtVPS13M2 Pollen tube tip (Tangpranomkorn et al., 2022) 

AtVPS13S N/A N/A 

AtVPS13X N/A N/A 
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1.3  VPS13 proteins are lipid transport proteins 

Even though the direct or indirect implication of VPS13 proteins in lipid transport has long been 

suspected, proving their function as LTPs remained a challenging task. Physiological, biochemical and 

structural data gathered over more than a decade were necessary to affirm that the primary biochemical 

function of VPS13 proteins is indeed to transport lipids between membranes (Leonzino et al., 2021; 

Melia & Reinisch, 2022). 

1.3.1 Insight on VPS13 lipid transport function from physiological data 

1.3.1.1 VPS13 proteins modify membrane lipid compositions 

The first hints on a potential role of VPS13 proteins in lipid transport came from their effect on the 

cellular distribution and abundance of phosphatidylinositol phosphates (PIPs). PIPs levels in biological 

membranes play crucial roles as signaling molecules, in the recruitment of proteins at specific locations, 

in vesicular trafficking and many more (Balla, 2013). Yeast and human knock out mutants of ScVPS13 

and HsVPS13A, respectively, caused a reduction in PIP pools (Park et al., 2015; Park & Neiman, 2012). 

The absence of ScVPS13 in yeast decreased PI(4)P and PI(4,5)P2 levels while the absence of HsVPS13A 

decreased PI(4,5)P2 levels in the plasma membrane and in the Golgi complex, suggesting a conserved 

role of VPS13 proteins in PIPs distribution. Even though these effects may be indirect, these data 

constitute the first evidence that VPS13 proteins have an impact on their phospholipid environment. 

Apart from modifications in the PIPs cellular distribution and quantity, no other lipid class was shown 

to be impacted by the absence of VPS13 proteins. 

1.3.1.2 VPS13 proteins play a role in membrane and organelle biogenesis and maintenance 

Membrane and organelle biogenesis require huge quantities of lipids that have to be transported from a 

site of synthesis to their target membrane. Strikingly, VPS13 proteins are required at multiple 

membranes to sustain their rapid growth and/or maintenance. 

During the process of sporulation in the yeast Saccharomyces cerevisiae, the four sets of chromosomes 

generated by meiosis are separated into individual cells by the fast-growing prospore membrane 

(Neiman, 2011). The absence of ScVPS13 in yeast leads to severe defects in prospore membrane 

expansion, closure and capture of nuclei (Enyenihi & Saunders, 2003; Nakanishi et al., 2007; Park et 

al., 2013; Park & Neiman, 2012). Similarly, the absence of DdVPS13C (TipC) in Dictyostelium 

discoideum leads to reduced spore formation, a process that also requires extensive membrane 

biogenesis (Muñoz-Braceras et al., 2015; Stege et al., 1999). Like the prospore membrane formation, 

the acrosome biogenesis, which is a male gamete-specific organelle formed de novo in spermatids during 

spermiogenesis, requires huge amounts of lipids to sustain its fast expansion (Khawar et al., 2019). The 

spermatids of mice devoid of MmVPS13B, a mouse homolog of human HsVPS13B, fail to form a 

normal acrosome and leads to infertility suggesting a role of MmVPS13B in lipid delivery to the 

acrosome (Da Costa et al., 2020). 
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The autophagosome is also a fast-growing membrane requiring the supply of lipids. Interestingly, 

ScVPS13 localizes to the phagophore rim, contributes to phagophore expansion together with ATG2 

(Dabrowski et al., 2022) and is required for efficient autophagy (Lei et al., 2022). ScVPS13 likely 

functions in the late stages of autophagy as the autophagosomes did not fail to close in absence of 

ScVPS13 but rather to be cleared from the cytoplasm (Lei et al., 2022). Consistently, the autophagic 

flux was impaired in absence of DdVPS13C (TipC) and HsVPS13A (Muñoz-Braceras et al., 2015). 

Furthermore, the absence of HsVPS13A in humans and of DmVPS13D in Drosophila leads to 

mitophagy defects (Anding et al., 2018; Insolera et al., 2021; Yeshaw et al., 2019). As for the prospore 

membrane and acrosome membrane formation, the defects in autophagy observed in absence of VPS13 

proteins strongly suggest a role in membrane expansion-associated lipid transport. 

Peroxisomes are small organelles that rely on exogenous lipid supply for their biogenesis and expansion 

(Carmichael & Schrader, 2022). While the necessary lipid supply mainly relies on vesicular routes, it 

has been shown that peroxisome biogenesis can be carried out using non-vesicular pathways only 

(Raychaudhuri & Prinz, 2008). Interestingly, the absence of HsVPS13D causes the loss of peroxisomes 

in human cells (Baldwin et al., 2021). Similarly, ScVPS13 is required for peroxisome expansion in yeast 

since its loss leads to a reduction in peroxisome numbers (Yuan et al., 2022). Furthermore, HsVPS13D 

localizes to peroxisome membrane contact sites by interacting with Miro (Guillén-Samander et al., 

2021). Thus, it is likely that HsVPS13D contributes to non-vesicular lipid transport to peroxisomes. 

Pollen tubes are one of the fastest elongating structures in plants. Thus, during pollen tube growth, huge 

quantities of membranes have to be generated in a very short time and transported to the pollen tube tip, 

implying efficient transport mechanisms (Adhikari et al., 2020). In absence of AtVPS13M2 in 

Arabidopsis thaliana, pollen germination is abolished in vivo and drastically reduced in vitro 

(Tangpranomkorn et al., 2022). Furthermore, AtVPS13M2 localizes to the tip of growing pollen tubes. 

Even though non-vesicular lipid transport probably plays a major role in the previously cited processes, 

they are all known to heavily rely on vesicular trafficking. Since VPS13 proteins have been discovered 

in the context of and are known to play a role in vesicular transport, it cannot be ruled out that they act 

in membrane and organelle biogenesis in an indirect manner by regulating other processes. 

Mitochondria have a limited lipid synthesis capacity and have to import most of their membrane lipids 

by non-vesicular transport since they are not connected to the endomembrane system as a result of their 

endosymbiotic origin. Multiple studies reported that the absence of ScVPS13 in yeast, of HsVPS13A, 

HsVPS13C or HsVPS13D in human and of DmVPS13D in Drosophila leads to mitochondrial 

phenotypes like membrane destabilization, altered mitochondrial morphology (round and enlarged), 

defects in transmembrane potential and respiration and impaired fission and elongation (Anding et al., 

2018; Gauthier et al., 2018; Lesage et al., 2016; Park et al., 2016; Seong et al., 2018; Shen et al., 2021; 

Yeshaw et al., 2019). Some of these observed phenotypes could be attributed to defects in autophagy 
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but the general mitochondrial dysfunction and elongation impairment suggest a general disturbance of 

membrane homeostasis. 

Taken together, these data show that VPS13 proteins are generally associated to membranes and 

organelles necessitating the supply of huge amounts of lipids for their biogenesis and growth. However, 

it is very likely that VPS13 proteins also perform other cellular functions necessitating smaller lipid 

fluxes as suggested by their widespread cellular distribution. 

1.3.1.3 The ERMES bypass 

The endoplasmic reticulum-mitochondria encounter structure (ERMES) is a well-studied EMCS tether 

and effector in yeast. Among its numerous attributed functions (Kornmann, 2020; Kundu & Pasrija, 

2020), ERMES is known to mediate lipid transport between the ER and mitochondria (John Peter, 

Petrungaro, et al., 2022) (see general introduction). Yeast strains depleted for ERMES (Δermes) grow 

slowly, have enlarged and round mitochondria and have a decreased PE and DPG content (Kornmann 

et al., 2009). However, despite the mitochondrial and lipid phenotype, lipids were still delivered to 

mitochondria indicating that lipid transport to mitochondria is still occurring through other alternative 

pathways. 

With the aim to identify possible pathways redundant with ERMES, genetic screens based on the 

identification of genes synthetic lethal with ERMES unveiled VPS39, a member of the HOPS 

(homotypic fusion and protein sorting) complex (Elbaz-Alon et al., 2014; Hönscher et al., 2014). This 

was particularly interesting as VPS39 overexpression increased the extent of vacuole-mitochondria 

contact sites (vCLAMPs) (Elbaz-Alon et al., 2014; Hönscher et al., 2014) and as VPS39 was shown to 

interact with both Ypt7 and Tom40 to link vacuoles to mitochondria (González Montoro et al., 2018). 

This suggested that VPS39-mediated vCLAMPs might be responsible for an alternative lipid transport 

route to mitochondria, especially because a conditional Δermes Δvps39 mutant had a severe defect in 

mitochondrial phospholipid delivery while Δermes Δvps39 was synthetic lethal (Elbaz-Alon et al., 

2014). However, disruption of the Tom40 binding site in VPS39 almost abolishes vCLAMP formation, 

but did not affect VPS39 function in the HOPS complex and was not synthetic lethal with ERMES 

(González Montoro et al., 2018). Thus, VPS39 synthetic lethality with ERMES is rather caused by 

VPS39 dysfunction in the HOPS complex rather than in vCLAMPs. 

Further forward genetics screens identified point mutations in the ScVPS13 gene suppressing the 

Δermes growth and mitochondrial phenotypes (Lang et al., 2015; Park et al., 2016). Furthermore, 

ScVPS13 localizes to multiple MCSs including vacuole-mitochondria contact sites and is synthetic 

lethal with ERMES, suggesting a functional redundancy (Lang et al., 2015; Park et al., 2016). ScVPS13 

is recruited to mitochondrial membranes by Mcp1 (Bean et al., 2018; John Peter et al., 2017) (see section 

1.5.3). Interestingly, Mcp1 was initially identified as a high-copy suppressor of Δermes phenotype 

(hence its name Mdm10 complementing protein 1, Mcp1) (Tan et al., 2013). This finding was further 
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corroborated by the fact that overexpression of Mcp1 in Δermes background rescued the growth and 

mitochondrial phenotypes (John Peter et al., 2017). Furthermore, like ScVPS13, Mcp1 is synthetic lethal 

with ERMES (Lang et al., 2015) and expression of Mcp1 partially rescues the Δermes lipid phenotype. 

These data suggest that Mcp1 recruits ScVPS13 to mitochondria to promote lipid transport from vacuole 

to mitochondria. That ScVPS13 or VPS39 overexpression alone are not sufficient to rescue the Δermes 

phenotype reflects the fact that in both cases, rescue is limited by the amount of available Mcp1 to recruit 

ScVPS13 (John Peter et al., 2017). This, in turn, strongly suggests a lipid transport function for 

ScVPS13. 

1.3.2 Insight on VPS13 lipid transport function from in vitro and in vivo biochemical data 

Given the difficulty of analyzing lipid binding and lipid fluxes directly in vivo, in vitro studies set out to 

tackle the question whether VPS13 proteins are able to bind and transport lipids in an artificial setup. 

The first 1350 aa residues of ScVPS13 were shown to bind glycerophospholipids in vitro with no 

selectivity apart from a slight enrichment in PC (Kumar et al., 2018). Further analysis on the same 

protein fragment revealed that a single protein molecule binds to approximately 10 glycerophopholipid 

molecules. To test whether ScVPS13 is able to transfer lipids, a FRET-based in vitro assay to detect 

lipid transport activity was carried out using the first 1350 aa residues of ScVPS13 (Kumar et al., 2018). 

Similar results were obtained during in vitro binding and transfer assays for full length human ATG2A 

protein that harbors extensive sequence and structural homology with VPS13 proteins, especially in its 

N-terminal region (Valverde et al., 2019). The results clearly show that the polypeptide is indeed able 

to transfer lipids between liposomes, strongly suggesting that VPS13 proteins are indeed able to transfer 

lipids at membrane contact sites. The low binding selectivity and the high number of bound lipids per 

protein further suggests that VPS13 proteins unspecifically transport large amounts of lipids, even 

though no impact on the cellular distribution or quantity of major lipids has been reported yet. 

Even though in vitro data suggest that VPS13 proteins bind and transport lipids between membranes, a 

direct proof of lipid transport by VPS13 proteins in vivo was still missing. An elegant method enabling 

the tracking of mass tagged lipids in cells (Mass tagging-Enabled TrAcking of Lipids In Cells; 

METALIC) finally allowed to visualize direct transport of lipids between compartments in living cells 

(John Peter, Petrungaro, et al., 2022). Using this approach in cells lacking ERMES and ScVPS13 

demonstrated that ScVPS13 is indeed transporting lipids between ER and mitochondria. 

1.3.3 Insight on VPS13 lipid transport function from structural data 

Even though the lipid transport function of VPS13 proteins had already been inferred and hypothesized 

based on physiological and biochemical data, structural data was still missing to gain insight in the 

mechanistic details of lipid transport. 

A 3D reconstruction of purified ScVPS13 based on negative stain electron microscopy (EM) at an 

estimated resolution of 30 Å showed that ScVPS13 forms a long rod-shaped structure with a length of 
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20 nm and a diameter of 4 nm. (De et al., 2017). The dimensions of the elongated structure are in 

accordance with the standard distance of an MCS where VPS13 proteins have been extensively located. 

The crystal structure of the first 335 aa residues of CtVPS13 from Chaetomium thermophilum shows 

that the polypeptide forms a hydrophobic pocket that can accommodate lipids (Kumar et al., 2018). 

Furthermore, a 3.75 Å resolution cryo-EM structure of the first 1390 aa residues of CtVPS13 revealed 

that the hydrophobic cavity previously observed is extended through most of the rod-like structure and 

is lined with hydrophobic residues (P. Li et al., 2020). This data suggests that VPS13 proteins transport 

lipids between membranes by forming a long hydrophobic cavity that can accommodate a huge number 

of lipids at once. The question asking whether VPS13 proteins transport lipids by forming a hydrophobic 

tunnel between two membranes or by acting as a shuttle was addressed by mutating a ring of 

hydrophobic aa residues in the hydrophobic cavity to hydrophilic ones in ScVPS13 guided by the 

CtVPS13 structure (P. Li et al., 2020). Since a non-functional ScVPS13 protein results in sporulation 

defects (see above), the mutated ScVPS13 was introduced into a vps13Δ yeast background and checked 

for sporulation phenotype rescue. The mutated ScVPS13 failed to rescue sporulation, thus supporting 

the hypothesis that VPS13 proteins form hydrophobic tunnels between membranes to allow lipid 

transport. The tunnel hypothesis is further corroborated by the fact that human HsVPS13C forms 29 nm-

long rod-like structures at ER – lysosome MCSs after cryo-ET observations (Cai et al., 2022). The 

advent of artificial intelligence (AI)-driven protein structure prediction tools like RoseTTAFold and 

AlphaFold2 enabled to get insight in the molecular architecture of VPS13 proteins (Baek et al., 2021; 

Jumper et al., 2021). Notably, the full length predictions of yeast ScVPS13 (Toulmay et al., 2022) and 

human HsVPS13A-C (Cai et al., 2022; Dall’Armellina et al., 2023; Guillén-Samander et al., 2022) 

reveal that VPS13 proteins form a continuous hydrophobic tunnel enriched in β-sheets and lined with 

hydrophobic residues forming a suitable environment to accommodate lipids and allow their transport 

between membranes (see below). 

1.3.4 Emerging model for VPS13 bulk lipid transport 

The large amount of physiological, biochemical and structural evidence gathered over the last decade 

allowed to identify VPS13 proteins as functional lipid transport proteins operating at a huge diversity of 

MCSs. Currently, the widely accepted model proposes that VPS13 proteins form long hydrophobic 

tunnels spanning through the MCS to nonspecifically transport large amounts of lipids directly from one 

membrane to another (Leonzino et al., 2021; P. Li et al., 2020; Neuman, Levine, et al., 2022; Reinisch 

& Prinz, 2021). Other proteins and complexes have been reported to use a continuous hydrophobic 

groove to transport lipids between membranes. The three soluble ERMES complex subunits Mmm1, 

Mdm12 and Mdm34 each harbor a SMP domain and likely assemble head to tail to form a continuous 

hydrophobic conduit to mediate lipid transport between the ER and mitochondria in yeast (Jeong et al., 

2017; John Peter, Petrungaro, et al., 2022; Kawano et al., 2018; Kornmann, 2020; Wozny et al., 2022). 

Similarly, the bacterial lipopolysaccharide (LPS) transport system (LPT) connects the inner and outer 
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membranes with multiple β-jellyroll fold-containing subunits that form a hydrophobic groove enabling 

LPS transport through the periplasm (Botos et al., 2016; Hicks & Jia, 2018; Luo et al., 2017). However, 

in contrast to VPS13 proteins, both ERMES and LPT complexes function by only binding the fatty acids 

of the transported lipids leaving the polar headgroup out of the cavity, are composed of multiple subunits 

and in the case of the LPT system is ATP-driven. VPS13 proteins are able to accommodate multiple 

lipids at the same time inside of their huge hydrophobic cavity that stretches through only one single 

protein. In that sense, VPS13 proteins are the first members of a new type of LTPs that perform bulk 

lipid transport at MCSs called bridge-like LTPs (Leonzino et al., 2021; Reinisch & Prinz, 2021). 

However, even though it has become clear that VPS13 are indeed LTPs, the mechanistic and 

thermodynamic details of this bulk lipid transport including lipid loading and unloading into the 

hydrophobic tunnel, directionality of the lipid flow and binding of lipid molecules inside the tunnel 

remain largely unknown but will be discussed below.  

1.4 Organization and structure of VPS13 proteins  

1.4.1 Structure of the hydrophobic tunnel and general domain organization of VPS13 

proteins 

Experimental and predicted structures of VPS13 proteins show that they form elongated rods containing 

a hydrophobic tunnel decorated with additional functional domains (Cai et al., 2022; Dall’Armellina et 

al., 2023; De et al., 2017; Guillén-Samander et al., 2022; Kumar et al., 2018; P. Li et al., 2020). The 

main part of the structure is occupied by the hydrophobic tunnel, which is composed of tens of apposed 

β-strands that eventually form an enormous β-sheet continuous from one protein end to the other (Figure 

26). The β-sheets form the bottom of the cavity and are lined with hydrophobic residues. Each β-strand 

is divided in two parts that form an angle to each other (>100° in VPS13 proteins, 30-60° in other 

VPS13-like proteins) and are separated by strand-braking residues like glycines or prolines (Neuman, 

Levine, et al., 2022) (Figure 26). Thus, the apposition of the β-strands generates a U-shaped tunnel. The 

continuous β-sheet does not form a planar surface but instead harbors an internal twist resulting in a β-

sheet superhelix (Cai et al., 2022; Neuman, Levine, et al., 2022). Loops, α-helices as well as complete 

functional domains are inserted between the beta-strands without disturbing the continuity of the 

hydrophobic β-sheets. Some of these loops reach from one side of the hydrophobic tunnel to the other, 

thus roofing the hydrophobic β-surface. 

VPS13 proteins usually harbor several canonical domains inserted between the β-strands or at their C-

terminus (Figure 26). The most conserved domain among VPS13 proteins is the Chorein_N domain 

that carries the name of the N-terminal part of the protein in which it was first described: 

Chorein/HsVPS13A (Rampoldi et al., 2001). This domain forms the N-terminal entrance of the 

hydrophobic tunnel. It is composed of an amphipathic helix followed by four hydrophobic, antiparallel 

β-strands. Sequence alignment of VPS13 proteins from various clades shows a high degree of 
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conservation in structure and hydrophobic residues. The Chorein_N domain is not only found in VPS13 

proteins but also in ATG2, SHIP164 as well as Mdm31-related proteins (Levine, 2019). Another 

functional domain characteristic of VPS13 proteins is the VPS13 adaptor binding (VAB) domain. The 

VAB domain is constituted of about 600 aa residues and is inserted in the middle of the β-sheet sequence. 

However, structure predictions show that despite this huge insertion, continuity of the hydrophobic 

surface is assured by the apposition of both parts of the β-sheets (Levine, 2022). The VAB domain is 

composed of six repeated structural modules assembled end to end that form a crown around the 

hydrophobic tunnel according to a low resolution cryo-EM structure and structure predictions (De et al., 

2017) (see section 1.5.3). The C-terminal end of the protein is composed of two domains. The ATG2_C 

domain, standing for ATG2_C-terminus homology domain, is composed of a bundle of long 

amphipathic helices (usually four) and is supposedly implied in membrane binding (see section 1.5.4). 

The last canonical domain usually located at the very C-terminal end of the VPS13 proteins is a PH-like 

domain, which is implied in protein-protein as well as protein-lipid interactions (see section 1.5.5). 

 

Figure 26 General domain organization and structure of VPS13 proteins. VPS13 proteins are composed of 

several functional domains. The linear layout of the Chaetomium thermophilum CtVPS13 protein is displayed 

on top. The structure of CtVPS13 has been predicted using RoseTTAFold and assembled with PyMol. The 

hydrophobic tunnel, Chorein_N, VAB, ATG2_C and PH domains constitute so-called canonical additional 

functional domains of VPS13 proteins found in almost all VPS13 proteins. The hydrophobic tunnel is 

composed of repeated tunnel units called repeating β-groove (RBG) domains (Neuman et al., 2022; Levine, 

2022). The individual RBG domains are depicted by grey squares on the linear protein layout. 



171 

 

Altogether, the hydrophobic tunnel, the Chorein_N, the VAB, the ATG2_C and the PH-like domains 

constitute the canonical functional domains of VPS13 proteins. 

A more detailed remote homology and structural analysis of VPS13 proteins allowed the discovery of 

several non-canonical functional domains in human and plant VPS13 proteins (Levine, 2022) (Figure 

27). These domains include ubiquitination-associated domains like the UBA or WWE domains. They 

also include domains forming β-helices, β-sandwiches and ricin-type lectin β-trefoils, which presumably 

bind diverse membrane- or protein-bound carbohydrate moieties. Finally, plant VPS13 proteins harbor 

domains that are generally known to associate to membranes like C2 domains, β-tripods or additional 

bundles of amphipathic helices. It is noteworthy that AtVPS13M1 and M2 have an additional PH domain 

 

Figure 27 On scale representation of VPS13 proteins from Saccharomyces cerevisiae (ScVPS13), Homo 

sapiens (HsVPS13A-D) and Arabidopsis thaliana (AtVPS13M1, M2, S & X) and their known domains. 

Domain and motif borders were extracted from HHpred, PHMMER and Levine 2022. Respective protein sizes 

are indicated on the left. The additional functional domains are indicated on scale on the protein maps and 

categorized in the legend below. PH: pleckstrin homology domain, FFAT: Two phenylalanines in an acidic 

tract motif, ATG2_C: Autophagy-related protein 2 C-terminus homology domain. 
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in their N-terminal part and that the C-terminal PH domain of AtVPS13X is absent but replaced by a 

bundle of amphipathic helices. 

1.4.2 VPS13 proteins belong to the repeating β-groove lipid transport protein family 

VPS13 and ATG2 proteins are known to harbor the previously described elongated hydrophobic tunnel 

structure composed of a continuous β-sheet surface. Three other protein types, namely Hobbit (Hob), 

Tweek, and SHIP164, have been identified for presenting a similar topology (Neuman, Levine, et al., 

2022). 

The detailed analysis of the hydrophobic tunnel structure lead to the discovery of a new protein domain 

that forms a structural unit of the tunnel and was called repeating β-groove (RBG) domain (Neuman, 

Levine, et al., 2022) (Figure 28A). A RBG domain is composed of five antiparallel β-strands lined with 

hydrophobic residues on their concave face that form a hydrophobic β-sheet surface. The β-strands are 

followed by a variable loop that can be disorganized or harbor α-helices. This structural motif is repeated 

a variable number of times depending on the protein type or paralog to form the full-length hydrophobic 

tunnel. In VPS13 proteins, the additional functional domains are usually inserted between two apposed 

RBG domains. While most RBG domains follow the standard topology, some have a slightly different 

structural arrangement (Figure 28B). Notably, the RBG domains forming the N-terminal and C-terminal 

ends of the hydrophobic tunnels are shortened in RBG proteins (Neuman, Levine, et al., 2022). Some 

RBG domains positioned in the middle of the RBG repeats can also be shorter (three β-strands; in 

Tweek) or longer (seven β-strands; in Tweek and AtVPS13X) (Levine, 2022; Neuman, Levine, et al., 

2022) (Figure 28B). 

In VPS13 proteins, the central RBG domains are either homologous to the N-terminal penultimate RBG 

domain or to the C-terminal penultimate RBG domain suggesting that the contemporary RBG proteins 

evolved from smaller RBG proteins by duplication and apposition of the RBG domains (Levine, 2022). 

Interestingly, RBG-like proteins harboring a similar fold have been described in the bacterial proteins 

AsmA, TamB and YicH, further suggesting that RBG proteins evolved from very simple bacterial 

proteins (Josts et al., 2017; Levine, 2019; Neuman, Levine, et al., 2022). These bacterial proteins could 

then have been passed on to eukaryotes by horizontal gene transfer as suggested by the presence of 

AsmA/TamB homologs in chloroplasts (TIC236) and mitochondria (Mdm31), two endosymbiotic 

organelles (Chen et al., 2018; Levine, 2019; Neuman, Levine, et al., 2022). 
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The different types of RBG proteins are conserved in diverse organisms however with some missing 

types in some clades (Table 16). To standardize RBG protein names in various organisms, a new 

nomenclature has been proposed (Braschi et al., 2022), but is not used here. Strikingly, some orthologues 

of the same RBG type dramatically vary in size between organisms. This is especially true for Tweek-

like proteins as in yeast Csf1 has 2958 aa residues while in humans or Drosophila they contain more 

than 5000 aa residues. A substantial variability in size is also observed among VPS13 protein orthologs 

and paralogs. The only yeast VPS13 protein contains 3145 aa residues and 12 RBG repeats which is 
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comparable to human HsVPS13A that contains 3174 aa residues and also 12 RBG repeats. The other 

human VPS13 proteins are substantially bigger reaching up to 4388 aa residues and 15 RBG repeats for 

HsVPS13D. Some VPS13 proteins in Chlamydomonas and Plasmodium have been reported to 

respectively contain 7192 and 9307 aa residues and more than 30 RBG repeats (Levine, 2022). 

Therefore, it seems that RBG proteins are highly plastic, maybe to adapt to the huge variety of MCSs 

between all types of organelles and in differently ultrastructurally shaped organisms. 

 

Figure 28 Repeating beta-groove (RBG) proteins are unified by their fundamental RBG building block 

(Neuman et al.,2022; Levine, 2022). (A) RBG domain organization in VPS13 proteins. ① RoseTTAFold 

prediction of Chaetomium thermophilum VPS13 protein as described in Figure 1. ② Hydrophobic tunnel of 

CtVPS13 stripped from the other functional domains. ③ Division of the hydrophobic tunnel in its individual 

RBG domain components. CtVPS13 is composed of 12 apposed RBG domains. Note that The central RBG 

domains all adopt a canonical RBG domain structure. The N-terminal RBG1 and C-terminal RBG12 domains 

have a different topology. (B) Observed variations in the RBG domain structure. While a canonical RBG 

domain is composed of 5 apposed β-strands followed by one loop usually carrying an α-helix, some RBG 

domains can be bigger or smaller depending on the number of β-strands. The VPS13 N-terminal and C-

terminal RBG domains have a different topology notably implying amphipathic helices. 
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Deeper analysis of the VPS13 protein RBG domains also contributed to gain insight in the evolutionary 

history of VPS13 proteins (Levine, 2022). Since the N-terminal and C-terminal RBG domains are 

conserved in all VPS13 proteins and since the central RBG domains are derived from both penultimate 

domains, the contemporary VPS13 proteins likely originated from an ancestor harboring only these four 

domains. The ancestral human VPS13 protein HsVPS13A/B/C/D likely diverged at the six or seven 

RBG domains stage to give rise to HsVPS13A/C/D and HsVPS13B, confirmed by the structural 

divergence of the latter. According to phylogenetic analysis, the last eukaryotic common ancestor 

(LECA) expressed both VPS13B and VPS13A/C/D (Levine, 2022). A new divergence gave rise to 

HsVPS13D and HsVPS13A/C and finally the latter formed HsVPS13A and HsVPS13C. Interestingly, 

an internal three RBG domain repeat took place independently in HsVPS13C and D that both have 15 

RBG repeats instead of 12. In Arabidopsis thaliana, AtVPS13M1, M2 and S have a standard RBG 

domain arrangement resembling the one in yeast ScVPS13 and human HsVPS13A, consistent with the 

hypothesis that VPS13A/C/D was expressed in LECA. AtVPS13X, however, harbors 9 RBG repeats 

only six of which are homologous to other VPS13 RBG domains, thus blurring its evolutionary origin. 

Given the high structure similarity between RBG proteins, it is expected that they all function as bridge-

like LTPs to promote bulk lipid transport between membranes like VPS13 and ATG2 proteins. 

Interestingly, all the RBG proteins are localized at MCSs (reviewed in (Neuman, Levine, et al., 2022)). 

In addition, all five RBG proteins have been identified as being located at yeast MCSs by a new high 

throughput MCS screening approach in yeast (Castro et al., 2022). Hobbit influences the cellular 

distribution of PI(4,5)P2 in Drosophila melanogaster (Neuman, Jorgensen, et al., 2022) and regulates 

intracellular trafficking (Neuman & Bashirullah, 2018). In Arabidopsis thaliana, the Hob-like proteins 

SABRE and KIP mutants both present defects in pollen tube elongation (Procissi et al., 2003), consistent 

with the APT1 mutant phenotype in Zea mays (Z. Xu & Dooner, 2006). SABRE mutants are also 

defective in root hair patterning (Pietra et al., 2015) maybe caused by a defect in cell plate deposition 

leading to anarchic epidermal cell arrangement like observed in Physcomitrella patens (Cheng & 

Bezanilla, 2021). Pollen tube growth, root hair growth and cell plate deposition both heavily rely on 

vesicular trafficking (Adhikari et al., 2020; Hochholdinger et al., 2018; Smertenko et al., 2017), 

suggesting that regulation of vesicular trafficking might be a conserved function for Hob-like proteins. 

However, the mechanistic link between this regulation and a putative function as lipid transporter 

remains unknown. Csf1, a Tweek-like RBG protein in Saccharomyces cerevisiae, is implicated in the 

channeling of GPI-anchor lipid precursors at ER contact sites (Toulmay et al., 2022). Csf1 is also 

essential for the homeoviscous adaptation during cold stress and becomes necessary for lipid 

homeostasis in rewired conditions (John Peter, Cheung, et al., 2022; John Peter, Schie, et al., 2022; 

Tokai et al., 2000). Tweek was also reported to be required for phospholipid trafficking and cold 

resilience in Caenorhabditis elegans (C. Wang et al., 2022). SHIP164 has been shown to transport lipids 

between liposomes in vitro and to regulate endosome to Golgi retrograde trafficking (Hanna et al., 2022). 
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Consistently, SHIP164 has been proposed to promote early endosome buds biogenesis by acting as a 

lipid transporter as part of a complex at early endosome – Golgi complex contact sites (J. Wang et al., 

2022). 

Despite their differences in functional domain organization, size and localization, RBG proteins are 

linked by their unique RBG domain, by their putative primary function as lipid transporters and by their 

likely common evolutionary origin. Dissecting the molecular details enabling their vast array of cellular 

functions and localizations will be a challenging guideline for future research. 

1.5 VPS13 hydrophobic tunnels are decorated by functional domains that determine 

their localization 

1.5.1 The N-terminal domain anchors VPS13 proteins to the endoplasmic reticulum 

The Chorein_N domain is highly conserved among VPS13, ATG2 and SHIP164 proteins. The first 57 

aa residues of yeast ScVPS13 corresponding to the very N-terminal end of the Chorein_N domain 

localizes to the ER in vegetative cells (T. S. Nakamura et al., 2021). Similarly, the first 47 aa residues 

of yeast ATG2 were sufficient to target the ER membrane (Kotani et al., 2018). Both these peptides start 

with an α-helix that replace the first β-strand of the first RBG repeat (Levine, 2022) (Figure 28B & 

Figure 29B). In VPS13 and SHIP164 proteins, this first helix is amphipathic. This helix, which contains 

mostly uncharged residues and has a wide hydrophobic face, has been proposed to associate to less 

packed membranes that contain few anionic lipids like the ER membrane (Giménez-Andrés et al., 2018; 

Levine, 2022). ATG2 proteins, on the other hand, start with a hydrophobic loop followed by a short 

amphipathic helix (Levine, 2022). Interestingly, the mutation of three conserved residues (K-Q-R) in 

this helix to aspartic acid resulted in the loss of ER localization, suggesting that the rather positively 

charged motif is important for membrane interaction (Kotani et al., 2018). While data tends to indicate 

that the N-terminal part of the Chorein_N domain is specifically targeted to the ER membrane by an 

amphipathic helix-lipid interaction, it cannot be excluded that some type of ER-associated proteins 

contribute to the binding as hinted by the implication of a conserved protein motif in ATG2 (Figure 

29B). 

1.5.2 The VPS13 FFAT motifs interact with VAPs in the endoplasmic reticulum 

In most VPS13 proteins analyzed so far, two phenylalanines (FF) in an acidic tract (hereafter FFAT 

motif) can be found inserted between the β-strands in the first half of the hydrophobic tunnel (Slee & 

Levine, 2019). The FFAT motifs are known to interact with vesicle-associated membrane protein 

(VAMP)-associated protein (VAP), which reside in the ER (Murphy & Levine, 2016). Accordingly, the 

FFAT motifs of human HsVPS13A and HsVPS13C are targeted to the ER membrane (Kumar et al., 

2018). VAPs bind FFAT motifs on a positively charged patch of their MSP (major sperm protein) 

domain (Murphy & Levine, 2016) (Figure 29C). According to NMR data, the acidic residues around 

the conserved residues are first non-specifically recognized by the electro-positive patch allowing the 
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phenylalanines to engage into specific hydrogen bonds (Furuita et al., 2010) (Figure 29C). FFAT motifs 

are often found in combination with other domains that target the protein to a different membrane than 

the ER, making them ideal MCS tethers or/and effectors (Murphy & Levine, 2016). Consistently, co-

overexpression of human HsVPS13C, which harbors a FFAT motif, and VAP resulted in ER-lysosome 

contact sites extension (Cai et al., 2022). Some VPS13 proteins like human HsVPS13D harbor a 

modified FFAT motif allowing its phosphorylation called phospho-FFAT (pFFAT) (Di Mattia et al., 

2020; Guillén-Samander et al., 2021). pFFAT motifs harbor a phosphorylable residue that, if 

phosphorylated, creates specific interactions with the VAP electro-positive surface that differ from those 

formed with a standard phenylalanine (Di Mattia et al., 2020). Phosphorylation/dephosphorylation of 

the pFFAT motif is an easy and efficient way to rapidly regulate the binding of a protein to the ER (Kors 

et al., 2022). The pFFAT motif of HsVPS13D enables interaction with VAP-B and its recruitment to the 

ER as the mutation of the phosphorylable threonine abolished HsVPS13D recruitment (Guillén-

Samander et al., 2021). 

1.5.3 The VAB domain interacts with multiple proteins at organelle surfaces 

The VAB domain was first identified as DUF1162 in human VPS13 proteins (Velayos-Baeza et al., 

2004). The VAB domain was also identified in the Arabidopsis thaliana VPS13 homolog 

AtVPS13S/SHRUBBY and renamed SHORT-ROOT binding (SHR-BD) as AtVPS13S was shown to 

interact with SHR (Koizumi & Gallagher, 2013; Rzepnikowska et al., 2017). However, the initial SHR-

BD/DUF1162 domain was just approximately half the size of the actual VAB domain. Bean et al. 

determined that the ScVPS13 VAB domain extends over approximately 600 aa residues and is composed 

of six repeated conserved regions separated by small, less conserved sequences (Bean et al., 2018). Each 

repeat harbors an invariant asparagine residue towards the beginning of the sequence. The VAB domain 

was initially thought to fold into a 6 or 12 bladed β-propeller similar to a WD40-like fold (Dziurdzik et 

al., 2020; Dziurdzik & Conibear, 2021). The X-ray structure of the VAB domain of Chaetomium 

thermophilum CtVPS13 revealed that it is composed of six repeated β-sandwich-like folds taking the 

general shape of a fishhook (Adlakha et al., 2022) (Figure 29D). Each β-sandwich is composed of nine 

β-strands arranged in two β-sheets facing each other. The conserved asparagine is invariably situated at 

the end of the first (N-terminal) β-strand. 

The ScVPS13 VAB domain has been found to interact with protein partners containing a proline-x-

proline (PxP) motif (Bean et al., 2018). The PxP motif is bound at the interface between the fifth and 

the sixth VAB repeat (Adlakha et al., 2022) (Figure 29D), which is consistent with the observation that 

these repeats are sufficient for adaptor protein binding (Dziurdzik et al., 2020). The PxP motif-

containing proteins known to be bound by the ScVPS13 VAB domain are Ypt35, Spo71 and Mcp1, 

which are located on different cellular membranes and direct ScVPS13 to the required location by 

competing at the PxP binding site (Bean et al., 2018). Ypt35 directs ScVPS13 to endosomes of NVJs 

depending on the yeast growth conditions (Bean et al., 2018). Spo71 directs ScVPS13 to the prospore 
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membrane where it is needed for rapid membrane expansion (Park et al., 2013). Mcp1 recruits ScVPS13 

to the mitochondrial membrane (John Peter et al., 2017). 

The fact that, in yeast, only the fifth and sixth VAB repeats are required for PxP motif-containing 

proteins binding and that Spo71 and Mcp1 are found only in fungi raises questions about the utility of 

 

Figure 29 VPS13 localization determinants. (Figure legend continued on next page) 
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the rest of the VAB repeats (Dziurdzik & Conibear, 2021). Interestingly, the proteins MIRO1 and 

MIRO2 have been reported to recruit HsVPS13D to mitochondria or peroxisomes in humans by direct 

interaction with the VAB domain without the help of a PxP motif (Guillén-Samander et al., 2021) . This 

suggests that the VAB domain is able to bind to adaptor proteins using different regions or motifs that 

have not yet been identified. For example, the ESCRT component TSG101 binds HsVPS13D by 

interacting with the VAB domain, presumably through a Pro-Ser-Ala-Pro motif (J. Wang et al., 2021). 

1.5.4 The ATG2_C domain forms a bundle of amphipathic helices 

The ATG2_C domain, which was also recently nicknamed the “gondola” domain (Dall’Armellina et al., 

2023), is a region with a high degree of homology to the ATG2 C-terminus and present in all known 

VPS13 proteins (Levine, 2022). Structure predictions show that the ATG2_C domain folds into four 

main α-helices that form two bundles of antiparallel helices (Dall’Armellina et al., 2023; Levine, 2022) 

(Figure 26 & Figure 29E). The number of α-helices present in the domain seem to vary from species 

to species. While in yeast ScVPS13 presents only four helices, human VPS13 proteins seem to harbor 

six (Dall’Armellina et al., 2023). 

The very long helices composing the ATG2_C domain are amphipathic and resemble domains found in 

lipid droplet (LD)-binding proteins (Dall’Armellina et al., 2023; Kumar et al., 2018) (Figure 29E). 

Consistently, protein fragments from HsVPS13A, C and D containing the complete ATG2_C domain 

or only some of its amphipathic helices localized to LDs (Kumar et al., 2018; J. Wang et al., 2021). The 

ATG2_C domain of ATG2 proteins have also been shown to associate to LDs. Protein fragments 

Figure 29 VPS13 localization determinants. (A) Typical canonical domain organization of a VPS13 protein. 

All the represented domains have been found to be implied in VPS13 localization. The organelles, proteins or 

molecules that are contacted by the respective domains are indicated below the domains. ER: endoplasmic 

reticulum, Mito: mitochondria, LD: lipid droplet, PIPs: phosphatidylinositol phosphates, PM: plasma 

membrane. (B) The N-terminus of VPS13 and ATG2 proteins target the ER. Protein model: PDB ID 6CBC 

(Kumar et al., 2018). VPS13 Chorein_N domains have an N-terminal amphipathic helix that might directly 

interact with ER membranes with not yet identified partners. The amphipathic helix is colored half red, half 

green. Note that the hydrophobic side of the helix (green) is turned towards the basket interior. (C) Canonical 

FFAT (two phenylalanines in an acidic tract) motif general mode of binding. Here, the interactions between 

the OSBP FFAT motif and the MSP (major sperm protein) domain of VAP-A is represented. On the left: 

model showing the interaction of acidic residues composing the acidic tract with the basic (negatively charged) 

MSP surface while the first phenylalanine and another hydrophobic residue interact inside hydrophobic 

pockets. On the right: molecular model of the same interaction (PDB ID 2RR3; Furuita et al., 2010). (D) 

Structure of the VPS13 adaptor binding (VAB) domain and its interaction with a PxP motif-containing peptide 

(PDB ID 7U8T; Adlakha et al., 2022). The VAB domain is divided into six successive β-sandwich-like repeats 

arranged as a fishhook. The PxP motif is bound in a cleft formed between the repeats 5 and 6. (E) Potential 

modes of binding of the ATG2_C domain. On the left: molecular dynamics simulation of the interaction 

between HsVPS13B ATG2_C domain and a lipid bilayer (taken from Dall’Armellina et al., 2023). This could 

be the non-specific mode of binding to lipid droplets or other membranes. On the right: ATG2_C domains of 

CtVPS13 modelled with RoseTTAFold. The ATG2_C domain might also engage into specific protein-protein 

contacts. (F) Structure of HsVPS13A C-terminal PH domain (model retrieved from Guillén-Samander et al., 

2022). Interaction with mitochondria is mediated by the seventh β-strand (β7) and the C-terminal α-helix of 

the PH domain. Interaction with XK (X-linked Kx blood group antigen) at the plasma membrane is mediated 

by the same seventh β-strand (β7) and the third β-strand (β3). (G) Predicted structure of the CtVPS13 APT1 

(Aberrant Pollen Transmission 1) domain. The APT1 domain has been found to bind PIPs with a yet to be 

discovered mechanism. 
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containing the two C-terminal amphipathic helices of human ATG2A (1723-1829) and ATG2B (1863-

1982) as well as a single ATG2A amphipathic helix (1830-1938) were sufficient to localize to LDs (N. 

Tamura et al., 2017; Velikkakath et al., 2012). 

The ATG2_C domain also participates in binding to other organelles (Figure 29E). Recent AlphaFold2 

complex predictions suggest that the ATG2_C domain could interact with the hydrophobic 

transmembrane surface of X-Linked Kx Blood Group (XK) scramblase which could stabilize the 

HsVPS13A-XK interaction at the plasma membrane (Guillén-Samander et al., 2022). In human 

ATG2A, the C-terminal region containing two amphipathic helices (1776-1820) is sufficient to localize 

to ER-mitochondria contact sites (Z. Tang et al., 2019). The same study also showed by co-

immunoprecipitation that these 45 residues were sufficient to pull down TOM40. Three conserved 

arginines in the first helix seem to mediate TOM40 interaction since their mutation disrupts TOM40 

pull down. 

The ATG2_C domain in ATG2 proteins is also important for the binding of autophagosomal 

membranes. In yeast, disruption of the C-terminal domain (aa residues 1347-1592) of ScATG2 which 

contains the ATG2_C domain compromised its localization to the autophagosome (Kotani et al., 2018). 

Similarly, the deletion of the two C-terminal amphipathic helices of human ATG2A (1723-1829) and 

ATG2B (1863-1982) caused severe autophagy defects (Velikkakath et al., 2012). 

The mechanism by which the ATG2_C contributes to specific membrane binding is not yet fully 

understood. Molecular dynamics simulations show that the ATG2_C domains from all human VPS13 

proteins are deeply embedded into the membrane bilayer by disturbing the membrane with their 

amphipathic helices (Dall’Armellina et al., 2023). It is possible that ATG2_C sometimes contributes to 

binding specific targets. However, the data presented here rather suggests that the ATG2_C domain non-

specifically associates to membranes with its hydrophobic face formed by the amphipathic helices to 

stabilize specific interactions engaged by other localization determinants that might otherwise be 

transient (Figure 29E). 

1.5.5 The VPS13 pleckstrin homology-like domains have multiple lipid- and protein-

binding modes 

Almost all VPS13 proteins harbor a PH-like domain at their C-terminus. Arabidopsis thaliana 

AtVPS13M1 and M2 both have a second PH-like domain in their N-terminal region. One exception is 

AtVPS13X that is devoid of PH domain at its C-terminus according to predictions realized with HHpred 

(Levine, 2022). Pleckstrin homology (PH) domains are present in a huge variety of proteins (Blomberg 

et al., 1999; Le Huray et al., 2022). PH domains fold into a seven-stranded β-sandwich capped at one 

end by a C-terminal α-helix (Blomberg et al., 1999; Yoon et al., 1994) (Figure 29F). The PH domain 

fold developed hundreds of variations in structure and most of all in sequence to adapt to the functional 
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requirements (Le Huray et al., 2022; Scheffzek & Welti, 2012). The PH-like domains still remain 

recognizable by their structural arrangement. 

The first function discovered for PH domains is phosphoinositide binding. PH domains are known to 

bind to a huge diversity of phosphoinositides through specific protein-lipid interactions taking place in 

a dedicated site classically described as a positively charged pocket situated in the middle of the β-sheets 

(Blomberg et al., 1999; Ferguson et al., 1995; Yoon et al., 1994). PH domains also exhibit a general 

membrane binding function by other means than the canonical binding pocket (Le Huray et al., 2022; 

Singh et al., 2021; Yamamoto et al., 2020). In vitro data show that a peptide containing a part of the 

ATG2_C and the PH-like domain of yeast ScVPS13 (2905-3144) strongly binds to liposomes enriched 

in PI(4,5)P2 but not in other PIP species (De et al., 2017). Similarly, the PH-like domains from ScVPS13 

and HsVPS13A both bind to PI(3,4)P2, PI(3,5)P2, PI(4,5)P2 and PI(3,4,5)P2 and efficiently bind 

liposomes enriched in PI(4,5)P2 (Kolakowski et al., 2021), showing that VPS13 PH-like domains are 

indeed able to bind PIPs. 

Beside their role as PIPs binding modules, PH domains have been shown to mediate protein-protein 

interactions (Lenoir et al., 2015; Scheffzek & Welti, 2012). The ScVPS13 and HsVPS13A PH-like 

domain interact with the small GTPase Arf1 (ADP ribosylation factor) according to co-

immunoprecipitation assays (Kolakowski et al., 2021) (Figure 29A). Further in vivo localization assays 

revealed that the PH-like domain of ScVPS13 is required to interact with Arf1 at the Golgi complex 

(Kolakowski et al., 2021). Arf1 also plays important roles in mitochondrial morphology and division 

especially in association with ER-mitochondria contact sites (Ackema et al., 2014; Tábara et al., 2021). 

Interestingly, a fragment containing the PH-like domain of HsVPS13A localized to mitochondria 

(Guillén-Samander et al., 2022; Kumar et al., 2018; Yeshaw et al., 2019). The exact structural features 

of the HsVPS13A PH-like domain responsible for the association with mitochondria could also be 

precisely determined: the C-terminal α-helix and the seventh β-strand are necessary for binding to 

mitochondria (Guillén-Samander et al., 2022) (Figure 29F). Whether these structural features directly 

interact with the mitochondrial membrane or with particular proteins remains to be determined. Human 

HsVPS13A directly interacts with XK, a lipid scramblase active at the PM (Park & Neiman, 2020; 

Ryoden et al., 2022). This interaction is mediated by the PH domain of HsVPS13A that is required to 

direct the protein to the PM (Guillén-Samander et al., 2022). During the HsVPS13A-XK interaction, the 

seventh β-strand of the PH-like domain apposes to a β-hairpin in the second cytosolic loop of XK 

(Guillén-Samander et al., 2022) (Figure 29F). It is worth mentioning that the seventh beta-strand of the 

HsVPS13A PH-like domain is necessary for both mitochondria and XK binding. 

The C-terminal PH-like domain of VPS13 proteins seem to be suited for both PIP and protein binding 

(Kaminska, 2022). The regulation allowing the commitment to one or the other mode of binding, 

however, remains to be clarified. 
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1.5.6 The APT1 region presents affinity for phosphoinositides 

Often, the domain annotation APT1 (ABERRANT POLLEN TRANSMISSION 1) is found towards the 

C-terminal part of the hydrophobic tunnel when standard domain prediction tools are used (HHpred, 

HMMER). This annotation reflects a high degree of homology with the APT1 protein from Zea mays 

that forms a similar hydrophobic tunnel (Neuman, Levine, et al., 2022; Z. Xu & Dooner, 2006). This is 

not surprising given that APT1 is a Hobbit-like protein homologous to SABRE and KIP proteins (see 

section 1.4.2). The APT1 region is composed of seven β-strands that form the C-terminal part of the 

hydrophobic tunnel and of an α-helix perpendicular to the axis of the rod (Figure 29G). 

Despite being part of the hydrophobic tunnel, the APT1 regions from yeast ScVPS13 and human 

HsVPS13A have been reported to bind phosphoinositides (PI(3)P for ScVPS13 and PI(3)P and PI(5)P 

for HsVPS13A) (Kolakowski et al., 2020; Rzepnikowska et al., 2017) (Figure 29G). Similarly, the 

APT1 region of yeast ATG2 also binds PI(3)P (Kaminska et al., 2016). Interestingly, the I2771R 

mutation in HsVPS13A, situated in the second last β-strand at the C-terminal end of the hydrophobic 

tunnel, drastically reduces the ability of the APT1 region to bind PI(3)P and the structurally equivalent 

mutation in ScVPS13 had a similar effect (Rzepnikowska et al., 2017). These observations suggest that 

the C-terminal end of the hydrophobic tunnel might specifically bind to phosphoinositides to regulate 

its localization. Why this part of the protein would bind specifically to phosphoinositides, however, 

remains to be clarified. In fact, the APT1 region is structurally very similar to any part of the 

hydrophobic tunnel which could have the exact same binding properties. Lipid binding assays performed 

with N-terminal parts of the tunnel have shown an enrichment in PE and PC, but not in phosphoinositides 

 

Figure 30 Domain organization and RoseTTAFold structure prediction of AtVPS13M1 protein. The light grey 

square represent single RBG domains. Sections of 1200 amino acid residues were submitted to the 

RoseTTAFold server. The other overlapping fragments are not shown. It is noteworthy that all the additional 

canonical and non-canonical functional domains protrude from the hydrophobic tunnel, presumably to avoid 

disturbing the lipid transport function and to facilitate interaction with partners. PH: pleckstrin homology 

domain, FFAT: two phenylalanines in an acidic tract motif, VAB: VPS13 adaptor binding domain, ATG2_C: 

Autophagy-related protein 2 C-terminus homology domain. 
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(Kumar et al., 2018). Thus, different parts of the hydrophobic tunnel might have different lipid binding 

affinities. 

1.5.7 Non-canonical functional domains 

1.5.7.1 Ubiquitin-associated and carbohydrate-binding domains 

Many non-canonical VPS13 domains seem to be associated to ubiquitination, carbohydrate binding, or 

both (Levine, 2022) (Figure 27). The ubiquitin-associated (UBA) domain found in HsVPS13D is a 

poly-ubiquitin-binding domain implicated in the recognition of degradation targets (Wilkinson et al., 

2001). The WWE motif-containing domain (hereafter WWE domain) is found in HsVPS13A and 

HsVPS13C. In HsVPS13C, the WWE domain is inserted between β-strands of the APT1 region by 

forming an outpocketing (Cai et al., 2022). The WWE domain is known to bind to poly-ADP-ribosylated 

(PARsylated) proteins and is often found in proteins implicated in the ubiquitination of PARsylated 

proteins (N. Li & Chen, 2014). The domain folding into a β-helix is exclusively found in Arabidopsis 

AtVPS13M1 and M2 proteins (Figure 27 & Figure 30). It is present in carbohydrate-binding and 

processing proteins, notably in the plant-specific pectate lyases (Ciccarelli et al., 2002; Zheng et al., 

2021). Another domain that could be associated with carbohydrate binding is the β-sandwich (or β-

jellyroll) fold in HsVPS13B (Guillén-Samander & De Camilli, 2022; Levine, 2022). It has been 

proposed to have a carbohydrate binding function because of its similarity with carbohydrate-binding 

domains from the α-N-acetylglucosaminidase family, even though such a fold could also have other 

functions given its similarity with discoidin domains implicated in collagen binding (Levine, 2022). A 

ricin-type lectin domain has also been identified in both HsVPS13D and AtVPS13X, which presumably 

folds into a β-trefoil. Ricin-type lectins bind to surface glycans (Cummings & L. Schnaar, 2015). 

Altogether, this first collection of non-canonical VPS13 domains suggests that VPS13 proteins have 

acquired novel localization/interaction determinants allowing them to diversify their cellular functions. 

Notably, some VPS13 proteins seem to be associated with ubiquitination, which is consistent with the 

putative role of HsVPS13D in mitophagy (Anding et al., 2018). 

1.5.7.2 Additional membrane binding domains are found in plant VPS13 proteins 

Other non-canonical domains are expected to associate to membranes. A C2 domain has been identified 

in AtVPS13M1 and M2 (Figure 30). C2 domains target membranes with a low lipid selectivity in a 

Ca2+ dependent manner (Corbalan-Garcia & Gómez-Fernández, 2014). Interestingly, AtVPS13M2 

lacking the C2 domain loses its localization at pollen tube tips and leads to decreased pollen germination 

and growth rates, two processes that heavily depend on Ca2+ signaling (Tangpranomkorn et al., 2022). 

This suggests that the plant VPS13 C2 domains are Ca2+-dependent membrane localization 

determinants. Another domain folding into a β-tripod is also present in AtVPS13M1 and M2. This 

domain is usually annotated as VPS62 in standard domain prediction tools. The β-tripod fold is also 

found in human perforins and plant insecticidal proteins that interact with target membranes to allow 
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pore formation (Zaitseva et al., 2019). The presence of three and two β-tripod domains in respectively 

AtVPS13M1 and M2 suggests that they might be important localization determinants, even though their 

targeting mechanism is unknown. 

1.5.8 Reading the complexity of VPS13 localization determinants 

The huge diversity of localization determinants coexisting in VPS13 proteins makes it difficult to 

anticipate its localization just by looking at its domain arrangement. The fact that VPS13 proteins are 

localized at almost all organelles and contact sites indicates that the regulation of their localization is 

highly complex and precise. 

It seems that many localization determinants respond to signals transiently appearing in the cell 

depending on the physiological conditions, like the binding of the VAB domain to its adaptors or the 

binding of the PH-like domain to either proteins or PIPs. Others seem to bind to membranes in a more 

passive way like the ATG2_C amphipathic helices, maybe to stabilize specific interactions that would 

otherwise be transient. We hypothesize that all the localization determinants of VPS13 proteins compete 

with each other at all times and that the observed localization in particular conditions is the result of the 

integration of all the localization signals received by the protein at a given time. The current hypothesis 

is corroborated by the fact that all the known localizations of yeast and human VPS13 proteins have not 

all been discovered at once but rather successively and often in different growth conditions or cell types. 

1.6 VPS13 lipid transport mechanism and directionality 

Even though the general structure of VPS13 proteins has already been well investigated, the exact 

molecular mechanisms by which lipids are extracted from the membrane, loaded and transported 

through the hydrophobic tunnel is still unknown.  

Given the absence of full-length experimental structure, it is hard to determine the mode of lipid binding 

by VPS13 proteins. However, a crystal structure of the residues 21-240 (corresponding to a slightly 

extended Chorein_N domain) of Saccharomyces pombe ATG2 bound to PE has been obtained (Osawa 

et al., 2019). The fatty acyl chain in sn-1 position forms hydrophobic interactions with the hydrophobic 

lining of the β-sheets composing the bottom of the cavity. The fatty acyl chain in sn-2 position, however, 

only engages into weak interactions with the hydrophobic surface, maybe resulting from the structural 

incompleteness of the protein fragment. Interestingly, the phosphoethanolamine moiety does not form 

any specific contacts with the protein except for the Arg224 that forms a salt bridge with the phosphate 

group, thus suggesting a molecular basis for nonspecific lipid transport by Chorein_N containing RGB 

proteins. Given the high degree of conservation between the N-terminal domains of VPS13 and ATG2 

proteins, it is probable that both engage similar modes of binding with phosphoglycerolipids. How the 

lipids interact inside of the tunnel in the rest of the protein remains unknown given the lack of structural 

data. But since RBG proteins are composed of a repetition of a structural unit resembling the crystallized 
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domain by (Osawa et al., 2019), it is tempting to speculate that a similar mode of binding is used all 

along the hydrophobic tunnel. 

The desorption of a lipid molecule from a lipid bilayer is the limiting step of non-vesicular lipid transport 

as it is thermodynamically highly unfavorable (Somerharju, 2015). VPS13 proteins do not possess any 

apparent lipid selection or loading domain. It is therefore probable that they associate with other proteins 

to achieve this task. ATG2 has been shown to associate with ATG9, TMEM41B and VMP1 lipid 

scramblases (Ghanbarpour et al., 2021; Matoba et al., 2020). Recently, it has been shown that ScVPS13 

and HsVPS13A respectively associate with Mcp1p and XK, two lipid scramblases, and that mutation of 

XK results in neurodegenerative disorders similar to HsVPS13A (Adlakha et al., 2022; Guillén-

Samander et al., 2022; John Peter et al., 2017; Park et al., 2022; Park & Neiman, 2020). Furthermore, 

ATG9, TMEM41B and VMP1 are required for autophagy and localize to sites of autophagosome 

biogenesis (Y. E. Li et al., 2021; Maeda et al., 2020; Matoba et al., 2020; Melia & Reinisch, 2022). 

Scramblases are transmembrane proteins that flip lipids from one membrane leaflet to another in a 

passive way hence leading to the equilibration of lipids across a membrane bilayer. On the one hand, 

scramblases might favor the passive lipid transport activity of VPS13 and ATG2 proteins by dissipating 

the huge amount of lipids arriving at the cytosolic layer to the luminal layer (Leonzino et al., 2021; 

Melia & Reinisch, 2022). On the other hand, VPS13 and ATG2 proteins might take advantage of this 

mechanism during which the lipid is desorbed from the lipid bilayer to directly load or unload the lipid 

in or from their hydrophobic cavity. This hypothesis is supported by the recent imaging of the ATG2A-

ATG9A complex by cryo-EM and the discovery of both interaction sites by hydrogen-deuterium 

exchange MS (HDX-MS) (van Vliet et al., 2022). This study suggests the existence of a direct path 

allowing the transfer of lipids from the cavity of ATG2A to a hydrophobic path on the ATG9A trimer 

to finally be inserted in the autophagosome membrane. A similar mechanism might function at the donor 

membrane to load lipids into the protein. A molecular dynamics study revealed an alternative model in 

which both ends of human VPS13 proteins directly insert into the membranes (Dall’Armellina et al., 

2023). At their C-terminal ends, the amphipathic helices of the ATG2_C domain are deeply inserted 

into the membrane and disturb the cytosolic lipid layer which could promote lipid insertion. 

Most processes in which VPS13 proteins are implied require a directional flow of lipids. However, 

neither VPS13 proteins nor their associated lipid scramblases actively transport lipids rising the question 

of how lipid transport directionality is achieved in RBG proteins. Mathematical modelling showed that 

a difference in membrane tension between donor and acceptor membranes is theoretically sufficient to 

generate a biologically relevant bulk lipid flow through bridge-like LTPs (Y. Zhang et al., 2022). Since 

high membrane tension generates a pulling force and low membrane tension is indicative of an excess 

of lipids, lipid flow occurs from low to high membrane tension areas. One way to decrease the tension 

in a membrane is by synthesizing lipids. Interestingly, the lipid synthesis machinery is enriched at ER 

contact sites (Kannan et al., 2017; Schütter, 2020) and PC newly synthesized in the ER is preferentially 
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transported to the autophagosomal membranes (Orii et al., 2021). This suggests that bulk lipid transport 

by ATG2 might be coupled to the lipid synthesis machinery in the ER (Lees & Reinisch, 2020; Noda, 

2021). Another way to create a tension gradient is by increasing membrane tension in the acceptor 

membrane. Morphological changes and constraints induced by cytoskeleton movements are known to 

induce variations in membrane tension (Fogelson & Mogilner, 2014). The cytoskeleton plays important 

roles in almost all the stages of autophagosome biogenesis (Kast & Dominguez, 2017; Kruppa et al., 

2016). Thus, it is possible that cytoskeletal components generate tension in the nascent autophagosome 

by pulling or inducing curvature in the autophagosomal membranes, creating a tension gradient between 

donor and acceptor membranes (Y. Zhang et al., 2022). 

1.7 VPS13 proteins in plants 

Almost nothing is known about VPS13 plant homologs. In Arabidopsis thaliana, three putative VPS13 

homologs have already been previously identified (Michaud et al., 2017; Velayos-Baeza et al., 2004). 

In fact, the three unknown proteins (At4g17140, At1g48090 and At5g24740) harbor the four canonical 

VPS13 accessory domains. In a previous publication, we proposed to rename At4g17140, At1g48090 

and At5g24740 respectively AtVPS13A, B and C (Leterme & Michaud, 2022). The fourth Arabidopsis 

VPS13 protein (At3g50380) was only recently identified and the functional domains of all four plant 

VPS13 proteins were thoroughly described (Levine, 2022). At4g17140 and At1g48090 harbor many 

non-canonical accessory domains that are found neither in yeast nor in humans, are almost identical in 

terms of domain organization and were therefore renamed AtVPS13M1 and AtVPS13M2 (“M” for 

multiple), respectively. At5g24740, which was initially identified as SHRUBBY (Koizumi & Gallagher, 

2013), harbors a canonical domain organization and was renamed AtVPS13S (“S” for SHRUBBY). 

At3g50380 lacks the C-terminal PH domain which is replaced by a bundle of amphipathic helices and 

has an atypical RBG domain arrangement suggesting an early evolutionary divergence from the other 

plant VPS13 proteins (Levine, 2022). At3g50380 was therefore renamed AtVPS13X. 

The conservation of the canonical domains involved in VPS13 protein targeting in yeast and mammals 

suggests that plant VPS13 proteins are also associated to multiple cell compartments and MCSs. 

However, it is noteworthy that Arabidopsis VPS13 proteins present differences in their domain 

organization and harbor non-canonical domains that are found neither in yeast, nor in humans. This 

suggests a higher complexity in the plant VPS13 protein localization pattern, functions and regulation 

that might be specifically required for plant cell physiology. 

AtVPS13M1/At4g17140 was identified in the mitochondrial outer membrane proteome of Arabidopsis 

thaliana (Duncan et al., 2011). Even though the GFP fusions of the 200 N-terminal and C-terminal 

amino acid residues failed to give a consistent localization, this study gives a first hint for the potential 

mitochondrial localization of AtVPS13M1. AtVPS13M1 was also found in the Arabidopsis thaliana 

mitochondrial complexome and migrated at a molecular weight of 650 kDa on BN-PAGE (Senkler et 
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al., 2017). An FFAT motif localized in the N-terminal region of AtVPS13A was also identified, 

suggesting an association with the ER membrane (Slee & Levine, 2019). Furthermore, AtVPS13M1 

was identified in our lab in a co-immunoprecipitation with AtTOM40-HA linking this protein to 

mitochondria and to the MTL complex. Here, we characterize AtVPS13M1, a VPS13 homolog in 

Arabidopsis thaliana. Our objectives are 1) to describe the structural and domain evolution of plant and 

algae VPS13 proteins, 2) to identify the different AtVPS13M1 splice variants and their abundance, 3) 

to analyze its subcellular localization, 4) to investigate AtVPS13M1 lipid binding and transport 

properties and 5) to characterize its role in lipid homeostasis, plant growth and development using T-

DNA insertion lines. 
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2 Results 

2.1 Co-immunoprecipitation using Tom40-HA as bait identifies 

At4g17140/AtVPS13M1 as a possible interactant 

The MTL complex plays a role in intramitochondrial trafficking and possibly projects to other 

membranes to establish a direct lipid import and/or export route to and/or from mitochondria (Michaud 

et al., 2016). Before I started my PhD, Morgane Michaud and Catherine Albrieux took a co-IP approach 

to identify possible MTL complex interactants localized in extramitochondrial compartments 

(unpublished results). To this end, AtTOM40, one of the core components of the MTL complex localized 

on the OMM, was C-terminally fused to an HA epitope and co-IPs were performed using anti-HA beads 

on DSP-crosslinked mitochondria with Col0 lines as a control. Proteomic analysis was used to determine 

the proteins significantly enriched in the AtTOM40-HA co-IP elution fractions compared to Col0. 

As expected, the most enriched proteins were other well known components of the TOM complex 

(TOM20, TOM5, TOM7,...). Interestingly, one of the identified proteins was At4g17140, which is 

annotated as a pleckstrin homology (PH) domain-containing protein in the TAIR database and as 

containing VPS13 domains in InterPro. At the time of this discovery, the role of VPS13 proteins in lipid 

transport was still unsure but highly suspected. This protein had also been found in the outer 

mitochondrial membrane proteome (Duncan et al., 2011) and complexome (Senkler et al., 2017). Thus, 

At4g17140 seemed to be an interesting candidate as a lipid transporter at the mitochondrial membrane. 

2.2 Long read sequencing reveals AtVPS13M1 real splice variant composition and 

abundance 

The At4g17140/AtVPS13M1 gene has three predicted splice variants in the TAIR10 Arabidopsis 

genome database. These three variants differ from each other in four regions (Figure 31A). 

Interestingly, two of these regions are located in presumably important domains for AtVPS13M1 

localization, namely the N-terminal PH domain and the VAB domain. This suggests that AtVPS13M1 

localization could be influenced by the expression of different splice variants. 

AtVPS13M1 is encoded by a huge nucleic acid sequence: 23 kb in genomic DNA and 13 kb in coding 

DNA. During the AtVPS13M1 cloning process, we found that the sequences we obtained were not 

entirely matching the sequence of any of the predicted splice variants. The biggest difference was 

observed in the fourth variable region situated in the VAB domain. Furthermore, other variable regions 

were arranged chimerically even though they were in agreement with the predicted splice variant 

sequences. 
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To get more insight in the real arrangement of the variable regions, in the relative quantity of the different 

splice variants and in a potential differential splice variant expression in Pi deplete and replete 

conditions, we decided to take a long read sequencing approach, which addresses all of these questions 

simultaneously. We collaborated with the IGFL (Institut de Génomique Fonctionnelle de Lyon) 

sequencing platform to perform long read sequencing using the Nanopore technology. This approach is 

 

Figure 31 (A) Position of the four predicted variable regions of At4g17140/AtVPS13M1 mRNA according to 

TAIR10 reference genome. The protein sequence alignments of the variable regions are shown. The range of 

the PCR performed for long read sequencing and spanning over 7600 bp is indicated above. Note that two of 

the predicted variable regions are located in domains presumably important for VPS13 protein localization. 

(B) RNA extraction profiles from Arabidopsis calli. Four biological replicates (Repl. 1-4) of calli grown in 

presence and absence of phosphate (Pi) were subjected to RNA extraction. Electrophoresis on 2% agarose gels 

reveals that the RNAs are of excellent quality: the 28S band is twice as intense as the 18S band, no degradation 

is visible and small amounts of gDNA co-purified with the RNAs (see band above 28S). The contaminating 

gDNA was removed by DNAse treatment prior to cDNA generation. (C) Long range PCR optimization on 

cDNAs generated from the extracted RNAs. Several annealing temperatures (Tm) and PCR cycle numbers 

were tested to finally obtain a specific amplification of the 7600 bp fragment of interest. (D) Representation 

of the five splice variants identified by long read sequencing. Grey squares indicate AtVPS13M1 exon 

distribution. The map of the corresponding protein domains is drawn on top. Red squares indicate the absence 

of intron splicing. Orange squares represent the newly annotated exons 49 and 50 with the correct exon 

borders. The red arrow represents the position of a missing T nucleotide in the TAIR10 genome. The 

abundance of the different identified isoforms is indicated on the right. 
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particularly well suited for our biological questions because of its high processivity enabling the 

uninterrupted reading of very long sequences and because of its quantitative nature. However, high 

processivity comes with the drawback of higher error rates. Therefore, a greater depth of sequencing is 

necessary to obtain high accuracy, which can be achieved by amplifying the transcript of interest by 

PCR. 

Four biological replicates of Arabidopsis calli were grown in presence or absence of Pi and the RNAs 

from calli in each condition were extracted. The presence of clear 28S and 18S bands and the absence 

of degradation show that the RNAs are of excellent quality (Figure 31B). cDNAs were then generated 

for each sample. Since until now we were not successful in amplifying the full-length cDNA, a PCR 

covering 7600 bp including all the regions predicted to be variable was run on each cDNA sample 

(Figure 31A). This PCR necessitated extensive troubleshooting as the fragment of interest was 

accompanied by contaminant fragments. These were probably due to off target amplification events as 

their appearance were dependent on the annealing temperature and number of PCR cycles (Figure 31C). 

Such difficulties have also been encountered previously for the amplification of the HsVPS13B gene 

during a splice variant analysis (Velayos-Baeza et al., 2004). The PCR protocol was further optimized 

by our collaborators who designed additional primers and bead-purified the fragment of interest. Given 

the encountered technical difficulties, long-read sequencing was performed on two Pi replete and two 

Pi deplete samples, which gave the highest quantity of fragment of interest. Nanopore sequencing and 

raw data analysis were entirely realized by our collaborators. 

To identify biologically relevant splice variants, only the reads containing the used PCR primers at each 

end and having a length ranging from 5 kb to 9 kb were selected for analysis. Furthermore, only the 

splice variants representing more than 1% of the total reads were retained. This method enabled to 

identify 11 new splice variants for AtVPS13M1. Interestingly, all the isoforms were equally distributed 

between +Pi and –Pi conditions, suggesting that AtVPS13M1 is not differentially spliced upon 

phosphate starvation. 

After an independent verification based on a BLAST method, five isoforms were identified as probable 

artefacts. Hence, six splice variants were retained and named isoforms A, D, E, G, I and J, respectively 

(Figure 31D). The isoform A is the most abundant representing alone 91.8% of the total reads and was 

therefore taken as a reference for the description of the other isoforms. Consistently, the sequence of 

isoform A corresponds to the sequence we cloned for further downstream applications. Each of the other 

isoforms differs from the isoform A by an unspliced intron either leading to the addition of aa residues 

in frame or to a frameshift. Strikingly, out of the five other transcript isoforms, only one encodes a full-

length protein (isoform G) while the others encode premature STOP codons (Figure 31D). Interestingly, 

the isoform J contains a STOP codon that is in frame with the rest of the sequence. Surprisingly, the 

sequencing results revealed that the borders of the exons 49 and 50 situated in the fourth variable region 
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are misannotated in the reference genome (Figure 31D and Figure 32). In addition, our new sequences 

show that AtVPS13M1 reference coding sequence is lacking a T base at position 17 508 of the gDNA 

starting at the START codon. Both the misannotated exon borders and the additional T base were 

observed in all the newly identified splice variants (Figure 31D and Figure 32). 

A previous study already identified two new isoforms for the At4g17140/AtVPS13M1 gene, which were 

named isoforms A and B and will be referred to as isoforms A’ and B’ hereafter to avoid confusion with 

our naming system (S. Zhang et al., 2020). The sequences of both isoforms A’ and B’ confirm our new 

exon borer annotations for the exons 49 and 50 (Figure 32). However, the missing T base in the 

reference genome discovered by our study is also missing in both A’ and B’ isoforms, inevitably leading 

to a frameshift and the appearance of early STOP codons. Apart from the missing T, the isoform A’ 

 

Figure 32 Redefined borders of exons 49 and 50 of At4g17140/AtVPS13M1 gene. The original reference 

genome exon annotation is represented by grey boxes. The reannotated exons, here 49’ and 50’, are depicted 

in orange. The sequence alignments represent the right border of exon 49 and the left border of exon 50. All 

sequences have been aligned on the reference gDNA. At4g17140.1, .2 and .3 are the three predicted splice 

variants cDNA sequences. Zhang A’ and Zhang B’ are the isoforms as described by Zhang et al. 2020. Note 

the missing T base in the reference genome and in the two previously identified Zhang A’ and Zhang B’ 

sequences. 
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corresponds to our isoform A, thus confirming our results. The isoform B’ likely corresponds to our 

isoform D. However, the isoform B’ diverges from the reference genome and from our isoforms in two 

ways: 1) a 4 nt insertion just after exon 13 creates a frameshift and generates early STOP codons and 2) 

an 8 nt deletion at the end of exon 48, which also leads to a frameshift. Neither difference is discussed 

by the authors. These differences could be due to intrinsic sequencing errors as Zhang et al. based their 

splice variant identification on direct RNA sequencing using the Oxford Nanopore technology and 

reported a total of three and one reads for the isoforms A’ and B’, respectively. 

To verify the biological existence of the identified isoforms, we performed diagnostic PCRs on the 

fragment amplified for long-read sequencing. For each isoform, two different PCRs were performed 

(Figure 33): 1) a PCR using primers annealing in two consecutive exons framing the possibly unspliced 

intron (PCR1) and 2) a PCR using one primer that anneals in the preceding exon and one that anneals 

inside the possibly unspliced intron (PCR2). PCR1 confirmed the existence of the isoform A exon 

arrangement as the predicted PCR fragments were observed at their expected size. PCR2 in turn 

confirmed the existence of the exon arrangement suspected in the five other isoforms. The control PCR 

(Ctrl) which corresponds to PCR2 with a right border primer annealing in an intron predicted to be 

spliced in all the isoforms confirmed that the method is valid as no amplification was observed. Thus, 

we confirm that the isoforms identified by long-read sequencing correspond to biologically existing 

transcripts and did not emerge through sequencing artefacts. 

Altogether, our results provide a robust identification of six AtVPS13M1 splice variants. We show that 

isoform A is the major splice variant in calli that codes for a 4202 aa residues long protein, we reannotate 

the borders of exons 49 and 50 and identify a missing T in the reference genome. Given its abundance 

and ability to code for a full-length protein, the isoform A is likely biologically relevant. Whether the 

other identified splice variants also have a biological role or result from intron splicing defects is 

unknown and will have to be investigated. 

 

Figure 33 Diagnostic PCRs to confirm the existence of the AtVPS13M1 isoforms identified by long-read 

sequencing. The control PCR (Ctrl) corresponds to PCR2 with a right border primer annealing in an intron 

predicted to be spliced in all the isoforms. 
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2.3 AtVPS13M1 subcellular localization 

Determining the localization of VPS13 proteins is essential to understand their function. Since the full-

length AtVPS13M1 gene remains recalcitrant to cloning, determining its subcellular localization 

 

Figure 34 Representation of the different AtVPS13M1 regions and domains (fragments) cloned for BiFC and 

localization studies. The exact coordinates of the cloned fragments (in amino acids from the beginning of the 

protein) are indicated on the right. 
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becomes challenging. Two different approaches were tested: 1) transient expression of different sub-

parts (also called fragments) of AtVPS13M1 fused to GFP in a heterologous system and 2) production 

of a polyclonal antibody directed against AtVPS13M1 immunogenic peptides. 

2.3.1 Different regions of AtVPS13M1 protein localize to the endoplasmic reticulum 

VPS13 proteins harbor a vast set of localization determinants distributed over the whole length of the 

protein that perceive and integrate various localization signals to direct the full-length protein to its final 

subcellular localization. The huge size of VPS13 proteins and the high number of domains potentially 

able to associate to organelle membranes poses complex problems in the dissection of the localization 

signal integration. Given the absence of full-length AtVPS13M1 clone, we set out to understand the role 

of different regions and domains of the protein in its localization. To do so, 16 different AtVPS13M1 

fragments have been C-terminally fused to GFP (Figure 34), transiently expressed in Nicotiana 

benthamiana and visualized by fluorescence confocal microscopy in Nicotiana benthamiana leaves 

(Figure 35 and Figure 36). Some longer fragments cover large areas of the protein to get as close as 

possible to the native localization. Other smaller fragments cover narrow regions or individual domains 

to better understand their specific role in AtVPS13M1 localization. 

All the AtVPS13M1 fragments were transiently expressed under the control of the CaMV 35S promoter 

in Nicotiana benthamiana using the agroinfiltration technique (see materials and methods). To identify 

their expected association with the ER and/or mitochondria, they were co-expressed with an ER marker 

(ER-RFP) and/or a mitochondrial marker (mito-YFP) (Figure 35 and Figure 36). The three biggest 

fragments, AtVPS13M1 Nt+mid, mid and Ct, all co-localized with the ER marker. This was not 

completely unexpected as the Nt+mid and mid fragments carry a FFAT motif known to interact with 

ER-bound VAPs. Most surprisingly, all the other fragments also clearly localized to the ER upon 

expression. An ER localization was expected for some of the fragments like the FFAT or the fragments 

containing the Chorein_N domain as it has previously been shown to associate with the ER in yeast (T. 

S. Nakamura et al., 2021), but the fact that all fragments are ER-localized raises questions about the 

reliability of our expression system. To verify that the linker constituted of five aa between the fragment 

of interest and GFP has no influence on the observed localizations, we expressed GFP alone and GFP 

with the linker in the same conditions. Both constructs had a cytosolic localization, suggesting that the 

ER localization is due to the fragments alone (Figure 37B). The PH_Nt and β-tripod-containing 

fragments also exhibited localizations additional to the ER (Figure 37A). PH_Nt also localized inside 

the nucleus and all the fragments containing a β-tripod domain had a partial cytosolic localization and 

accumulated in the nucleus. The second central β-tripod (β-tripod.2) and the two linked central β-tripods 

(β-tripod.1+2) additionally accumulated in what seems to be the nucleolus. Whether these nuclear 

localizations are specific or due to the diffusion of the overexpressed constructs is not known. 
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Figure 35 Localization of AtVPS13M1 fragments transiently expressed in Nicotiana benthamiana. Different 

regions and domains of AtVPS13M1 were C-terminally fused to GFP and transiently expressed in Nicotiana 

benthamiana leaves under the control of 35S promoter. AtVPS13M1 fragments are depicted as cartoons on 

the left under their given name (see Figure 34). AtVPS13M1 fragments were transiently co-expressed with 

an ER marker (ER-RFP) and/or with mitochondrial marker (Mito-xFP). The mitochondrial marker is either 

mito-YFP or mito-RFP only for AtVPS13M1 Nt and FFAT. N/A signifies that the subcellular marker was not 

co-expressed. Scale bars 5 µm. See Figure 36 for the other fragments. 
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Figure 36 (Figure 35 continued) Localization of AtVPS13M1 fragments transiently expressed in Nicotiana 

benthamiana. Different regions and domains of AtVPS13M1 were C-terminally fused to GFP and transiently 

expressed in Nicotiana benthamiana leaves under the control of 35S promoter. AtVPS13M1 fragments are 

depicted as cartoons on the left under their given name (see Figure 34). AtVPS13M1 fragments were 

transiently co-expressed with an ER marker (ER-RFP) and/or with mitochondrial marker (Mito-xFP). The 

mitochondrial marker is mito-YFP or mito-RFP only for AtVPS13M1 Nt and FFAT. N/A signifies that the 

subcellular marker was not co-expressed. Scale bars 5 µm. See Figure 35 for the other fragments. 
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Figure 37 (A) AtVPS13M1 fragments C-terminally fused to GFP and transiently expressed in Nicotiana 

benthamiana that have a localization other that the ER. AtVPS13M1 fragments are depicted as cartoons on 

the left under their given name (see Figure 34). AtVPS13M1 fragments were transiently co-expressed with 

an ER marker (ER-RFP) and with mitochondrial marker (Mito-YFP). N/A signifies that the subcellular marker 

was not co-expressed. (B) Controls for the localization experiment. GFP alone and GFP fused to the linker (5 

amino acids) present between the AtVPS13M1 fragments and GFP were transiently expressed. Both reveal a 

cytoplasmic localization. (C) Localization control of ER-and mitochondrial markers without AtVPS13M1 

fragments. Scale bars 5 µm. 
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In some cases, the ER marker accumulates at the vicinity of mitochondria, which led us to hypothesize 

that the overexpression of some fragments may lead to a tighter ER-mitochondria association (Figure 

36; e.g. ATG2_C). However, when we co-expressed the ER and mitochondrial markers without 

AtVPS13M1 fragment, these accumulations could also be observed (Figure 37C). In fact, this is a 

general phenomenon presumably due to the harsh transient overexpression system that affects the 

structural integrity of the ER. 

The observation of such a broad ER localization is puzzling. Since AtVPS13M1 harbors many 

hydrophobic surfaces, it could be that most fragments specifically associate to membranes, in this case 

the ER. An alternative hypothesis could be the absence or insufficiency of protein partners for 

Arabidopsis AtVPS13M1 in Nicotiana benthamiana leading to its accumulation at the ER. Further 

investigation in stable Arabidopsis lines will be needed to decipher the native localization pattern of 

AtVPS13M1. 

2.3.2 Anti-AtVPS13M1 polyclonal antibody production 

In the hope to get insight on the native localization of AtVPS13M1 by immunostaining and immunogold 

EM, we set out to generate specific antibodies against our protein of interest. Rabbits were inoculated 

with two immunogenic peptides recommended by the company in charge of the production for their 

high antigenicity prediction (Figure 38A). 

The purified antibodies were applied on Col0 protein extracts to test their specificity and efficiency. 

Unfortunately, no signal could be detected in standard Western blot conditions (see materials and 

methods). Given the huge size (470 kDa) and hydrophobic nature of AtVPS13M1, we hypothesized that 

either the protein cannot be efficiently extracted and solubilized in the total protein fraction, or that the 

protein is not correctly transferred on the nitrocellulose membrane. To test this, proteins were extracted 

using different harsh denaturing and reducing conditions, run on an acetate gel for 3 hours to increase 

resolution and protein penetration, transferred for 2h on a nitrocellulose membrane and revealed with 

an increased antibody concentration after BSA saturation to increase the signal (Figure 38B). A faint 

band appeared at very high molecular sizes which could correspond to AtVPS13M1. However, this 

signal is minor compared to the bands appearing around 37 kDa. Multiple faint bands can also be 

observed at intermediate molecular sizes, further suggesting that the antibody has high off-target 

activity. 

Since the antibody tests on total protein extracts were not sufficient to determine the identity of a 

potential AtVPS13M1 recognition, we set out to identify their efficiency by expressing two 

AtVPS13M1 fragments (fragment 1 and fragment 2) in a bacterial cell free system. Each fragment 

contains one of the two immunogenic peptides and both are fused to a His6 tag (Figure 38A). The anti-

AtVPS13M1 antibodies recognized several bands of different sizes for both fragments (Figure 38C). 

We used the His6 tags to specifically recognize our constructs. The identities of both fragments are 
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highlighted by the anti-His immunoblot, which allows their recognition on the anti-AtVPS13M1 

immunoblot (Figure 38C). Hence, the anti-AtVPS13M1 antibodies are indeed able to recognize the 

selected epitopes but exhibit high off target activity in the tested conditions. Thus, it is probable that the 

specificity and efficiency is too low to perform immunostaining or immunogold EM experiments. 

2.4 Analysis of AtVPS13M1 interactions with other proteins of interest using rBiFC 

and classic BiFC 

AtVPS13M1 was initially identified because it co-precipitated with AtTOM40-HA, suggesting that 

AtVPS13M1 interacts with the mitochondrial outer membrane and probably with the TOM complex. 

We decided to confirm this interaction by ratiometric bimolecular fluorescence complementation 

(rBiFC) which is adapted from the standard BiFC technique (Grefen & Blatt, 2012). rBiFC allows to 

express both the bait and the prey on the same plasmid as well as a cytosolic RFP that allows the 

standardization of the rBiFC signal between different cells and different constructs. Since TOM40 is 

deeply embedded in the outer mitochondrial membrane, we chose to use one of the receptors of the 

TOM complex, TOM20.2, as bait in our experiment because of its large soluble domain protruding in 

 

Figure 38 Anti-AtVPS13M1 antibody production. (A) Position of the two selected immunogenic peptides for 

the anti-AtVPS13M1 antibody production. Both immunogenic peptides were inoculated into rabbits once a 

week for 42 days. The antibodies were affinity-purified against the peptides after serum collection. Two 

AtVPS13M1 fragments containing the immunogenic peptides were obtained to verify the specificity and 

efficiency of the antibodies. (B) Antibody specificity and efficiency tests on Arabidopsis calli total protein 

extracts. Different protein extraction buffers were tested to optimize AtVPS13M1 solubilization and transfer: 

buffer B1 (Tris-HCl pH8 50 mM, EGTA 2 mM, NaCl 100 mM, DTT 1 mM, glycerol 5% (v/v), PMSF 1 mM, 

protease inhibitors), buffer B1 + Triton 1% (w/v), buffer B1 + n-dodecyl β-D-maltopyranoside (DDM) 1.5% 

(w/v) and buffer B2 (8M urea, Tris-HCl 50 mM pH6.8, EDTA 1mM, PMSF 1 mM, SDS 0.1% (v/v), caproic 

acid 5 mM, benzamidine 1 mM, DTT 1 mM). Anti-AtVPS13M1 purified antibodies were added to a final 

concentration of 0.2% (v/v). (C) Western blots on the AtVPS13M1 fragments that contain the immunogenic 

peptides. Both fragments were produced using a bacterial in vitro translation system. Immunoblots were 

revealed with anti-AtVPS13M1 (0.2% (v/v) dilution) and anti-His antibodies. Red stars indicate the band 

identified as AtVPS13M1 fragment. 
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the cytosol. The constructs were transiently expressed in Nicotiana benthamiana leaves using the 

standard agroinfiltration technique (see materials and methods). 

TOM20.3, another receptor subunit of the TOM complex, was used as positive control and its co-

expression with TOM20.2 generated a YFP signal that localized to mitochondria, as expected (Figure 

39A & B). TOM20.2 co-expression with CBR1, an outer mitochondrial membrane protein that is not 

part of the TOM complex and thus used as negative control, gave a significantly lower YFP signal just 

above detection limit. Different AtVPS13M1 fragments (AtVPS13M1 Nt, mid and Ct in Figure 34) 

fused to split YFP in both orientations were tested for interaction with Tom20.2. All the tested constructs 

exhibited cytosolic RFP expression, showing that the constructs were indeed present in the imaged cells 

(Figure 39A). Unfortunately, none of the AtVPS13M1 constructs gave YFP signals significantly 

different from the negative control, suggesting that none of them interacts with the TOM complex 

(Figure 39A & B). AtVPS13M1 Nt N-terminally fused to split YFP (nYFP-M1 Nt) gave a slightly 

higher YFP signal than the other constructs but was still not significantly different from the negative 

control (Figure 39B).  

To verify the level of expression at the protein level, we performed Western blot analysis on the 

agroinfiltrated leaves (Figure 39C). The results revealed that 1) the level of RFP expression is not 

constant, 2) there is no correlation between RFP expression and AtVPS13M1 fragment expression and 

3) AtVPS13M1 fragment expression correlates with the YFP signal intensity (see nYFP-AtVPS13M1 

Nt YFP signal and the corresponding protein expression in Figure 39B & C). This was particularly 

worrisome as no correlation between the observed YFP fluorescence and the actual level of expression 

can be made solely by looking at the RFP signal. The reasons for the absence of protein detection for 

AtVPS13M1Ct constructs remain obscure. One reason for the absence of AtVPS13M1 Ct immunoblot 

signal could be its high molecular mass (214 kDa), which is difficult to transfer by Western blot. CBR1, 

however, is small enough to be classically transferred. Since the expression of the bait, prey and RFP 

are all driven by a CaMV 35S promoter, it is possible that the relative expression levels are decorrelated 

due to a topological interaction or steric hindrance. 

To test whether the absence of signal is due to the rBiFC vector, we performed a classic BiFC experiment 

in which the bait and prey are co-expressed from different plasmids (Figure 40A). While the positive 

control gave a clear mitochondrial YFP signal, the negative control CBR1 as well as AtVPS13M1 mid 

and Ct C-terminally fused to split YFP exhibited a non-detectable YFP signal. This further suggesting 

that AtVPS13M1 might not directly interact with the TOM complex. 
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Figure 39 Analysis of the interaction between the TOM complex and AtVPS13M1 by ratiometric bimolecular 

fluorescence complementation (rBiFC) results. (A) Schematic representation of the rBiFC vector used in our 

experiments. The prey and bait can be either N-terminally or C-terminally fused to split YFP, giving four 

different possible combinations. (B) Different AtVPS13M1 fragments (see figure 3) N- or C-terminally fused 

with the N-terminal part of the split YFP were transiently co-expressed in Nicotiana benthamiana leaves with 

TOM20.2 N-terminally fused with the C-terminal part of the split YFP. The RFP reporter indicates the 

presence of the rBiFC construct in the observed cells. TOM20.3 and CBR1 were used as positive and negative 

controls, respectively. Scale bars: 20 µm. (C) Corrected and normalized YFP fluorescence expressed as a 

percentage of the measured RFP fluorescence. For each construct, images were taken randomly from 2 

different leaves from different plants agroinfiltrated on at least two different days. Number of analyzed images 

is indicated above each column. (D) Western blot analysis on protein extracts from agroinfiltrated leaves. 

Western blot membranes were incubated with anti-Myc antibodies (cYFP-Myc-TOM20.2 detection), anti-HA 

antibodies (AtVPS13A fragments-HA-nYFP or nYFP-HA-AtVPS13A fragment detection) and anti-RFP 

antibodies. Red asterisks indicate the detection of expected bands. 
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The rBiFC experiments were carried out in Nicotiana benthamiana, which might have different VPS13 

localization signals than Arabidopsis thus leading to AtVPS13M1 mistargeting. To verify this, we 

adapted a protocol enabling transient expression directly in Arabidopsis leaves (Y. Zhang et al., 2020). 

While the positive control gave a clear YFP signal, none of the AtVPS13M1 fragments tested exhibited 

detectable signals (Figure 40B). 

Altogether, these results suggest that AtVPS13M1 is not directly interacting with TOM20.2 in the TOM 

complex. Given the huge diversity of localization determinants present on AtVPS13M1, its association 

to mitochondria could be mediated by another mitochondrial protein. Since MIRO1/2 has been shown 

to direct HsVPS13D to mitochondria in humans (Guillén-Samander et al., 2021) and that AtMIRO2 co-

 

Figure 40 (A) Analysis of the interaction between the TOM complex and AtVPS13M1 by classic bimolecular 

fluorescence complementation (BiFC). Bait and prey are transiently expressed in Nicotiana benthamiana 

leaves from different plasmids .As for rBiFC, TOM20.3 and CBR1 were used as positive and negative control, 

respectively. (B) rBiFC constructs transiently expressed in Arabidopsis thaliana leaves by a method adapted 

from Y. Zhang et al. 2020. (C) Analysis of the interaction between AtVPS13M1 and MIRO1/2 by rBiFC. The 

constructs were transiently expressed in Arabidopsis thaliana leaves. Scale bars 20 µm. 
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migrates with AtVPS13M1 in the Arabidopsis mitochondrial complexome (Senkler et al., 2017), we 

decided to investigate the interaction between AtMIRO1/2 and AtVPS13M1 fragments. We used the 

rBiFC method to co-express either AtMIRO1 or AtMIRO2 with AtVPS13M1 mid, Ct or VAB. We 

focused on the C-terminal region of AtVPS13M1 because it was shown that the VAB domain is required 

for HsVPS13D recruitment by MIRO1/2 (Guillén-Samander et al., 2021). Unfortunately, no rBiFC 

signal could be detected for any of the tested MIRO1/2-AtVPS13M1 combinations upon transient 

expression in Arabidopsis leaves (Figure 40C). 

2.5 Investigation of AtVPS13M1 in vitro activity 

2.5.1 AtVPS13M1 binds glycerolipids in vitro 

VPS13 proteins are now widely recognized as lipid transport proteins. The N-terminal domain of yeast 

ScVPS13 and human ATG2A have been shown to bind lipids in vitro (Kumar et al., 2018; Valverde et 

al., 2019). Given the high degree of conservation between the AtVPS13M1 and ScVPS13 N-termini, it 

is reasonable to hypothesize that AtVPS13M1 is able to bind lipids as well. To address this question, 

we performed an in vitro lipid binding assay using a purified AtVPS13M1 protein fragment and 

fluorescently labeled lipids. 

2.5.1.1 Purification of AtVPS13M1_1-335 

The in vitro binding experiments required to obtain a purified protein. Since we did not succeed in 

cloning the full-length protein, we concentrated our efforts on purifying the first 335 aa residues of 

AtVPS13M1 (hereafter AtVPS13M1_1-335) and the first 800 aa residues (hereafter AtVPS13M1_1-

800) (Figure 41A). AtVPS13_1-335 is homologous to the crystallized ScVPS13 fragment used for X-

ray diffraction and both AtVPS13M1_1-335 and 1-800 are homologous to a bigger ScVPS13 fragment 

known to bind glycerolipids in vitro in yeast (Kumar et al., 2018). 

We first tried to overexpress AtVPS13M1_1-800 and AtVPS13M1_1-335 in yeast to assess its 

solubility. Since AtVPS13M1_1-335 was poorly expressed in yeast, we concentrated on 

AtVPS13M1_1-800. After total yeast protein extraction, the samples were centrifuged and subjected to 

immunoblotting. AtVPS13M1_1-800 was clearly visible in the total fraction and in the pellet, but not in 

the supernatant indicating that it is not soluble (Figure 41B). Since our goal was to observe a lipid 

binding activity, we could not add detergents to increase the protein fragment solubility. 

Given the difficulties encountered with our yeast expression system and with the bigger fragment, we 

turned to a bacterial in vitro translation system to express AtVPS13M1_1-335. Small-scale preliminary 

tests performed by Lionel Imbert (ISBG, Grenoble) determined that AtVPS13M1_1-335 is mostly 

insoluble. However, approximately 5% of our protein was found in the soluble fraction. Hence, we 

decided to scale-up the in vitro protein production and to purify the soluble part of the protein for further 

downstream applications. The protein of interest was affinity-purified using a standard nickel affinity 

column (Figure 41C). As expected, a huge part of AtVPS13M1_1-335 protein precipitated and was 
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found in the pellet (band at 37 kDa). A small subset of AtVPS13M1_1-335 was found in the elution 

fraction but it co-eluted with a broad array of contaminants of unknown nature (Figure 41C). These 

contaminants are not truncated versions of the protein since the anti-His immunoblot recognized only 

one single band in the elution fraction. Since the contaminants are unlikely to have a structure and hence 

lipid affinity similar to AtVPS13M1_1-335, we decided to use the eluted fraction for downstream 

experiments. 

2.5.1.2 AtVPS13M1 binds phosphoglycerolipids in vitro 

To test the binding capacity of AtVPS13M1_1-335 to isolated glycerolipids, we incubated the elution 

fraction with isolated PC, PE, PS and PA conjugated to a nitrobenzoxadiazole (NBD) fluorophore 

(Figure 42A). After incubation, the protein-lipid samples were run on CN-PAGE and NBD fluorescence 

was read directly from the gel. While for Tom20.3, used as a negative control, no signal is detected for 

any of the NBD-lipids at the corresponding protein size, increasing quantities of AtVPS13M1_1-335 

lead to a concomitant increase in NBD fluorescence, indicating that AtVPS13M1_1-335 interacts with 

 

Figure 41 Purification of AtVPS13M1 fragments for downstream in vitro binding experiments. (A) The first 

335 and 800 amino acid residues of AtVPS13M1 (respectively AtVPS13M1_1-335 and AtVPS13M1_1-800) 

were C-terminally fused to a His6 tag and cloned in yeast or bacterial protein expression vectors. (B) 

Purification tests on AtVPS13M1_1-800 expressed from two different yeast clones. The anti-His immunoblot 

reveals that AtVPS13M1_1-800 is insoluble in these protein extraction conditions. The red arrow indicates 

the hypothetical protein size. (C) Purification process of AtVPS13M1_1-335 expressed in a bacterial in vitro 

translation system. A very small fraction of the protein is soluble and found in the final elution fraction. The 

red arrow indicates the hypothetical protein size. 
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PC, PE, PS and PA in vitro (Figure 42B). In presence of AtVPS13M1_1-335, the NBD fluorescence is 

distributed over a broad range of molecular forming a smeary band. This might be due to a particular 

migration pattern of AtVPS13M1_1-335 protein on CN-PAGE. This could also reflect the dynamic 

binding of a variable number of lipids to AtVPS13M1_1-335, thus generating multiple types of protein-

 

Figure 42 In vitro lipid binding assay. (A) The first 335 amino acid residues of AtVPS13M1 (AtVPS13M1_1-

335) were C-terminally fused to a His6 tag and inserted in a bacterial protein expression vector. After 

purification, the AtVPS13M1_1-335 is incubated with a fluorescently (nitrobenzoxadiazole, NBD) marked 

lipid to determine the lipid binding activity of the protein fragment. (B) AtVPS13M1_1-335 was incubated 

with isolated PC, PE, PS and PA coupled to NBD and samples were run on CN-PAGE. For each NBD-coupled 

lipid tested, NBD fluorescence was measured (left panel) and proteins detected by Coomassie staining (right 

panel). Red stars on the NBD fluorescence panel represent the protein size reported from the Coomassie 

staining. (C) Western blot analysis of AtVPS13M1_1-335 incubated with NBD-PC. Proteins were detected 

with No-Stain™ protein labeling reagent (left panel). NBD-fluorescence was measured directly on gel (middle 

panel). Anti-His immunoblot reveals that the AtVPS13M1_1-335 coincides with the NBD-fluorescence signal 

(right panel). 
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lipid complexes that have different migration properties. The CN-PAGE anti-His immunoblot highlights 

a band that superposes with the NBD fluorescence band (Figure 42C). This strongly suggests that the 

observed lipid binding activity can be attributed to AtVPS13M1 alone, even though it cannot be 

excluded that some contaminants migrate at the same apparent molecular size as AtVPS13M1_1-335 

on CN-PAGE. 

2.6 Identification of four AtVPS13M1 T-DNA insertion knock out mutants 

To investigate the physiological role of AtVPS13M1, we required AtVPS13M1 KO mutants. We 

therefore interrogated the SALK T-DNA insertion databank to find Arabidopsis lines with T-DNA 

insertions in our gene of interest (Alonso et al., 2003). The size of the T-DNA used by Alonso et al. has 

a considerable length and is therefore very likely to disrupt the gene it is inserted in. We identified four 

potential interesting lines with T-DNA insertion sites towards the beginning of the gene to maximize 

our chances to obtain KO mutants (Table 17). The four insertion lines were named atvps13m1.1-4 

(Table 17). For all the mutant lines, the exact insertion sites were mapped by PCR sequencing (Table 

17; Figure 43A) and homozygoty has been confirmed by genotyping. 

 

Figure 43 (A) Position of the T-DNA insertion sites in AtVPS13M1. The T-DNAs are inserted at the 

beginning of the gene and three out of four are in exons. (B) Confirmation that atvps13m1.1-4 are AtVPS13M1 

KO mutants by proteomic analysis. The peptides searched for in atvps13m1.1/3 and atvps13m1.2/4 mutants 

are distributed over the whole length of the protein. The proteins taken as reference are AT2G31390 / 

fructokinase and AT5G09900 / RPN5A. The protein abundances have been quantified using the IBAQ method 

and values are given in 106 arbitrary units. Not detected (n.d.) means that none of the indicated peptides could 

be detected in these experimental conditions. 
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Table 17 Review of the T-DNA insertion lines identified as AtVPS13M1 KO lines. The SALK code is indicated 

in the left column. The T-DNA experimentally determined insertion site is indicated in the right column for each 

SALK line. 

SALK line Given name gDNA insertion site 

SALK_128148 atvps13m1.1 Exon 7; between nt 2317-2318 

SALK_019531 atvps13m1.2 Intron 14; between nt 4199-4200 

SALK_021158 atvps13m1.3 Exon 17; between nt 4985-4990 

SALK_096315 atvps13m1.4 Exon 25; between nt 7761-7768 

 

To make sure that our mutants do not express AtVPS13M1 at the protein level, we performed proteomic 

analysis for each mutant in triplicates since we were lacking a reliable anti-AtVPS13M1 antibody 

(Figure 43). Total proteins were extracted from callus samples and subjected to targeted proteomic 

analysis. In Col0, several AtVPS13M1-specific peptides distributed over the whole length of the protein 

could be detected with a substantial amount of counts. In the four T-DNA insertion lines, on the opposite, 

no specific peptide could be detected. Thus, the four T-DNA insertion lines atvps13m1.1-4 are KO for 

AtVPS13M1 at the protein level and can be used for phenotypic analysis. 

2.7 AtVPS13M1 participates in Arabidopsis lipid homeostasis 

The widely recognized role of VPS13 proteins in non-vesicular lipid transport made us wonder if 

AtVPS13M1 also plays a role in plant lipid homeostasis. To investigate the implication of AtVPS13M1 

in intracellular lipid trafficking, we used our Pi starvation system to induce membrane lipid remodeling 

in plant cells requiring extensive lipid transport between compartments. 

To achieve this, Col0 and the AtVPS13M1 KO mutants atvps13m1.1 and atvps13m1.3 calli were 

cultured in presence and absence of Pi and their total glycerolipid content was analyzed. The lipidomic 

analysis results show that Col0 calli accumulate galactolipids and have decreased amounts of 

phospholipids during Pi starvation compared to Pi replete conditions, as expected (Figure 44A). A 

similar lipid remodeling is observed in both atvps13m1 mutants, showing that remodeling is not 

impaired by the absence of AtVPS13M1. However, the atvps13m1 mutants both have a higher 

galactolipid and phospholipid content in both +Pi and –Pi conditions. These differences can be observed 

for almost all glycerolipids, but are statistically significant for DGDG, PE and PC amounts (Figure 44A 

and Figure 44B). For DGDG, only atvps13m1.3 exhibits a significant accumulation compared to Col0 

in -Pi conditions (Figure 44B). For PE, atvps13m1.1 significantly increases in +Pi while both mutants 

have a significant accumulation in –Pi (Figure 44B). For PC, both mutants show significant increases 

in both +Pi and –Pi conditions (Figure 44B). 

To determine if atvps13m1.1 and atvps13m1.3 have an altered lipid remodeling efficiency upon Pi 

starvation, we compared the fold change for each lipid amount in -Pi versus +Pi conditions (Figure 

44C). The results show that DGDG tends to accumulate in atvps13m1.3 -Pi conditions compared to 

Col0. Interestingly, both atvps13m1 mutants have smaller fold changes for PE and PC compared to 
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Col0, suggesting that these lipids likely accumulate in the mutants upon Pi starvation due to a partial 

degradation defect. Both effects could be explained by a reduction in global lipid transport capacity due 

to the absence of AtVPS13M1. DGDG might be less transported to its target organelles leading to its 

overproduction in the chloroplast. Similarly, PE and PC might be less transported to their degradation 

sites thus leading to their accumulation. Neither of these hypotheses can be proven with this dataset and 

further investigation is needed to identify the cause of this effect. 

 

 

Figure 44 Lipidomic analysis of Arabidopsis thaliana whole calli. In all histograms, the represented values 

correspond to the median of three biological replicates and the error bars represent the range between 

minimum and maximum values. Galactolipids are indicated in green, phospholipids in red and neutral lipids 

in black. (A) Lipid quantities in phosphate replete (+Pi) and deplete (-Pi) conditions for glycerolipids of 

Arabidopsis whole calli. Quantities are expressed in nmol of lipids per mg of callus. Statistical significance 

between conditions is indicated by stars (p value < 0,05). (B) Zoom on the data of DGDG, PE and PC lipid 

quantities in phosphate replete (+Pi) and deplete (-Pi). Quantities are expressed in nmol of lipids per mg of 

callus. Statistical significance between conditions is indicated by stars (p value < 0,05). (C) Log2 of fold 

change in lipid quantities between phosphate deplete and replete conditions for DGDG, PE and PC of 

Arabidopsis whole calli. Statistical significance between conditions is indicated by stars (p value < 0,05). 
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Since we suspect that AtVPS13M1 is associated to mitochondria, we wondered whether its absence 

could trigger lipid remodeling defects in mitochondria in standard conditions and upon Pi starvation. To 

address this question, mitochondria from Col0, atvps13m1.1 and atvps13m1.3 were isolated by cell 

fractionation and their glycerolipidome was determined. The quantification of mitochondrial 

glycerolipid contents revealed a high variability in the data (Figure 45A). Consequently, no statistical 

significance could be determined for mitochondrial glycerolipids. Why such a huge variability appeared 

in our lipidomics data is not clear. The mitochondria isolation is a long, multistep process including 

 

Figure 45 Lipidomic analysis of Arabidopsis thaliana isolated mitochondria. In all histograms, the 

represented values correspond to the median of three biological replicates and the error bars represent the 

range between minimum and maximum values. Galactolipids are indicated in green, phospholipids in red and 

neutral lipids in black. (A) Lipid quantities in phosphate replete (+Pi) and deplete (-Pi) conditions for 

glycerolipids of Arabidopsis mitochondria. Quantities are expressed in nmol of lipids per µg of mitochondrial 

proteins. No statistical significance between conditions could be determined (p value < 0,05). (B) Log2 of fold 

change in lipid quantities between phosphate deplete and replete conditions for DGDG, PE and PC in 

Arabidopsis mitochondria. No statistical significance between conditions could be determined (p value < 

0,05). 
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several washes. Since the absolute lipid quantity is normalized by the mitochondrial protein content, 

variations in protein quantities due to callus growth conditions might induce the observed variability in 

normalized lipid content. This hypothesis is corroborated by the fact that less variability is observed 

when lipid class quantities are expressed as a percentage of total lipid content (Figure 46). Nonetheless, 

the expected lipid remodeling occurring in –Pi is clearly visible in Col0, atvps13m1.1 and atvps13m1.3 

mitochondria with accumulation of DGDG and degradation of phospholipids, mainly of PE and PC 

(Figure 45A). However, no significant difference in lipid remodeling efficiency could be observed 

between Col0 and the atvps13m1 mutants (Figure 45B), suggesting that the absence of AtVPS13M1 

does not affect mitochondrial lipid homeostasis. Interestingly, atvps13m1.1 and atvps13m1.3 

mitochondria both seem to contain less diphosphatidylglycerol (DPG, cardiolipin) compared to Col0, 

which might indicate mitochondrial destabilization, but data variability is too high to conclude (Figure 

45A). 

Altogether, our data suggest that AtVPS13M1 contributes to lipid homeostasis of Arabidopsis whole 

calli but does not seem to play a role in mitochondrial lipid homeostasis as the perturbation might be 

compensated by other pathways. How AtVPS13M1 affects lipid distribution upon Pi starvation and 

which lipids are transported between which compartments remains to be discovered. 

 

Figure 46 Glycerolipid distribution in Arabidopsis thaliana isolated mitochondria in phosphate replete (+Pi) 

and deplete (-Pi) conditions. The represented values correspond to the median of three biological replicates 

and the error bars represent the range between minimum and maximum values. Galactolipids are indicated in 

green, phospholipids in red and neutral lipids in black. Quantities are expressed in percentage of total lipids. 

No statistical significance between conditions could be determined (p value < 0,05). 
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2.8 AtVPS13M1 mutant phenotype analysis 

2.8.1 AtVPS13M1 plants growth exhibit no growth phenotype 

To determine if AtVPS13M1 plays a role in Arabidopsis growth, atvps13m1.1-4 mutants were sown on 

soil and grown with a 8h-16h light-dark photoperiod at 22°C. atvps13m1.2-4 had a slightly more 

vigorous aspect in the beginning of their development (Figure 47A), probably due to the slightly faster 

germination dynamics. However, this vigorous aspect rapidly vanished to become undiscernible after 

16 days of growth (Figure 47B). No particular phenotype could be detected in these conditions. 

2.8.2 Cold stress 

In yeast, Csf1/Tweek, a member of the RBG protein family, was identified as being important in cold 

stress response (John Peter, Cheung, et al., 2022). Similarly, the Caenorhabditis elegans protein LPD-

3/Tweek is important for cold stress resistance (C. Wang et al., 2022). To test if AtVPS13M1 plays a 

role in cold stress acclimation in Arabidopsis thaliana, atvps13m1.1-4 mutants were sown, grown for 2 

weeks at 22°C with a 8h-16h light-dark photoperiod and eventually grown at 4°C. After 16 days, 

atvps13m1.2-4 grew more vigorously, as previously observed (Figure 48A). After 69 days of growth at 

4°C, atvps13m1.1 grew substantially slower than Col0 while atvps13m1.2-4 grew like Col0 (Figure 

48B). The fact that atvps13m1.1 grew differently than the three other mutants suggests that it might have 

an additional T-DNA insertion making it different from the others. To conclude, since atvps13m1.2-4 

do not show any cold sensitivity, it is unlikely that AtVPS13M1 plays a major role in cold acclimation. 

 

Figure 47 Growth of Arabidopsis Col0 and atvps13m1 mutants on soil. Plants were grown with a 8h-16h light-

dark photoperiod at 22°C and a light intensity of 100 µE for 9 days (A) and 16 days (B). 
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2.8.3 Pollen tube germination 

Pollen tubes are one of the fastest elongating structures in plants. Thus, during pollen tube growth, huge 

quantities of membranes have to be generated in a very short time and transported to the pollen tube tip, 

implying efficient transport mechanisms. Pollen tube growth-related membrane generation is thought to 

heavily rely on vesicular transport (Adhikari et al., 2020). However, it has previously been shown that 

the proteins KINKY POLLEN (KIP; At5g49680) in Arabidopsis thaliana as well as APT1 in Zea mays 

are required for pollen tube growth (Procissi et al., 2003; Z. Xu & Dooner, 2006). KIP and APT1 are 

SABRE-like proteins (from SABRE; SAB; At1g58250) identified to have a general effect on tip growth. 

SABRE, KIP and APT1 have recently been identified as members of the RBG protein family which are 

supposed to function as lipid transport proteins since they harbor a long hydrophobic groove and are 

located at membrane contact sites (Neuman, Levine, et al., 2022). Thus, it is tempting to speculate that 

SABRE, KIP and APT1 might provide lipids for membrane biogenesis during pollen tube growth in 

plants. To test if AtVPS13M1 also plays a role during tip growth, we investigated pollen germination of 

atvps13m1 mutants. 

Pollen from Col0 and atvps13m1.1-4 plants were incubated in pollen germination medium and the rate 

of germination was determined after 30min, 6h and 24h (Figure 49). As expected, the pollen 

germination rate increases over time for all plant lines. At each time point, no difference in germination 

rate between Col0 and the atvps13m1 mutants was observed. Only two biological replicates were done 

 

Figure 48 Growth of Arabidopsis Col0 and atvps13m1 mutants on soil in cold stress. Plants were grown with 

a 8h-16h light-dark photoperiod at 4°C and a light intensity of 100 µE for 16 days (A) and 69 days (B). 
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for this experiment. Hence, no statistical test could be performed. However, it seems unlikely that any 

of the mutants would show a different behavior in a third biological replicate. Furthermore, a recent pre-

print analyzed the germination rate of AtVPS13M1 and AtVPS13M2. While they found that 

AtVPS13M2 had significantly lower germination rates than Col0, no difference was observed for 

AtVPS13M1 (Tangpranomkorn et al., 2022), which is consistent with our finding. 

 

 

 

Figure 49 Pollen germination rate determination for atvps13m1 mutants. Arabidopsis Col0 and atvps13m1.1-

4 mutant pollen grains were harvested and the germination rate was determined at 30 min, 6h and 24h after 

the harvest. For each condition, six images containing at least 30 pollen grains were analyzed. Two biological 

replicates were performed (n=2). Values represent the median and error bars represent minimum and 

maximum values. 
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3 Discussion and perspectives 

VPS13 proteins have gained a lot of attention in the last decade due to the high number of cellular 

processes they seem to influence and because they are a founding member of a novel and peculiar family 

of lipid transport proteins: the repeating β-groove or bridge-like lipid transport proteins (Braschi et al., 

2022; Levine, 2022; Neuman, Levine, et al., 2022; Toulmay et al., 2022). While their study in yeast and 

humans has already taken a huge leap forward, VPS13 proteins have remained almost unstudied for 

their function as bulk lipid transporters in plants. Here, we conducted the first systematic analysis of a 

VPS13 protein in Arabidopsis thaliana in the context of non-vesicular lipid transport and open many 

new paths for their investigation. 

3.1 AtVPS13M1 gene holds an unexpected diversity of splice variants 

We took a long-read sequencing approach using Nanopore technology to unveil the splice variant 

diversity of the At4g17140/AtVPS13M1 gene and to identify a possible splice variant expression bias 

in phosphate deplete versus replete conditions. We identified six novel splice variants not described in 

TAIR (isoforms A, D, E, G, I, J). These splice variants differ from the predicted sequences by unspliced 

introns and exon border annotations. We found that phosphate starvation had no impact on the 

abundance of the different isoforms. Among all the identified isoforms, isoform A was found to be 

highly abundant making up almost 92% of the reads and corresponding to the sequence we cloned for 

further experiments. Surprisingly, only two of the novel splice variants encode full-length proteins 

(isoforms A and G) while the unspliced introns of the other four lead to frameshifts and early STOP 

codons. The existence of all the newly defined splice variants has been confirmed by PCR. Altogether, 

we provide the robust characterization of the At4g17140/AtVPS13M1 transcriptional landscape. 

To attain a satisfactory depth of sequencing, a fragment containing all the predicted variable regions of 

AtVPS13M1 gene was amplified by PCR from coding DNA prior to Nanopore long-read sequencing. 

While this reinforces the confidence in our sequencing results, an additional amplification step might 

introduce a quantitative bias. In fact, the respective isoforms may have been amplified with different 

efficiencies, thus interfering with the relative abundances of the identified isoforms. We found that 

isoform A represented almost 92% of the reads while the other isoforms represented only 1% or 2% 

each. While it is possible that the PCR amplification slightly modified the respective isoform 

abundances compared to the real mRNA distribution, it seems unlikely that the dominant isoform A 

abundance is solely due to PCR artefacts. The differences in abundance observed between the minor 

isoforms, however, should be handled with care. 

The unbalanced distribution of AtVPS13M1 isoform abundances raises the question of the biological 

relevance of each of the isoforms. Since isoform A is overly abundant and encodes a full-length protein, 

it is highly probable that this exon arrangement is biologically relevant and performs most, if not all, 

AtVPS13M1 biochemical functions in A. thaliana calli. Among the five other identified isoforms, only 
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isoform G encodes a full-length protein while the other exon configurations introduce early STOP 

codons. Given the low abundance of these isoforms, it is possible that they emerged through defaults in 

the splicing process, which is particularly plausible for a gene of this size. It is however unlikely that 

they emerged through sequencing artefacts because their existence was verified by PCR. Even though 

it is improbable that truncated AtVPS13M1 could be functional, it cannot be ruled out that such 

AtVPS13M1 fragments could play a role in cells. In humans, the transcriptional landscape of VPS13 

genes has already been investigated (Kolehmainen et al., 2003; Rampoldi et al., 2001; Velayos-Baeza 

et al., 2004). It is interesting to note that the human VPS13 genes all have at least two major splice 

variants but also present multiple minor isoforms. None of these isoforms have been functionally 

investigated apart from two HsVPS13A isoforms (Rampoldi et al., 2001). Interestingly, Zhang et al. 

also identified the isoform A in their long-read RNA sequencing study with minor differences addressed 

earlier (S. Zhang et al., 2020), further supporting the hypothesis that this isoform is biologically relevant. 

The same study identified what seems to be our isoform D with the described differences (see results), 

but does not identify any other isoform. Thus, the biological relevance of the isoforms D, E, G, I and J 

remains to be investigated. 

The tissue-specific distribution of the AtVPS13M1 splice variants is an aspect we have not addressed in 

our study. According to the BAR (Bio-Analytic Resource for Plant Biology) tissue expression database, 

At4g17140/AtVPS13M1 is not preferentially expressed in any A. thaliana tissue but rather presents a 

ubiquitous expression pattern (Nakabayashi et al., 2005; Schmid et al., 2005). This suggests that the 

AtVPS13M1 splice variant expression pattern observed in calli might be the same in whole plants. 

Zhang et al. used 14 days old seedlings and floral buds in their direct RNA sequencing approach in 

which they identified the equivalents of the isoforms A and D (S. Zhang et al., 2020). This indicates that 

the most expressed isoform in calli is also found in whole plant tissues. The splice variant abundance 

distribution of human VPS13 proteins do not show any tissue specificity either and are ubiquitously 

expressed (Kolehmainen et al., 2003; Rampoldi et al., 2001; Velayos-Baeza et al., 2004). Future studies 

should focus on determining whether plant tissue-specific AtVPS13M1 splice variants exist and 

investigate their biological relevance in light of the function of the tissue. 

3.2 AtVPS13M1 subcellular localization remains elusive 

Determining the localization of AtVPS13M1 is essential to understand its cellular functions. Since we 

were not successful in cloning the full-length AtVPS13M1 protein, we took advantage of its multi-

domain organization and the assumption that several individual domains each contribute to the final 

localization of VPS13 proteins. We generated a large set of AtVPS13M1 parts (fragments) C-terminally 

fused to GFP to dissect its localization determination scheme. Surprisingly, all the generated fragments 

co-localized with an ER-marker after transient expression in Nicotiana benthamiana. Only the N-

terminal PH domain and the β-tripod fragments displayed a secondary localization in the nucleus and/or 

the cytoplasm. The recurrent ER localization raised doubts on the veracity of the observed localizations. 
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Our attempt to determine AtVPS13M1 native localization by immunostaining and immunogold EM was 

cut short by the low efficiency of the anti-AtVPS13M1 antibodies. We further investigated the possible 

association of AtVPS13M1 with mitochondria by BiFC and rBiFC. Using AtTOM20.2, AtMIRO1 or 

AtMIRO2 as bait for different AtVPS13M1 fragments transiently expressed in both Nicotiana 

benthamiana and Arabidopsis thaliana leaves did not reveal any interaction signal. Altogether, our 

results constitute a huge work for the determination of AtVPS13M1 localization. Despite our efforts, 

localization and interaction data remain inconclusive and need further investigation. 

The observation that all the tested AtVPS13M1 fragments localized to the ER was unexpected and 

puzzling (Figure 35 & Figure 36). We used a heterologous overexpression system to determine the 

localizations of the GFP-fused fragments. Since we supposed that AtVPS13M1 localization, like yeast 

and human VPS13 proteins, is in part determined by protein partners located in the target membranes, 

we suspected that the right protein partners were not present in N. benthamiana to allow a correct 

localization. Furthermore, the high amount of expressed AtVPS13M1 fragments might saturate the 

protein partners. In fact, we suspect that VPS13 proteins are expressed ubiquitously but at very low 

levels in plants as exemplified by the low number of reads (3 in total) obtained for 

At4g17140/AtVPS13M1 in direct RNA sequencing (S. Zhang et al., 2020). In addition, the 

overexpressed AtVPS13M1 fragments might compete with the N. benthamiana VPS13 proteins. Why 

the fragments associate precisely with the ER is unclear. The hydrophobic nature of the AtVPS13M1 

fragments might induce the association with intracellular membranes and the most extended membrane 

system in plant cells (outside the chloroplast) happens to be the ER. However, not all fragments harbored 

extensive hydrophobic surfaces and still associated with the ER. We suspected that the AtVPS13M1 

fragments and/or the linker separating the fragment from the GFP contained a motif that induces the 

association with the ER. We found no known ER-association motif in any of the AtVPS13M1 fragments 

and the linker alone fused to GFP had a cytosolic localization (Figure 37B). Some fragments also had 

a cytosolic and/or nuclear localization in addition to their ER localization (Figure 37A). No fragment 

harbored a nuclear localization signal. It is commonly accepted that proteins with a molecular mass 

smaller than about 30 kDa can diffuse freely from the cytoplasm to the nucleus but free diffusion of 

proteins up to 90 kDa has been observed in HeLa cells (R. Wang & Brattain, 2007). eGFP has a 

molecular mass of 27 kDa and our smallest fusion construct (PH_Nt-GFP) had a molecular mass of 40 

kDa. The biggest fusion protein observed inside the nucleus (β-tripod.1+2-GFP) had a molecular mass 

of 73 kDa. It is therefore plausible that these nuclear localizations are due to mere diffusion. 

The contribution of the respective AtVPS13M1 localization determinants to the resulting protein 

targeting remains unresolved. Interestingly, a recent pre-print focused on the role of AtVPS13M2 in 

pollen germination and pollen tube elongation (Tangpranomkorn et al., 2022). Notably, they show that 

AtVPS13M2 marks the site of pollen tube elongation and that it localizes at the tip of the growing pollen 

tube in an actin-dependent manner. The authors further determined that AtVPS13M2 associates with 
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membrane structures implicated in exocytosis like the exocyst, which helped to conclude that 

AtVPS13M2 regulates vesicular trafficking to the tip of the pollen tube. It is therefore tempting to 

speculate that AtVPS13M2 localizes to the plasma membrane and to exocytic vesicles in pollen tubes. 

However, this remains to be confirmed. The only differences in domain arrangement between 

AtVPS13M1 and AtVPS13M2 are an additional C-terminal β-tripod domain and an additional FFAT 

motif for AtVPS13M1 (Figure 27). Despite their structural resemblance, AtVPS13M1 has no impact 

on pollen germination time or rate in contrast to AtVPS13M2 (Tangpranomkorn et al., 2022) (Figure 

49). This suggests the possibility that AtVPS13M1 is targeted to different membranes than AtVPS13M2 

due to the additional FFAT and β-tripod domains. 

The presence of a FFAT motif in AtVPS13M1 strongly suggests that it associates to the ER by binding 

to VAPs (Slee & Levine, 2019). Furthermore, AtVPS13M1 was found in the A. thaliana mitochondrial 

proteome (Duncan et al., 2011), mitochondrial complexome (Senkler et al., 2017) and it was identified 

as a potential AtTOM40-HA interactor in a co-IP experiment (Michaud & Albrieux, unpublished). It is 

therefore tempting to speculate that AtVPS13M1 localizes at ER-mitochondria contact sites. Multiple 

VPS13 proteins in yeast and humans have already been identified at ER-mitochondria contact sites or 

associated to mitochondria (see introduction) (Dziurdzik & Conibear, 2021). Up to now, only a restricted 

number of VPS13 domains have been found to promote association with mitochondria. In yeast, the 

ScVPS13 VAB domain interacts with the mitochondria-localized Mcp1 protein through a PxP motif 

(John Peter et al., 2017). The human ATG2A ATG2_C domain was found to associate to mitochondria, 

probably by interacting with TOM40 (Z. Tang et al., 2019). The C-terminal PH domain of human 

HsVPS13A was also shown to localize to mitochondria (Guillén-Samander et al., 2022; Kumar et al., 

2018; Yeshaw et al., 2019). All these domains are also present in AtVPS13M1, suggesting that it might 

have the capacity to associate to mitochondria. However, there is currently no indication that the same 

domains in different VPS13 protein homologs promote the same localization. 

We investigated the possible association of AtVPS13M1 with mitochondria by BiFC and rBiFC. Using 

AtTOM20.2, AtMIRO1 or AtMIRO2 as bait for different AtVPS13M1 fragments transiently expressed 

in both Nicotiana benthamiana and Arabidopsis thaliana leaves yielded no interaction signal. The most 

straightforward conclusion is that the lack of interaction signal reflects the absence of direct interaction 

between bait and prey. AtVPS13M1 was found in co-IP performed with AtTOM40-HA, but since the 

co-IP was realized on DSP-crosslinked mitochondria, the suspected interaction might be indirect. Hence, 

AtVPS13M1 might not be in close proximity of AtTOM20.2. Furthermore, TOM20 is known to 

associate to the TOM complex in a transient manner as it presumably serves different mitochondrial 

functions (Pitt & Buchanan, 2021). Similarly, we suspected AtMIRO1/2 to be able to interact with 

AtVPS13M1 because AtMIRO2 co-migrated with AtVPS13M1 on BN-PAGE (Senkler et al., 2017) and 

because human HsVPS13D interacts with MIRO1/2 (Guillén-Samander et al., 2021). However, none of 

these observations constitutes a proof of direct interaction between AtVPS13M1 and AtMIRO1/2 in A. 
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thaliana, and our results suggest they are not directly interacting. Another reason for the lack of 

interaction could be the titration of the AtVPS13M1 fragments by the ER membrane. In fact, we used 

the same fragments for BiFC/rBiFC experiments than for the GFP fusions. Since all the fragments seem 

to associate to the ER, it is possible that not enough AtVPS13M1 fragments are left to interact with the 

bait and give a measurable YFP signal. The BiFC method can be criticized in many aspects including 

the tendency of the split fluorescent protein to self-assemble, the association with unrelated proteins and 

many more (Horstman et al., 2014). One less addressed issue is the maturation time of the fluorophore 

which can reach up to 50 min for split YFP (Rose et al., 2010). Thus, dynamic protein-protein 

interactions like the one we suspect for AtVPS13M1 may not allow the timely maturation of the split 

fluorophore. 

Taken together, our data constitute the first systematic study of AtVPS13M1 sub-cellular localization. 

It is clear that many questions and uncertainties stand out from our heterologous transient expression 

localization and interaction experiments. To further characterize AtVPS13M1 localization and 

interactors, it will be important to express the full-length protein in stable lines and in quantities that 

match the native expression levels. To achieve this, we took advantage of the A. thaliana JAtY library 

that inserted the whole A. thaliana genomic DNA in TACs (transformation ready bacterial artificial 

chromosomes). We used a dedicated recombineering technique (Brumos et al., 2020) on the relevant A. 

thaliana genome section to generate full-length AtVPS13M1 fused to mCherry, to a triple tandem of 

YFP-derived YPet fluorescent protein and to the β-glucuronidase (GUS) reporter system. To maintain 

recombinant AtVPS13M1 functional, we inserted the desired reporter proteins at a site known to 

maintain VPS13 protein function (Lang et al., 2015). These constructs have been transformed in the 

atvps13m1.3 KO mutant plant line to avoid competition with the endogenous AtVPS13M1. If the 

transformations are effective, this opens up a whole array of experiments for future studies. First, this 

approach gives access to the native AtVPS13M1 localization either by standard fluorescence confocal 

microscopy or by immunogold EM. Second, the improved YPet fluorophore allows its use in FRET 

experiments to further investigate the proximity between AtVPS13M1 and potential interactors. These 

lines will also allow co-IP experiments to determine AtVPS13M1 interactors that could recruit the 

protein to its target site. Finally, the GUS reporter system will allow to assess the tissue-specific 

AtVPS13M1 expression levels in planta, and particularly in response to Pi starvation. All these 

perspectives are already quite ambitious and address numerous key questions. However, the way 

AtVPS13M1 and VPS13 proteins in general are targeted to specific locations remains to be solved.  

3.3 AtVPS13M1 binds multiple phosphoglycerolipids in vitro and participates in 

lipid homeostasis in vivo 

VPS13 proteins are lipid transport proteins known to transport lipids between membranes. While the 

lipid binding properties of VPS13 and VPS13-like proteins have already been demonstrated in vitro 

(Kumar et al., 2018; Valverde et al., 2019), their impact on the global lipidome in vivo has never been 
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shown. To assess AtVPS13M1 lipid binding capacity, we realized in vitro lipid binding assays using the 

335 first AtVPS13M1 amino acids and fluorescently labelled phosphoglycerolipids. We show that 

AtVPS13M1_1-335 efficiently binds several phosphoglycerolipids. To ask whether AtVPS13M1 is 

important for A. thaliana cells and mitochondria lipid homeostasis in vivo, we analyzed the lipidomes 

of atvps13m1 T-DNA insertion KO mutants in whole cells and isolated mitochondria both in phosphate 

deplete and replete conditions. Our results show that the atvps13m1 mutant lipidomes are perturbed in 

whole cells but not in mitochondria. Notably, atvps13m1 mutant cells accumulate DGDG in –Pi 

conditions and degrade less PE and PC in both +Pi and –Pi conditions. We propose that AtVPS13M1 

participates in the transport of DGDG to its target organelles during phosphate starvation and in the 

transport of PE and PC to their degradation and/or turnover sites in both phosphate deplete and replete 

conditions. 

The N-terminal part of VPS13 proteins is highly conserved in eukaryotes. This part contains the 

Chorein_N domain and the beginning of the hydrophobic tunnel that characterizes RBG. In vitro binding 

assays determined that the N-terminal parts of yeast VPS13 and human ATG2A are able to bind 

phospholipids (Kumar et al., 2018; Valverde et al., 2019). Notably, the first 1350 aa residues of yeast 

ScVPS13 efficiently bind phosphoglycerolipids even after harsh washing steps. Even if PC was found 

in slightly higher quantities, no binding specificity was determined as various phosphoglycerolipids but 

no other lipid types were bound to the protein fragment. A similar experiment carried out with human 

ATG2A showed that it is able to bind tens of phosphoglycerolipids. Our experiments clearly show that 

the first 335 aa residues of AtVPS13M1 efficiently bind several fluorescently labeled 

phosphoglycerolipids, namely PC, PA, PS and PA (Figure 42). Given the high degree of conservation 

of this segment across eukaryotes, this result was expected and confirms the functional homology 

between VPS13 proteins. While we were able to determine AtVPS13M1 lipid binding capacity through 

our experiments, we provide no binding specificity or preference data. Future experiments should 

address the question of a possible lipid binding bias and whether AtVPS13M1 is also able to bind plant-

specific lipids like DGDG. To do so, we already started to optimize the protein fragment purification 

protocol in order to increase the quantity and purity of AtVPS13M1. This should allow to realize binding 

assays directly with total A. thaliana lipid extracts containing all the natively found glycerolipids species 

whose identities and quantities will be determined by mass spectrometry. We are also planning an in 

vitro lipid transfer assay as previously described (Hanna et al., 2022; Kumar et al., 2018; Valverde et 

al., 2019) allowing to determine the lipid transfer capacity of AtVPS13M1 (Figure 50). 
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VPS13 proteins drive bulk lipid transport between organelles (Leonzino et al., 2021; Melia & Reinisch, 

2022; Reinisch & Prinz, 2021). Lipid transport by VPS13 proteins per se is thought to be non-specific 

as exemplified by in vitro binding and transfer experiments (Kumar et al., 2018). Whether and how other 

RBG protein-associated proteins determine the specificity and/or directionality of lipid transport is 

currently under debate (Ghanbarpour et al., 2021; Melia & Reinisch, 2022). Nevertheless, a huge volume 

of lipids is presumably transported through VPS13 proteins and more generally through RBG proteins. 

Given the high number of membrane contact sites at which VPS13 proteins have been localized, the 

depletion of one or more VPS13 proteins might result in severe lipidome perturbation. While many 

cellular and physiological effects have been observed in absence of VPS13 proteins (Dziurdzik & 

Conibear, 2021; Guillén-Samander & De Camilli, 2022), changes in total lipidomes have rarely or only 

partially been reported to date. 

We show that callus depleted in AtVPS13M1 have a perturbed lipidome on the whole cell level, 

especially upon phosphate starvation (Figure 44). Notably, we observed that DGDG accumulated in 

atvps13m1.3 upon phosphate limitation. DGDG is exclusively synthetized in the chloroplast and is 

massively exported to extra-chloroplastic membranes to compensate for the degradation of 

phosphoglycerolipids upon Pi starvation (Andersson et al., 2005; Hartel et al., 2001; Jouhet et al., 2003; 

 

Figure 50 FRET-based in vitro assay to detect lipid transport activity. A donor liposome is composed of 1-

palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC), soy-PE, 18:1 DGS-NTA(Ni) and two fluorescently 

labeled lipids; nitrobenzoxadiazole (NBD)-PS and rhodamine (Rh)-PE. In donor liposomes, NBD-PS 

fluorescence is quenched by FRET with Rh-PE. Acceptor liposomes are composed of POPC, soy-PE and brain 

phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2). To test if a particular protein or protein part is able to 

transport lipids from one liposome to another, the peptide of interest is fused at its C-terminus with the PH 

domain of rat PLCΔ and a His6 tag separated by a flexible linker from human E-Syt2. The PH domain binds 

to the PI(4,5)P2 of the acceptor liposome while the His6 tag binds to the DGS-NTA (Ni) of the donor liposome 

thus creating a tether between donor and acceptor liposomes. If the peptide of interest is able to transfer lipids 

between both types of liposomes, the fluorescently labeled lipids will be diluted resulting in the alleviation of 

the NBD-PS quenching leading to an increase in fluorescence intensity over time. 
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Moellering & Benning, 2011; Tjellström et al., 2008). Why DGDG accumulates in absence of 

AtVPS13M1 is not clear. We speculated that AtVPS13M1 might be implicated in the delivery of DGDG 

to its target organelles (vacuole, plasma membrane, mitochondria). This possibility does not imply that 

AtVPS13M1 is localized at chloroplast membrane contact sites as DGDG might transit through other 

compartments prior to its final delivery. Failing to deliver DGDG to their target site might stimulate a 

feedback loop leading to the overproduction of DGDG to try to compensate for the lack of DGDG in 

one or more extra-chloroplastic compartments. This possible explanation is highly speculative and needs 

to be investigated. We also showed that atvps13m1.1 and atvps13m1.3 accumulate PC and PE in both 

Pi replete and deplete conditions. We further show that their accumulation during Pi starvation is due to 

a lack of degradation rather than a mere accumulation. Some PC and PE degradation enzymes are known 

to function at particular sites upon Pi starvation. NPC4  functions at the plasma membrane (Y. Nakamura 

et al., 2005) while PLDζ2 degrades PC to PA at the tonoplast and localizes at sites of close proximity 

between vacuole-mitochondria and vacuole-chloroplast in Pi limited conditions (Shimamura et al., 

2022; Yamaryo et al., 2008). NPC5 has also been proposed to be recruited at particular sites when 

required (Gaude et al., 2008). These observations lead to the hypothesis that phospholipids are processed 

at specialized degradation sites in proximity of multiple membranes, which might favor the transport to 

and from these sites. We propose that AtVPS13M1 might be implicated in the transport of PC and PE 

to their degradation sites upon phosphate limitation. According to this hypothesis, the absence of 

AtVPS13M1 would lead to the accumulation of PC and PE caused by a lack of degradation. 

Interestingly, an accumulation of PC and PE in the atvps13m1 mutants was also observed in Pi replete 

conditions, though in a less pronounced way. In A. thaliana, it is estimated that as many genes are 

implied in lipid turnover than in lipid biosynthesis (Li-Beisson et al., 2013). These encode 

(phospho)lipases, hydrolases and enzymes involved in β-oxidation. Despite their importance in lipid 

metabolism, very little is known about their mechanism of action and localization. The same enzymes 

involved in phospholipid degradation during Pi starvation can be implied in lipid turnover. Notably, this 

is the case for the phosphatidic acid phosphatases AtPAH1 and AtPAH2 in absence of which the 

eukaryotic pathway is compromised (Y. Nakamura et al., 2009). Phospholipid turnover requires the 

transport of lipids to the processing enzymes. The accumulation of PC and PE in absence of 

AtVPS13M1 might reflect the decreased lipid transport capacity toward the phospholipid 

remodeling/turnover sites. 

As we suspected that AtVPS13M1 is associated to mitochondria, we hypothesized that the mitochondrial 

lipidome would be affected in absence of AtVPS13M1. The absence of lipidome perturbation in isolated 

mitochondria from atvps13m1.1 and atvps13m1.3 was unfortunate, but not unexpected (Figure 45 & 

Figure 46). Non-vesicular glycerolipid transport to mitochondria is carried out by a huge diversity of 

MCS effectors, especially localized at ER-mitochondria contact sites (see general introduction). 

Notably, multiple LTPs are transporting the same lipids to mitochondria, leading to a high level of 
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redundancy in the lipid transport routes. In yeast, the deletion of the ERMES complex residing at ER-

mitochondria contact sites causes growth and mitochondrial defects that can be rescued by dominant 

point mutations in ScVPS13 (Lang et al., 2015; Park et al., 2016) or by the forced recruitment of 

ScVPS13 to mitochondria (John Peter et al., 2017). Furthermore, deletion of ScVPS13 had no effect on 

yeast growth or mitochondrial function (John Peter, Petrungaro, et al., 2022). Surprisingly, even the 

deletion of all five RBG proteins in yeast only resulted in a 40% decrease in DPG production in 

mitochondria without affecting other phosphoglycerolipids and did not impair growth or mitochondrial 

function (Toulmay et al., 2022). Finally, it was shown that ScVPS13 has a rather low contribution to 

lipid transport to yeast mitochondria in vivo (John Peter, Petrungaro, et al., 2022). These examples 

illustrate that VPS13 proteins can easily be bypassed as far as their function in lipid transport to 

mitochondria is concerned. Even though the knowledge gained in yeast cannot simply be applied to 

plants, it is conceivable that AtVPS13M1 can be bypassed in a similar way. AtVPS13M2 has an almost 

identical domain organization and structure as AtVPS13M1 suggesting that AtVPS13M2 could 

compensate for the loss of AtVPS13M1. Similarly, the other A. thaliana VPS13 protein paralogs 

AtVPS13S and AtVPS13X could be redundant with AtVPS13M1. Alternatively, AtVPS13M1 might 

also be redundant with other not yet identified LTPs. Finally, it could simply be that AtVPS13M1 is not 

implied in lipid transport to mitochondria either because it is located elsewhere or because it carries out 

functions at the mitochondrial membrane other than lipid transport. It is also worth noticing that a high 

variability between biological replicates was observed in our mitochondrial lipidome results for 

unexplained reasons. Therefore, a slight effect of the absence of AtVPS13M1 on the mitochondrial 

lipidome might have gone unnoticed. 

The absence of localization data for AtVPS13M1 makes it hard to determine which organelles could be 

affected by the depletion of AtVPS13M1. Future studies should concentrate on determining the precise 

localization of AtVPS13M1 to analyze the lipidome of organelles of interest accordingly. Redundancy 

in the non-vesicular lipid transport routes is another difficulty that needs to be addressed. One way to 

circumvent redundancy is to find specific conditions in which a LTP becomes critical for cell physiology 

and/or lipid homeostasis. In yeast, the RBG protein Csf1 was shown to be important for the transport of 

lipids associated to membrane homeoviscous adaptation to cold (John Peter, Cheung, et al., 2022; John 

Peter, Schie, et al., 2022; Tokai et al., 2000) while the depletion of Csf1 had no impact at normal growth 

temperatures. Phosphate starvation in plants is a convenient inducible stress condition that we use to 

trigger extensive membrane remodeling necessitating non-vesicular lipid transport. Interestingly, 

AtVPS13M1 seems to be important for DGDG, PC and PE homeostasis during Pi limitation. It would 

be interesting to identify other conditions or biological processes in which AtVPS13M1 is even more 

influential and combine these with localization data to alleviate experimental ambiguities. Finally, 

generating atvps13m1 atvps13m2 double mutants may help to remove some redundancy as both proteins 

are very similar. 
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Altogether, our data suggest that AtVPS13M1 is indeed a lipid transport protein with lipid binding 

properties in vitro and with an effect on membrane lipid homeostasis in vivo. Its exact role and 

mechanism of action in plant cells, however, remains to be determined. 

3.4 atvps13m1 mutant plants phenotype analysis 

As stated above, finding the conditions or biological processes in which the absence of a lipid transport 

protein will have a visible impact can be an arduous task. To identify some of these conditions and/or 

processes, we observed the atvps13m1 mutant plant phenotypes. The plants grown in normal conditions 

presented no obvious growth phenotype. Plants subjected to cold stress revealed that atvps13m1.2-4 

were not different from Col0 while atvps13m1.1 had a growth delay, suggesting that it might be different 

from the other T-DNA insertion mutants. Finally, we found that pollen germination was not impaired 

or delayed in the atvps13m1 mutants. Overall, our data did not identify phenotypic differences between 

Col0 and atvps13m1 plants in the tested conditions. 

Few studies conducted phenotypic analysis on VPS13 mutant plants. The only A. thaliana VPS13 

protein that has been extensively phenotyped is At5g24740 / AtVPS13S / SHRUBBY (Koizumi & 

Gallagher, 2013). Briefly, atvps13s mutants had a shrubby appearance, had shorter roots, produced much 

smaller plants than wild type, had curled leaves and presented short-petaled flowers. Furthermore, 

atvps13s plants were both male and female sterile, produced no visible pollen and produced no seeds. 

Other studies also identified a VPS13S homolog in Taraxacum officinale (Dandelion) as a determinant 

of diplosporic apomixis (Cornaro et al., 2023; Van Dijk et al., 2020). This dramatic atvps13s phenotype 

stands in contrast with our observations and raises questions on the reasons for such a difference. Like 

for lipid transport, AtVPS13M2 might partially compensate for the loss of AtVPS13M1 given their high 

degree of similarity. Therefore, we suspect that a atvps13m1 atvps13m2 double KO mutant would have 

a visible phenotype, which should be the aim of future studies. Tangpranomkorn et al. reported that 

AtVPS13M2 presents a decrease in pollen germination rate and defects in pollen tube growth while 

neither phenotype was observed for AtVPS13M1 (Tangpranomkorn et al., 2022). Our results 

corroborate these observations. It is interesting to note that both atvps13s and atvps13m2 mutants display 

defects linked to reproduction, even if no obvious phenotypes in seed production quantity and quality 

was observed in our mutant lines. It would therefore be interesting to focus on the more precise 

observation of reproductive parts in our atvps13m1 mutants. Interestingly, atvps13s mutant roots had an 

abnormal cell layer organization and were significantly shorter. Related observations have also been 

reported for the Hobbit-like KINKY POLLEN protein mutants that also had defects in root tip growth 

(Procissi et al., 2003). Conducting an in depth analysis of root growth and root tip structure might 

therefore be an interesting prospect. We are currently analyzing atvps13m1 mutant seedling root lengths 

on agar. 
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3.5 Concluding remarks and future prospects 

Investigating a protein the size of AtVPS13M1 was a challenging undertaking. We managed to identify 

the real sequence of AtVPS13M1 and implemented it on the general protein domain organization. We 

show that AtVPS13M1 is able to bind multiple phosphoglycerolipids in vitro and participates in lipid 

homeostasis in whole cells but likely not in mitochondria. AtVPS13M1 was particularly important for 

the maintenance of lipid homeostasis upon phosphate limitation, suggesting an important role in plant 

adaptation to phosphate starvation. Our AtVPS13M1 localization studies remain inconclusive but pave 

the way for further investigations including the use of the full-length protein. The still elusive 

localization of AtVPS13M1 makes it difficult to establish an elaborate working model. Nevertheless, 

we propose that AtVPS13M1 localizes at membrane contact sites between two organelles where it is 

implied in bulk lipid transport both in phosphate replete and deplete conditions (Figure 51). 

Most importantly, the systematic investigation of AtVPS13M1 opened many new paths for future 

research. Investigating the role of the different VPS13 domains in its localization and protein function 

is an important prospect in the field. VPS13 proteins perform a huge variety of cellular functions that 

sometimes have no obvious link with their presumed biochemical activity. Understanding the link 

between VPS13 localization, regulation and function would allow to reconcile its various seemingly 

moonlight activities with its primary biochemical function. AtVPS13M1 has more annotated functional 

domains than its yeast and human counterparts, making it an interesting and challenging candidate to 

 

Figure 51 Model for AtVPS13M1 mode of action in Arabidopsis thaliana cells. AtVPS13M1 localizes to one 

or more membrane contact sites between not yet identified organelles where it mediates bulk lipid transport 

both in phosphate replete and deplete conditions. The protein model presented on the right is the RoseTTAFold 

prediction of Chaetomium thermophilum CtVPS13 protein. 
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study its presumably multifaceted regulation of localization and function. What lipids are transported 

by AtVPS13M1 and between which compartments is another outstanding question. Answering these 

fundamental questions will pave the way for new investigations on non-vesicular lipid transport to 

different plant organelles. While the phosphate starvation-induced membrane remodeling is an already 

well investigated phenomenon, the non-vesicular transport routes taken by lipids during this process are 

still widely unknown. By detecting a possible role of AtVPS13M1 in lipid homeostasis during phosphate 

limitation, we identified a new potential lipid transport route important for plant adaptation to phosphate 

starvation. Finally, the high degree of structural similarity between VPS13 proteins raises questions 

about the evolutionary origin of VPS13 proteins. To get more insight on the origin and diversity of 

VPS13 proteins in plants and algae, we are currently performing an advanced phylogenetic analysis. 

 



226 

 

 



227 

 

 

 

 

 

 

 

 General conclusion and 

perspectives 

 

 



228 

 

 

 



229 

 

The organization of the intracellular space into biochemically different compartments is an important 

paradigm in cell biology. This compartmentalization of the cell’s biochemical activities has long held 

the view that organelles play their role in a rather isolated way and exchange metabolites with the cellular 

environment to sustain their function and to deliver their products. The discovery of membrane contact 

sites between virtually all organelles added an additional layer of complexity to the organellar functions. 

Compartments dynamically associate and dissociate from one another to perform specific functions 

depending on the physiological requirements of the cell. One particularly important function of 

membrane contact sites is non-vesicular lipid transport. The fact that organelles can directly exchange 

lipids by contacting each other adds a much more dynamic aspect to the regulation of membrane 

composition and organelle biogenesis. The field of non-vesicular lipid transport has known an enormous 

leap forward in the last two decades with the discovery of multiple types of lipid transport proteins and 

lipid transport mechanisms (Reinisch & Prinz, 2021; Wong et al., 2019). While much knowledge has 

already been accumulated in yeast and mammals, the fields of membrane contact sites and non-vesicular 

lipid transport are still in their infancy in plants (Leterme & Michaud, 2022). Our study contributes to 

fill this still considerable gap of knowledge. 

Apart from the need to gain fundamental knowledge, studying membrane contact sites and non-vesicular 

lipid transport in plants is important for several other reasons. As stated before, the lipid transport 

mechanisms are conserved throughout evolution rather than the proteins themselves. Studying similar 

processes in different organisms helps to understand lipid transport mechanisms from different 

perspectives. Furthermore, new mechanisms discovered in plants could enrich the general knowledge 

and lead to new discoveries in other organisms. In plants, the formation of membrane contact sites and 

the transport of lipids is often associated with stress responses (Leterme & Michaud, 2022; Michaud & 

Jouhet, 2019). Since plants are sedentary organisms, these mechanisms are crucial for their adaptation 

to environmental stresses. Thus, better understanding these processes might pave the way for developing 

plant management strategies. An abiotic stress commonly encountered by plants in nature and in 

agriculture is phosphate limitation (Dissanayaka et al., 2021; Plaxton & Tran, 2011). Phosphate 

starvation response implies dramatic membrane lipid remodeling and necessitates extensive lipid 

transport between organelles. While phosphate starvation-induced membrane lipid remodeling has 

already been well characterized from a lipidomic point of view, how lipids are transported between 

organelles remains widely unknown. 

The MTL complex is a huge mitochondrial complex spanning through both mitochondrial membranes. 

One of its key components, AtMIC60, plays an important role in intramitochondrial lipid trafficking, 

probably by mediating OM-IM tethering and by locally stabilizing membranes (Michaud et al., 2016). 

We took a biochemical approach to further characterize the composition and structure of the MTL 

complex. Our study proposes that the MTL complex is composed of not yet identified core components 

that dynamically interact with other mitochondrial and/or extramitochondrial complexes/components 
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depending on the physiological needs. The lipid enrichment likely plays an important role in stabilizing 

the interactions between the different sub-complexes. Future work should allow to better define and 

understand the identity and functions of the MTL complex. A particularly important perspective is the 

investigation of the MTL complex interaction with the chloroplast. In this context, our laboratory is 

currently investigating OMP24, a chloroplast outer membrane protein found in the initial MTL complex 

proteome. The first results suggest that OMP24 overexpression leads to a mitochondrial lipidome 

perturbation in phosphate-limited conditions and to an alteration of mitochondrial morphology. This 

suggests that the MTL complex may not only be implied in intramitochondrial lipid transport, but that 

it might be able to contact other membranes to create a direct lipid exchange route between organelles. 

OMP24 is therefore an interesting candidate for mediating lipid exchange between chloroplasts and 

mitochondria, especially during phosphate starvation response. Furthermore, this potential 

mitochondria-chloroplast structure would be the first description of an ERMIONE-like network in 

plants. In addition, we have currently investigated the role of a small subset of MTL complex 

components in lipid transport, but others could also play a key role in this process. It could be the case 

for VDAC proteins that are in the MTL complex and were recently shown to have a scramblase activity 

(Jahn et al., 2022). Thus, this complex remains an important platform to identify key candidates involved 

in mitochondrial lipid transport and contact sites formation in plants. 

While the MTL complex definitely plays a role in non-vesicular lipid transport to mitochondria during 

phosphate starvation, its role is probably indirect. Until now, no lipid transport protein has ever been 

described as directly playing a role in lipid transport associated to phosphate starvation-induced 

membrane remodeling. AtVPS13M1, a VPS13 homolog in Arabidopsis thaliana, is therefore the first 

LTP to participate in lipid homeostasis in phosphate-starved plants. This role opens multiple important 

perspectives for the study of membrane contact sites and non-vesicular lipid transport in plants. Defining 

AtVPS13M1 localization will allow to identify membrane contact sites that are important during 

phosphate starvation. Furthermore, identifying AtVPS13M1 partners might reveal other proteins and 

pathways important for lipid transport. This will also bring insight in the VPS13 lipid transport 

mechanism that still remains elusive. The current models state that bridge-like LTPs like VPS13 and 

ATG2 associate to membrane scramblases and the lipid synthesis machinery to promote lipid desorption, 

unloading and transport directionality (Ghanbarpour et al., 2021; Leonzino et al., 2021; Melia & 

Reinisch, 2022; Reinisch & Prinz, 2021; van Vliet et al., 2022). The identification of AtVPS13M1 

partners might help to confirm this model. Molecular dynamics studies might also contribute to 

understand these basic principles (Dall’Armellina et al., 2023; Y. Zhang et al., 2022) and to design 

experiments allowing to experimentally confirm them. The study of AtVPS13M1 also raises questions 

on the way lipid transport protein activity is regulated at membrane contact sites. LTPs can be regulated 

at the expression level. Since LTPs function at membrane contact sites, the extent of organelle contact 

is a convenient way to regulate the extent of non-vesicular lipid transport. The activity of LTPs can 
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directly be influenced by post-translational modifications or binding of regulatory molecules. Finally, 

the recruitment of LTPs to particular sites is an important regulatory element. The regulation of VPS13 

proteins is just beginning to be understood. While not much is known about the control of VPS13 

expression, their recruitment to sites where lipid transport is needed has been documented (Bean et al., 

2018). The current model for VPS13 protein recruitment to membrane contact sites states that the 

multiple VPS13 functional domains each sense localization signals and that the final observed protein 

localization is the result of the integration of these various signals. Since AtVPS13M1 harbors the 

canonical VPS13 functional domains as well as several non-canonical domains, some of which are plant 

specific, AtVPS13M1 constitutes an interesting platform to study VPS13 activity regulation by 

differential recruitment. 

The field of non-vesicular lipid transport is full of challenging questions we have not directly addressed 

in our study. To what extent non-vesicular lipid transport contributes to cellular lipid transport is a major 

issue as it is difficult to directly measure. The answer is assuredly different depending on the considered 

organelle and organism. Endosymbiotic organelles probably get a bigger contribution from non-

vesicular lipid transport than endomembranous organelles. A related question is the rate at which lipids 

are transported by LTPs between compartment and the relevant timescales. New techniques including 

new lipid tags might help to assess these values (John Peter, Petrungaro, et al., 2022; Liang et al., 2023). 

Redundancy between the lipid transport routes is a difficulty inherent to the study of LTPs. The existence 

of redundancy in non-vesicular lipid transport raises questions on the utility of having transport systems 

that have the same function. Why would an organism conserve functionally identical systems if keeping 

all of them costs precious energy? The most probable answer is that no lipid transport route is fully 

redundant with another, but rather that we are not (yet) able to detect the subtle differences in 

contribution of the individual transport routes (inspired by Benoît Kornmann’s seminar at the EMBO 

Workshop, Luca, Italy, October 2022). Thus, future studies should focus on removing these layers of 

apparent redundancy either by finding physiological conditions in which a route becomes important 

(John Peter, Cheung, et al., 2022; Tokai et al., 2000), by artificially creating/finding genetic conditions 

enabling to isolate a route of interest (John Peter, Schie, et al., 2022; Michel & Kornmann, 2022) or by 

combining both. We used phosphate starvation as a condition to trigger membrane lipid remodeling that 

presumably requires non-vesicular lipid transport to create stringent conditions. Both the MTL complex 

(Michaud et al., 2016) and AtVPS13M1 (this study) have an effect on the efficiency of phosphate 

starvation-induced lipid remodeling. Finding new ways to identify LTPs is an obvious goal for future 

studies, especially in plants. Applying a transposon screening approach similar to SATAY (Saturated 

transposon analysis in yeast) would be an interesting way (Michel & Kornmann, 2022). Such approaches 

already exist, for example the T-DNA insertion mapping of the A. thaliana genome (Alonso et al., 2003) 

or using random mutagenesis. However, it has to be pointed out that these large-scale screening methods 

are much more tedious to realize in plants. 
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In conclusion, we investigated the MTL complex and AtVPS13M1, two actors in non-vesicular 

glycerolipid transport contributing to the important lipid remodeling taking place during plant adaptation 

to phosphate starvation. We propose a model for the MTL complex organization and composition and 

a mechanism of action for AtVPS13M1. Most importantly, we open several new paths for future studies 

aiming to discover new non-vesicular lipid transport routes in plant cells. 
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Caractérisation du complexe MTL et de AtVPS13M1 : deux acteurs impliqués dans le 

remodelage des lipides membranaires induit par la carence en phosphate chez Arabidopsis 

thaliana 
 

Les cellules eucaryotes sont divisées en plusieurs compartiments délimités par une ou plusieurs 

membranes. Les membranes des organites sont composées d'un arrangement spécifique de lipides et de 

protéines qui assurent l'identité de chaque compartiment. Comme seuls quelques compartiments 

cellulaires sont capables de synthétiser l'ensemble de leurs lipides, un échange massif de lipides s’opère 

entre les organites. Le transport de lipides peut être assuré par des voies vésiculaires et/ou par des voies 

non vésiculaires. Le transport non vésiculaire de lipides est assuré par des protéines de transport de 

lipides (LTPs) qui facilitent le transfert direct des lipides d'une membrane à l'autre au niveau des sites 

de contact membranaire (MCSs). Si les LTPs ont déjà été bien étudiées chez la levure et chez l’humain, 

seul un petit nombre d'entre elles ont été caractérisées chez les plantes. La carence en phosphate (Pi) est 

un stress abiotique auquel sont couramment soumis les plantes dans la nature et au cours de laquelle une 

dégradation partielle des phospholipides se produit afin d'augmenter la disponibilité intracellulaire du 

Pi. Les phospholipides dégradés sont dynamiquement remplacés par du digalactosyldiacylglycérol 

(DGDG), un lipide non phosphoré synthétisé exclusivement dans le plaste. Le remodelage lipidique 

s’opère probablement par des voies de transport lipidique non vésiculaires, ce qui souligne son 

importance dans le maintien de l'intégrité membranaire en cas de stress. Nous caractérisons ici deux 

acteurs impliqués dans le remodelage membranaire induit par la carence en phosphate : le complexe 

MTL (mitochondrial transmembrane lipoprotein) et AtVPS13M1. 

Le complexe MTL est un énorme complexe enrichi en lipides et principalement composé de protéines 

situées dans les deux membranes mitochondriales. Le complexe MTL est important pour le trafic 

intramitochondrial de lipides pendant l'adaptation des plantes à la carence en Pi. Nous avons tenté de 

purifier le complexe MTL par plusieurs techniques biochimiques afin d'affiner sa composition et 

d'étudier son architecture et sa structure. Nos résultats mettent en évidence la nature modulaire du 

complexe MTL qui peut vraisemblablement se présenter sous la forme d'un arrangement variable de 

différents composants. AtVPS13M1 est un homologue de vacuolar protein sorting 13 (VPS13) chez 

Arabidopsis thaliana. Des données récentes montrent que les protéines VPS13 sont d'énormes LTPs 

impliquées dans le transport massif de lipides et qu’elles sont localisées à de multiples sites de contact 

membranaire entre différents organites. Nous avons identifié six nouveaux variants d'épissage 

d’AtVPS13M1 et montré que l’une des isoformes domine largement les autres suggérant une importance 

biologique. Nous montrons que AtVPS13M1 est capable de lier plusieurs phosphoglycérolipides in vitro 

et participe à l'homéostasie des lipides en présence et en absence de Pi. Nos études de localisation 

d'AtVPS13M1 restent à affiner mais suggèrent une association avec le réticulum endoplasmique. 

Dans l'ensemble, nous proposons une approche originale dans laquelle nous identifions et caractérisons 

de nouvelles voies de transport de lipides non vésiculaires importantes lors du remodelage des lipides 

membranaires induit par la carence en Pi chez les plantes. 

 

Mots clés : Complexe MTL, VPS13, carence de phosphate, transport non-vésiculaire de lipides, 

mitochondrie, sites de contact membranaires 

 



 

Characterization of the MTL complex and AtVPS13M1: two actors involved in phosphate 

starvation-induced membrane lipid remodeling in Arabidopsis thaliana 
 

Eukaryotic cells are divided into several compartments delineated by one or more membranes. Organelle 

membranes are composed of a specific arrangement of lipids and proteins that ensure the identity of 

each compartment. As only a few cell compartments are able to synthesize their whole set of lipids, a 

massive exchange of lipids occurs between organelles. The transport of lipids can be mediated by 

vesicular pathways and/or by non-vesicular pathways. Non-vesicular lipid transport can be mediated by 

lipid transport proteins (LTPs) that facilitate the direct transfer of lipids from one membrane to another 

at membrane contact sites (MCSs). While LTPs have already been well investigated in yeast and human 

cells, only a small number have been characterized in plants. Phosphate (Pi) starvation is an abiotic 

stress commonly encountered by plants in nature during which a partial degradation of phospholipids 

occurs to increase the intracellular Pi availability. The degraded phospholipids are dynamically replaced 

by digalactosyldiacylglycerol (DGDG), a non-phosphorous plastid-synthetized lipid exclusively 

synthetized in the plastid. Lipid remodeling likely uses non-vesicular lipid transport routes highlighting 

its importance in the maintenance of membrane integrity during stress. Here, we characterize two actors 

involved in phosphate starvation-induced membrane remodeling: the mitochondrial transmembrane 

lipoprotein (MTL) complex and AtVPS13M1. 

The MTL complex is a huge complex enriched in lipids and mainly composed of proteins located in 

both mitochondrial membranes. The MTL complex is important for intramitochondrial lipid trafficking 

during plant adaptation to Pi starvation. We attempt to purify the MTL complex by several biochemical 

techniques to allow the refinement of its composition and the study of its architecture and structure. Our 

results highlight the modular nature of the MTL complex that can presumably be found as a variable 

arrangement of different components. AtVPS13M1 is a vacuolar protein sorting 13 (VPS13) homolog 

in Arabidopsis thaliana. Recent data show that VPS13 proteins are huge LTPs implied in bulk lipid 

transport localized at multiple membrane contact sites between organelles. We identify six novel splice 

variants for AtVPS13M1 and show that the transcriptional landscape is widely dominated by only one 

presumably biologically relevant isoform. We show that AtVPS13M1 is able to bind multiple 

phosphoglycerolipids in vitro and participates in lipid homeostasis in Pi replete and deplete conditions. 

AtVPS13M1 localization remains to be further investigated but our preliminary studies suggest an 

association at least with the endoplasmic reticulum. 

Overall, we provide an original approach in which we identify and characterize novel non-vesicular lipid 

transport routes important for Pi starvation-induced membrane lipid remodeling in plants. 

 

Keywords: MTL complex, VPS13, phosphate starvation, non-vesicular lipid transport, mitochondria, 
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