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Abstract 

Endocytosis is the process by which cells internalise molecules from their cell surface via plasma 

membrane-derived vesicles. In plants, clathrin-mediated endocytosis requires the evolutionarily 

ancient TSET/TPLATE complex (TPC), which was lost in metazoan and fungal lineages. TPC is required 

for membrane bending, but how TPC functions in the initiation of endocytosis and clathrin assembly 

is unclear. Here we used live-cell imaging and biochemical approaches to investigate the function of 

the Arabidopsis thaliana TPC subunit AtEH1/Pan1. Using in vitro and in vivo experiments we found 

that AtEH/Pan1 proteins can self-assemble into condensates through phase separation, which is 

influenced by both structured and intrinsically disordered regions. The proteome composition of these 

condensates revealed many key endocytic components which are selectively recruited via prion-like- 

and IDR-based interactions, including the ESCRT-0 TOM-Like proteins. Furthermore, AtEH/Pan1 

condensates selectively nucleate on the plasma membrane by binding specific phospholipid species 

that are recognised by their EH domains. Visualization of the ultrastructure of the endocytic 

condensates via CLEM-ET revealed that the coat protein clathrin can assemble into lattices within 

condensates. Our results reveal that AtEH/Pan1 proteins act as scaffolds to direct endocytic machinery 

to specific plasma membrane regions to initiate internalisation. These findings provide new insight 

into the interplay between membranes and protein condensates.  
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Introduction 

Clathrin-mediated endocytosis is an essential process which allows cells to regulate the composition 

of their plasma membrane in response to external and internal stimuli. Clathrin-mediated endocytosis 

is a multi-step process involving nucleation, cargo recognition, clathrin recruitment, membrane 

invagination, vesicle scission and uncoating (Kaksonen and Roux, 2018; McMahon and Boucrot, 2011; 

Paez Valencia et al., 2016). The stages of nucleation and cargo recognition involve a complex network 

of transient interactions between early endocytic proteins, adaptor complexes, phospholipids, 

clathrin, and cargo molecules. Since core endocytic machinery was already present in the last 

eukaryotic ancestor (Field et al., 2007), the underlying principles which drive endocytosis appear 

largely conserved between eukaryotes from distinct super-kingdoms. 

In humans, two of the earliest arriving endocytic proteins include the EH domain-containing protein 

Eps15 (Ede1p in yeast) (Stimpson et al., 2009; Taylor et al., 2011), and the muniscin proteins FCHo1/2 

(Syp1p in yeast) (Henne et al., 2010). FCHo proteins interact with Eps15 via their µHD and bind the 

plasma membrane via interaction with anionic phospholipids (Alaoui et al., 2022; Day et al., 2021; 

Henne et al., 2010). This Eps15-FCHo1/2 module can activate the AP-2 adaptor complex to bind cargo 

(Hollopeter et al., 2014; Ma et al., 2015), leading to the recruitment of clathrin and further machinery 

to form clathrin coated pits (Cocucci et al., 2012). Consistently, depletion of Eps15 impairs endocytosis 

initiation (Bhave et al., 2020), while FCHo has additional roles in the stabilisation of endocytic pits 

(Bhave et al., 2020; Cocucci et al., 2012; Lehmann et al., 2019). How the initiator machinery collectively 

assembles on the membrane and recruits downstream endocytic components in a highly co-ordinated 

manner is still poorly understood.  

Amoeba and plants contain an endocytic complex termed TSET and TPLATE complex (TPC) 

respectively. This complex is evolutionary ancient and related to COP and AP complexes (Gadeyne et 

al., 2014; Hirst et al., 2014; Yperman et al., 2021a; Zhang et al., 2015). In plants, TPC is essential, as 

mutants of TPLATE subunits cause male sterility (Gadeyne et al., 2014; Van Damme et al., 2006; Wang 

et al., 2019). TPC in plants functions in clathrin-mediated endocytosis together with AP-2 and is 

required for clathrin-curvature, as destabilisation of the complex causes a failure for clathrin pits to 

transition from a flat to a curved lattice (Gadeyne et al., 2014; Johnson et al., 2021; Wang et al., 2021). 

Compared to amoeba, plants contain two additional TSET subunits, AtEH1/Pan1 and AtEH2/Pan1, 

Eps15 homology (EH) domain containing proteins homologous to human Eps15 and yeast Ede1p and 

Pan1p. The evolutionarily conservation is highlighted by the conserved roles in autophagy between 

AtEH proteins (Wang et al., 2019), and Ede1p and Pan1p in yeast (Liu et al., 2022; Wilfling et al., 2020). 

AtEH1/Pan1 and AtEH2/Pan1 bind phospholipids and cargo through their EH domains (Yperman et al., 

2021b), and dimerise via coiled-coiled domains (Sánchez-Rodríguez et al., 2018; Yperman et al., 

2021a). Furthermore, AtEH1/Pan1 is structurally connected to TML via its lipid binding µ-homology 

domain (µHD) (Yperman et al., 2021a), placing both AtEH/Pan1 proteins and TML directly at the 

membrane surface. AtEH/Pan1 proteins are recruited to the PM simultaneously with the other TPC 

subunits (Wang et al., 2020), but how they function together with the other TPC subunits to facilitate 

clathrin-mediated endocytosis is still unclear.   

Recently, the formation of membraneless organelles (or biomolecular condensates), which are 

assembled through liquid-liquid phase separation, emerged as a fundamental mechanism to 

compartmentalise cellular functions (Banani et al., 2017; Choi et al., 2020; Snead and Gladfelter, 2019; 
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Zhao and Zhang, 2020). These include processes where condensates form on the surface of 

membranes, including autophagosome assembly (Fujioka et al., 2020), tight-junction formation 

(Beutel et al., 2019), and endocytosis (Bergeron-Sandoval et al., 2021; Day et al., 2021). In humans, 

Eps15 and Fcho1/2 phase separate to delineate membrane domains and catalyse the early formation 

of clathrin coated pits (Day et al., 2021). We hypothesised that in plants AtEH/Pan1 proteins may 

function as part of a similar initiator module to drive the efficient initiation and stabilisation of 

endocytosis via phase separation.  

Here we performed live-cell imaging, electron-tomography, interactomics, and in vitro biochemical 

experiments to decipher the function of the AtEH/Pan1 proteins. We found that AtEH/Pan1 can form 

condensates through phase separation, which recruits various endocytic accessory proteins, including 

clathrin. The nucleation of these condensates requires lipid binding on the plasma membrane and 

these condensates form a platform for clathrin recruitment and polymerization. Our results reveal 

that AtEH/Pan1 proteins act as endocytic scaffolds through the formation of membrane bound 

condensates which underlies the initiation and progression of endocytosis. 

 

Results 

AtEH/Pan1 proteins undergo liquid-liquid phase separation 

AtEH1/Pan1 and AtEH2/Pan1 are plant-specific subunits of TPC that are connected to the other six 

subunits via a physical interaction with the TML subunit (Yperman et al., 2021a) (Fig. 1A). AtEH/Pan1 

subunits have a similar domain architecture (Fig. 1B), and are proposed to have homologous, but non 

redundant functions during endocytosis (Gadeyne et al., 2014; Wang et al., 2019). Sequence analysis 

indicates that AtEH1/Pan1 and AtEH2/Pan1 are proportionally much more disordered than the other 

TPC subunits (Fig S1A-B), containing multiple long stretches of disordered residues (Fig. 1B). 

Furthermore, AtEH/Pan1 proteins contain prion-like domains (PrLDs) in their N-terminal intrinsically 

disordered regions (IDRs) (Fig. 1B). Prion-like domains and long IDRs are a common feature of proteins 

which undergo phase separation and form biomolecular condensates in cells (Alberti et al., 2019). As 

AtEH/Pan1 homologs from yeast (Ede1) and humans (Eps15) have the ability to undergo phase 

separation (Day et al., 2021; Kozak and Kaksonen, 2019; Wilfling et al., 2020), we asked whether this 

may be an evolutionarily conserved property of these proteins. 

Transient overexpression of AtEH/Pan1 proteins in tobacco (Nicotiana benthamiana), or  

overexpression in Arabidopsis thaliana seedlings were previously shown to form punctate structures 

(Wang et al., 2019), (Fig. 1C-D). Similar structures were observed by overexpression of AtEH1/Pan1 in 

fission yeast (Schizosaccharomyces pombe) (Fig 1E). Overexpression of other TPC subunits does not 

result in similar structures in N. benthamiana (Wang et al., 2019; Yperman et al., 2021a). We next 

assessed whether these structures have biophysical properties consistent with condensates. Under 

very high expression levels achieved using an Estradiol inducible promoter in A. thaliana, puncta 

showed rapid growth and shedding consistent with Ostwald ripening (Fig. 1F), and fused with each 

other (Fig. 1G). Latrunculin B abolished the mobility of these puncta, indicating that they move on 

actin (Fig. S2A), which is in agreement with AtEH/Pan1 proteins binding directly to actin in vitro (Wang 

et al 2019). Fluorescence recovery after photobleaching (FRAP) experiments indicate that 

AtEH1/Pan1-GFP molecules are rapidly exchanged between the condensate and the cytosolic pool 
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(Fig. 1H). Fast recovery, fusion, and rapid growth and dissolution of these condensates is consistent 

with the properties of proteins that phase separate.  

 

Multiple domains of AtEH1/Pan1 contribute to its phase separation behaviour 

Protein phase separation can be driven by intra- and inter-molecular multivalent interactions, for 

example by interaction between structured domains, or through weak interactions mediated by 

individual residues in IDRs. To assess which domains of AtEH/Pan1 proteins facilitate phase separation, 

we performed phase separation assays in vitro and in vivo, focusing on AtEH1/Pan1 due to its more 

central connection to TML and TPLATE in TPC when compared to AtEH2/Pan1 (Yperman et al., 2021a).  

We generated three AtEH1/Pan1 constructs; full length (AtEH1FL), an IDR3 truncation (AtEH11-684), and 

a coiled-coil and IDR3 truncation (AtEH11-527), and fused them with MBP-TEV-GFP at their N-terminus 

(Fig. 2A). We expressed and purified these proteins recombinantly in E. coli and performed in vitro 

phase separation assays (Fig. 2B-C). Full length AtEH1/Pan1 phase separated at relatively low protein 

concentrations (≤ 0.1 µM) consistent with strong phase separation observed in vivo (Fig. 2C-D). 

Furthermore, phase separation of AtEH1/Pan1 was salt-independent, and at high concentrations the 

protein partially aggregated (≥ 2.5 µM). Fluorescence recovery within in vitro AtEH1/Pan1 

condensates was low (Fig 2E). This may suggest that intra-molecular interactions promote phase 

separation and limit molecular re-arrangement in the absence of other components. Phase separation 

in vitro was drastically reduced when the intrinsically disordered C-terminus (IDR3) was truncated, and 

abolished when the coiled-coil domain was further truncated (Fig 2D), indicating that these regions 

are important for phase separation of AtEH1/Pan1 in the absence of other factors.  

Next, we generated AtEH1/Pan1-GFP truncation constructs and assessed their ability to phase 

separate in planta, via transient expression in N. benthamiana, and heterologously, by stable 

integration in S. pombe (Fig. 2F-G, S3). Deletion of IDR3 (AtEH11-684), and truncation (or deletion) of 

the coiled-coil domain (AtEH11-527, AtEH1/∆CC) significantly reduced, but did not abolish condensate 

formation in planta. Deletion of IDR3 alone abolished actin-dependent motility (Fig. S2B). Truncation 

of the first EH domain (AtEH1125-1019), or subsequent IDR1 (AtEH1302-1019), drastically increased the 

phase separation threshold, indicating that this N-terminal region is important for driving phase 

separation in planta. However, in yeast, truncation of the entire N-terminus did not abolish phase 

separation (AtEH1528-1019). The differential behaviour of these proteins in the different cellular contexts 

suggests that phase separation regulation in plants may depend on additional components that are 

absent in yeast or that phase separation in yeast is enhanced based on yeast-specific components or 

expression levels. 

Since IDR1 appeared to have a large effect in determining phase separation in vivo, we assessed 

whether specific residues in this region hold a critical function. Sequence alignment of AtEH/Pan1 

homologs throughout 700 million years of evolution indicated that while IDR1 was relatively divergent 

at a single amino acid level (Fig. S4A), the relative proportion of amino acid classes was highly 

conserved (Fig. S5). Phase separation can be driven by charge or hydrophobic interactions mediated 

by various residues (e.g.: π–π interactions via aromatic residues) (Boeynaems et al., 2018). To test 

whether specific residues were critical for phase separation we mutated aromatic, charged, and 

proline residues, but did not observe an abolishment of the condensate forming capacity of these 

proteins (Fig. S4B). Increasing aromatic interaction strength by exchanging tyrosine and phenylalanine 
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residues for tryptophan (12YF>W) caused aberrant condensate formation, which displayed increased 

solidity as revealed by live-cell imaging (Fig. S4C). Altogether, our findings suggest that while IDR1 can 

influence the physical properties of the condensates, the formation, or nucleation of the condensates 

occurs through mechanisms independent of weak interactions mediated by IDR1. 

 

AtEH/Pan1 condensates nucleate by lipid binding on the plasma membrane 

The nucleation or assembly of condensates is not spontaneous, and requires overcoming an energy 

barrier before molecular interactions reach a critical threshold for phase separation (Martin et al., 

2021). Since AtEH1/Pan1 is recruited to the plasma membrane during early endocytosis together with 

other TPLATE subunits (Wang et al., 2020), we reasoned that the plasma membrane could act as a 

condensate nucleation surface. To test this, we performed live-cell imaging of AtEH1/Pan1-GFP in N. 

benthamiana epidermal cells. We observed simultaneous nucleation events on the surface of the 

plasma membrane, with condensates gradually increasing in size before dissociating from the 

membrane (Fig. 3A). These nucleation events were much slower than endocytic events, lasting 

approximately 100 seconds. Furthermore, without its C-terminal region required for actin binding, 

AtEH1/Pan1 formed immobile, regularly spaced condensates on the surface of the membrane (Fig. 

3B, S2B). These data suggest that AtEH/Pan1 proteins may directly bind components of the plasma 

membrane resulting in their recruitment, concentration and subsequently nucleation of phase 

separation.  

As AtEH/Pan1 subunits can bind negatively charged phospholipids via their EH domains (Yperman et 

al., 2021b), we questioned whether AtEH1/Pan1 condensates could be initiated by the binding of 

AtEH/Pan1 to anionic phospholipids in the plasma membrane. To test this, we mutated 3 positively 

charged arginine or lysine residues which mediate lipid binding in each individual EH domain (Yperman 

et al., 2021b), and examined the effect on condensate formation in N. benthamiana. Disrupting lipid 

binding capacities of individual EH domains significantly increased the saturation concentration 

required for phase separation for both full length and truncation constructs (Fig. 3C-D), and often lead 

to the formation of irregularly shaped, or abnormally large condensates in the cell. Mutation of both 

EH domains’ capacity to bind lipids completely abolished phase separation (Fig. 3C-D), demonstrating 

that lipids are the primary interaction partner of AtEH/Pan1 subunits to facilitate condensate 

nucleation. However, we did observe partial phase separation even after mutation of both EH domains 

using an AtEH1/Pan1 construct lacking the C-term (AtEH11-684), suggesting that under certain 

conditions, which are mimicked here by truncating the C-term, additional binding partners present in 

the N-terminal region may act as secondary interactors of AtEH/Pan1 proteins at the membrane to 

facilitate condensate nucleation.  

The plasma membrane in plants is composed of multiple lipid species, including the phospholipids 

phosphatidic acid (PA), phosphatidylinositol 4-phosphate (PI4P), and phosphatidylinositol 4,5-

bisphosphate (PI(4,5)P2) (Noack and Jaillais, 2017; Noack and Jaillais, 2020). To determine whether 

specific lipids are required for the nucleation of AtEH/Pan1 condensates, we examined condensate 

formation by transient overexpression of AtEH1/Pan1 in Nicotiana tabacum pollen tubes, which 

maintain a strict and distinctive lipid composition at different plasma membrane regions (Potocký et 

al., 2014a). We found that AtEH1/Pan1 preferentially formed condensates at the sub-apical region of 

growing pollen tubes which co-localised strongly with PA and PI4P biosensors, but not PI(4,5)P2 (Fig. 

3E). These findings are consistent with our previous report that both EH domains strongly bind PA 
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(Yperman et al., 2021b). We therefore conclude that AtEH1/Pan1 likely nucleates by recognition of PA 

on the plasma membrane. Furthermore, under endogenous expression levels TPC components 

TPLATE and TML show similar localisation patterns (Gadeyne et al., 2014; Van Damme et al., 2006), 

indicating that the TPC is driven to the membrane via the lipid binding activity of AtEH/Pan1 subunits. 

 

AtEH1/Pan1 functions as a scaffold to recruit endocytic accessory proteins 

Condensate formation can be driven by highly multivalent proteins (termed scaffolds) which can 

passively recruit lower valency proteins (termed clients) into condensates (Banani et al., 2016). We 

therefore asked whether AtEH/Pan1 proteins could act as a scaffold and recruit endocytic proteins 

into the condensate. To identify putative client proteins, we performed proximity labelling proteomics 

in A. thaliana cell culture using AtEH1/Pan1-TurboID as a bait (Fig. 4A). Because this system expresses 

the bait proteins in the presence of the endogenous genes, and AtEH1/Pan1 can phase separate by 

itself when overexpressed, we compared AtEH1/Pan1-TurboID data with available data from another 

TPLATE complex subunit (TPLATE-TurboID) to discriminate between endocytic interactors and 

interactions due to overexpression of AtEH1/Pan1 (Arora et al., 2020).  

TOM-1LIKE (TOL) proteins TOL6 and TOL9, members of an ancestral ESCRT-0 complex which localize 

at the plasma membrane and function as ubiquitin receptors in plants were common between both 

baits (Fig. 4B) (Blanc et al., 2009; Herman et al., 2011; Korbei et al., 2013; Moulinier-Anzola et al., 

2020). Furthermore, we found late stage endocytic proteins, including dynamins (DRP1B, DRP2A, 

DRP2B) which mediate vesicle scission (Fujimoto et al., 2010; Konopka and Bednarek, 2008), and 

AUXILIN-LIKE proteins, which function in vesicle uncoating (Adamowski et al., 2018). Sequence 

analysis indicated that TOL6 and TOL9 contain large prion-like domains (Fig. S6A-B), while AUXILIN-

LIKE and DRP2 proteins contained large, disordered regions. We hypothesized that these structural 

features could potentially mediate weak-multivalent interactions with AtEH1/Pan1, and therefore be 

recruited into AtEH1/Pan1 condensates.   

To test this, we performed a phase separation partitioning assay by expressing AtEH1/Pan1 (scaffold) 

with the identified client proteins in N. benthamiana. We observed that TOL6 and AUXILIN-LIKE 1 

readily partitioned into AtEH1/Pan1 condensates and that this was independent of the C-terminus of 

AtEH1/Pan1. However, interaction with TOL6 was significantly increased in the AtEH1/Pan11-684 

background (Fig. 4C), likely as TOLs remain membrane bound and do not completely partition into 

condensates (Fig. S6C). Lastly, DRP2a partitioned into AtEH1/Pan1FL, but not into AtEH1/Pan11-684 

condensates, suggesting that the C-terminus mediates the interaction here. We purified TOL6 and 

TOL9 and performed partitioning assays in vitro (Fig. 4E). Despite containing relatively large prion-like 

domains and high disorder content, TOL6 and TOL9 did not undergo phase separation alone (Fig. 4E) 

(Fig. S6A-B). When combined with AtEH1/Pan1, TOL6 and TOL9 partitioned into the condensates (Fig. 

4E). These data show that AtEH1/Pan1 is a scaffold which drives the recruitment of endocytic proteins 

into condensates.   

Next, we asked if we could identify sequence features of proteins that would specify their interaction 

with AtEH1/Pan1. When we assessed the individual datasets, we found that the AtEH1/Pan1-TurboID 

dataset was highly enriched in disordered and prion-like domain containing proteins when compared 

to TPLATE-TurboID (Fig. S6A-B, D). These included many prion-like domain containing cytosolic and 

nuclear proteins which are implicated in phase separation (Cho et al., 2018; Fang et al., 2019). We 
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reasoned that these proteins may be recruited to cytosolic condensates caused by overexpression of 

AtEH1/Pan1, which we confirmed by partitioning in N. benthamiana (Fig. S6E). We then assessed the 

composition of these prion-like domains compared to with those from the A. thaliana proteome 

(Chakrabortee et al., 2016; Powers et al., 2019), and found that prion-like domains enriched in 

AtEH1/Pan1-TurboID are enriched in glutamine (Fig. 4F), remarkably similar to the composition of 

TOL6 and TOL9 prion-like domains. These findings indicate that AtEH1/Pan1 condensates 

preferentially recruit prion-like proteins with specific properties. Collectively, our data demonstrate 

that AtEH1/Pan1 proteins recruit endocytic proteins through IDR-based interactions.   

 

Clathrin forms cage-like assemblies at AtEH1/Pan1 condensates  

To understand the morphology of AtEH1/Pan1 condensates, we performed correlative light and 

electron microscopy (CLEM) combined with electron tomography (ET) in 35S::AtEH1/Pan1-GFP 

overexpression lines (Fig. 5A). Remarkably, we resolved that AtEH1/Pan1 condensates contained 

structured polygonal cage-like assemblies, which appeared to be arranged on the condensate surface 

(Fig. 5A). We did not observe membranes in these structures, indicating that they are condensates 

and not membrane bound clathrin-coated assemblies. The dimensions and arrangement of these 

assemblies closely match the dimensions of higher order polygonal structures formed by the coat 

protein clathrin (Morris et al., 2019). To confirm that these structures were clathrin, we examined the 

localisation of clathrin light chain (CLC2) in 35S::AtEH1/Pan1-GFP lines. We found that, similar to what 

has been shown in N. benthamiana (Wang et al., 2019), clathrin also partitioned with AtEH1/Pan1 in 

Arabidopsis, and in some cases clathrin accumulated around the condensates (Fig. 5B). These findings 

indicate that AtEH1/Pan1 condensates recruit and concentrate clathrin, which can then assemble into 

organised coat structures.  

 

Discussion 

AtEH/Pan1 proteins are endocytic scaffolds 

Our in vitro and in vivo data shows that AtEH/Pan1 proteins can phase separate and recruit endocytic 

proteins, and therefore likely act as key scaffold proteins during endocytosis. This is supported by 

analysis of the domain architecture of AtEH/Pan1 subunits, which is remarkably similar to other 

essential scaffold proteins which drive the formation of diverse condensates in cells, such as the stress 

granule scaffold G3BP (Yang et al., 2020). These proteins are characterised by an oligomerisation 

domain, an intrinsically disordered region, and a substrate binding domain (Mitrea and Kriwacki, 2016; 

Sanders et al., 2020). We show that the coiled-coil domain of AtEH1/Pan1 promotes phase separation 

in vitro and in plant cells, and therefore functions as an oligomerisation domain, similar to the coiled-

coil domains in AtEH/Pan1 homologs Eps15 and Ede1 (Boeke et al., 2014; Lu and Drubin, 2017; Tebar 

et al., 1997). Furthermore, the intrinsically disordered, prion-like regions in the N-terminus controls 

the material properties of endocytic condensates. Lastly, the C-terminal IDR acts as the primary 

substrate binding domain, facilitating multiple protein-protein interactions including dynamin (during 

endocytosis), and ARP3 and VAP27-3 (during autophagy) (Wang et al., 2019).  

It is evident that AtEH/Pan1 proteins function in endocytosis and in autophagy (Gadeyne et al., 2014; 

Stephani et al., 2020; Wang et al., 2019; Wang et al., 2020). This is also supported by the findings from 
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Wilfling et al., 2020, who show that in yeast Ede1 acts as an intrinsic autophagy receptor to degrade 

aberrant endocytic structures. While it was previously proposed that AtEH/Pan1 condensates in N. 

benthamiana were autophagosomes based on co-localisation with ATG proteins (Wang et al., 2019), 

we find that in this system, these structures are instead condensates which are likely degraded 

through autophagy. It is unclear how AtEH/Pan1-mediated endocytosis and autophagy processes are 

functionally segregated, but this could involve conformational changes or post-translational 

modifications which modify the accessibility of protein-interaction sites. This may also explain how 

recruitment of dynamin and Auxilin-like proteins could be regulated, as they partition into AtEH1/Pan1 

condensates but only function during later endocytic stages of scission and uncoating respectively 

(Adamowski et al., 2018; Fujimoto et al., 2010). 

Given that AtEH/Pan1 are structurally and functionally similar to yeast Ede1 and human Eps15 which 

can form condensates (Day et al., 2021; Kozak and Kaksonen, 2019; Wilfling et al., 2020), and have 

been proposed to function as early endocytic scaffolds (Maldonado-Báez et al., 2008; McMahon and 

Boucrot, 2011), we propose that AtEH/Pan1 may have evolved from an ancient scaffold protein which 

function in endocytic initiation and progression.  

 

AtEH/Pan1 subunits are condensate nucleation machinery which initiate endocytosis at the 

membrane 

Endocytosis functions to selectively internalise portions of the plasma membrane. How endocytosis is 

initiated in plants is unclear, but is proposed to involve the assembly of a nucleation module before 

activation of AP-2 and the arrival of TPC before clathrin (Gadeyne et al., 2014; Narasimhan et al., 2020; 

Paez Valencia et al., 2016). Our data suggests that in plants, this selectivity may be achieved by the 

targeting of AtEH/Pan1 proteins to lipid domains in the plasma membrane enriched for PA and PI4P. 

This is consistent with previous findings that AtEH/Pan1 subunits bind phospholipids via their EH 

domains and can localise to the cell plate (Yperman et al., 2021b), which is enriched in PA and PI4P 

(Noack and Jaillais, 2020; Platre et al., 2018). Furthermore, AtEH1/Pan1 remains at the plasma 

membrane when the TPC subunit TPLATE is forced to aggregate in the cytoplasm (Wang et al., 2021). 

Furthermore, TML can bind PI4P at the plasma membrane via its muniscin homology domain (µHD), 

which is structurally connected to AtEH1/Pan1 (Fig 1A) (Yperman et al., 2021a), and may provide 

additional specificity or affinity to stabilise the entire TPLATE complex on the target membrane.  

In animal cells endocytosis is initiated by the AtEH/Pan1 and TML homologs Eps15 and FCHo1/2 

respectively, which function in the initiation and stabilisation of clathrin coated vesicles (Bhave et al., 

2020; Day et al., 2021; Henne et al., 2010; Lehmann et al., 2019). In plants, AtEH/Pan1 are recruited 

simultaneously with other TPC subunits and remain present during all observable stages of 

endocytosis (Gadeyne et al., 2014; Wang et al., 2020). Therefore, the recruitment of the whole TPLATE 

complex to lipid domains of the plasma membrane would be sufficient to overcome a phase 

separation threshold (Snead and Gladfelter, 2019), leading to condensate formation and the 

recruitment of endocytic accessory proteins and clathrin, and therefore the progression of 

endocytosis. Because arrival of TPC precedes clathrin at endocytic sites (Gadeyne et al., 2014; 

Narasimhan et al., 2020), condensate formation could precede clathrin assembly and polymerisation, 

and that clathrin assembles in a liquid-like state with other endocytic accessory proteins (Fig. 5). How 

clathrin interacts with or assembles with endocytic condensates is not clear, but it may be due to TPC 
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subunits such as TPLATE, containing uncharacterised clathrin interaction motifs (Gadeyne et al., 2014; 

Van Damme et al., 2011).  

In contrast to full length AtEH/Pan1 where both EH domains were mutated to abolish lipid binding, 

we still observed condensate formation with AtEH1/Pan1, lacking lipid binding capacity as well as 

lacking the C-term. Binding of the N-terminus of AtEH/Pan1 subunits to other plasma membrane 

components may therefore substitute for lipid-dependent membrane recruitment. We previously 

identified TOM-like proteins as putative interactors of the TPLATE complex (Arora et al., 2020), and 

here show that AtEH1/Pan1 can recruit TOL6 into membrane bound condensates, likely via interaction 

of glutamine rich prion domains which are specifically enriched in AtEH1/Pan1 condensates. Because 

TOLs function as ubiquitin receptors as part of the heteromeric ESCRT-0 complex in plants (Korbei et 

al., 2013; Moulinier-Anzola et al., 2020), co-operative binding to TOLs may provide additional cues to 

specifically target AtEH/Pan1 proteins (and therefore TPC) to membrane regions enriched for cargo 

primed for internalisation. Interestingly, Eps15 interacts with the human ESCRT-0 component 

hepatocyte growth factor-regulated tyrosine kinase substrate (HRS) (Bache et al., 2003), suggesting 

that a link between ESCRT-0, AtEH/Pan1 proteins, and endocytosis initiation may be evolutionarily 

conserved. AtEH/Pan1 proteins can also interact with proteins containing NPF motifs via their EH 

domains (Yperman et al., 2021b), and therefore NPF-containing PM proteins such as Secretory Carrier 

Membrane Protein 5 (SCAMP 5) cannot be excluded as additional weak recruitment signals in addition 

to TOLs. 

Glutamine rich prion-like domains are a conserved sequence feature of endocytic proteins in yeast 

(Bergeron-Sandoval et al., 2021), suggesting that the biophysical properties of condensates may be 

similar. Further analysis of how the composition and sequence variability of IDRs of AtEH/Pan1 

proteins influence the properties and composition of endocytic condensates warrants further 

investigation. IDR mediated interactions could be facilitated by both linear binding motifs of motif-

independent interactions encoded by sequence chemistry (Langstein-Skora et al., 2022), for example 

by linear binding motifs present on the C-terminus of AtEH1/Pan1 which may encode for recruitment 

of dynamin (DRP2a), while motif-independent interactions may drive the recruitment of TOL proteins. 

 

Conclusions 

The endocytic site is composed of a meshwork of dozens of interacting proteins which are dynamically 

re-modelled during the formation of clathrin coated pits (Schmid and McMahon, 2007). Weak, 

multivalent interactions, which can be dynamically re-arranged, are a common property of phase 

separated biological systems (Banani et al., 2017; Ditlev et al., 2018). Consistently, clathrin and certain 

endocytic proteins are rapidly exchanged during clathrin-coated pit formation (Avinoam et al., 2015; 

Bergeron-Sandoval et al., 2021; Skruzny et al., 2020). The liquid-like properties of endocytic 

condensates may provide an ideal environment for both the recruitment and re-arrangement of 

proteins during endocytic progression. Artificially strengthening condensate interactions during early 

clathrin coated pit formation stalls endocytosis (Day et al., 2021), suggesting that the material 

properties of these condensates are critical for their function. Further meso-scale understanding of 

the properties of these condensates and how they are regulated will be essential to understanding 

their function.  
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Collectively, our data shows that AtEH/Pan1 subunits of the endocytic TPLATE complex can phase 

separate to form endocytic condensates and that the nucleation of the phase separation occurs on 

the membrane. We propose that AtEH/Pan1 are key scaffolds that initiate endocytosis at the plasma 

membrane through lipid binding, leading to the efficient recruitment of other TPC subunits, 

monomeric adaptors, clathrin, AP-2, but also TOL proteins, to the growing clathrin coated pit. This 

work provides new mechanistic insight into how plants internalise cargo proteins. 
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Materials and Methods 

 

Plant material and growth conditions 

A. thaliana lines were all in the Columbia-0 (Col-0) accession background. Plant lines have been 

previously described; 35S::AtEH1/Pan1-GFP, pRPS5A::XVE:AtEH1/Pan1-GFP, 

pRPS5A::XVE:AtEH2/Pan1-GFP (Wang et al., 2019), CLC2-mKO (Ito et al., 2012).   

Seeds were surface sterilised by chlorine gas and grown on ½ strength Murashige and Skoog (½ MS) 

medium containing 0.6% (w/v) agar pH 5.8, without sucrose.  Seedlings were stratified for 48 h at 4°C 

in the dark, and transferred to continuous light conditions (68 μE m−2 s−1 photosynthetically active 

radiation) at 21 °C in a growth chamber. Imaging was performed on 4-5 day old seedlings unless 

otherwise indicated. β-Estradiol induction of the pRPS5A::XVE lines was performed by transferring 3-

day-old seedlings to ½ MS medium containing 1 µM β-estradiol (Sigma-Aldrich).  

Molecular cloning 

To generate the constructs used for heterologous expression in yeast cells, AtEH1/Pan1 and its 

variants coding sequences were amplified and cloned into pDUAL-Pnmt1-yeGFP vector by the 

ClonExpress II One Step Cloning Kit (Vazyme, C112). 

The constructs for in vitro protein expression were cloned by inserting AtEH1(FL), AtEH1(1-684) and 

AtEH1(1-527) coding sequences into MBP-HIS-GFP vector, with maltose binding protein (MBP) at N-

terminus following a TEV cleavage site and a green fluorescence protein (GFP) at C-terminus. The 

sequences of TOL6 and TOL9 were amplified and inserted into the pRSFduet-6×His-mCherry vector to 

generate mCherry-TOL6 and mCherry-TOL9 constructs for in vitro protein expression. 

To prepare the PA marker construct (pLat52::mRFP:NES-2xSpo20p-PABD), NES-Spo20p-PABD was first 

amplified using P1 and P2 primers and YFP:Spo20p-PABD (Potocký et al., 2014b) as a template and 

introduced into mRFP:2xSpo20p-PABD (Pejchar et al., 2020) using XbaI/SpeI sites to make mRFP:NES-

2xSpo20p-PABD. To prepare the PI4P marker construct (pLat52::mRFP:2xP4M-SidM), 2xP4M-SidM 

was first amplified using P3 and P4 primers and GFP:P4M-SidM2x (a gift from Prof. Tamas Balla, 

Addgene plasmid # 51472) as a template and introduced into the vector pHD22, kindly provided by 

Prof. Benedikt Kost, using XbaI/ApaI sites to make mRFP:2xP4M-SidM. Construct for PI(4,5)P2 marker, 

mRFP:2xPHPLCẟ1, was described previously (Scholz et al., 2022). 

All other constructs were cloned using the green gate system (Lampropoulos et al., 2013), and are 

detailed in Table S1.  

TurboID 

PSB-D A. thaliana cell suspension cultures were transformed with the AtEH1/Pan1-linker-TurboID and 

experiments were performed as previously described (Arora et al., 2020). The TPLATE-linker-TurboID 

dataset is described before (Arora et al., 2020).  To calculate enrichment scores, the datasets were 

compared to a large set of TurboID experiments using unrelated baits performed using the same 

conditions.    
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CLEM-ET 

The CLEM approach was performed similarly to previously described with minor modifications 

(Chambaud et al., 2022). Hypocotyls of 4-day old A. thaliana seedlings stably expressing 35S:AtEH1-

GFP were cut and frozen in a Leica EM-PACT high-pressure freezer using 20% BSA as a cryoprotectant. 

Freeze-substitution was performed using a Leica AFS 2 using 0.1% uranyl acetate. Hypocotyls were 

embedded in HM20 Lowicryl resin (Electron Microscopy Science). Ultra-thin sections were cut using a 

microtome (Leica Ultracut) with a diamond knife (Biel, Switzerland) and placed on copper mesh grids 

(Electron Microscopy Science). Sections were treated with Anti-GFP primary antibody and 5 nm gold 

conjugated secondary antibody to assist in the correlation of fluorescence signal due to limited 

landmarks in hypocotyl samples.  

EM grids were imaged before ET by fluorescence microscopy using a Zeiss LSM 880 Airyscan confocal 

microscope with a 63× apochromatic N.A 1.4 oil objective. Transmission electron microscopy 

observations were carried out on a FEI TECNAI Spirit 120 kV electron microscope equipped with an 

Eagle 4Kx4K CCD camera. Electron tomography was performed as previously described (Nicolas et al., 

2018). Tilt series were acquired from -65° to 65°. To acquire dual axis tomograms the grid was rotated 

90°. The raw tilt series were aligned and then reconstructed using the fiducial alignment mode with 

the eTomo software (http://bio3d.colorado.edu/imod/). 10 to 25 fiducials were used to accurately 

align all images. Reconstruction was performed using the back-projection with SIRT-like filter (10 to 

50 iterations). 

Transient expression in Tobacco 

N. benthamiana plants were grown in a greenhouse under long-day conditions (6–22 h light, 100 PAR, 

21 °C) in soil (Saniflor osmocote pro NPK: 16-11-10 + magnesium and trace elements). Transient 

expression was performed by leaf infiltration according to (Sparkes et al., 2006). A similar optical 

density of Agrobacterium strains was used for all constructs during co-expression. Transiently 

transformed N. benthamiana were imaged three to four days after infiltration. 

Confocal microscopy 

Spinning Disk: Imaging was performed on a PerkinElmer Ultraview spinning-disc system, attached to 

a Nikon Ti inverted microscope, and operated using the Volocity software package. Images were 

acquired on an ImagEM CCD camera (Hamamatsu C9100-13) using frame-sequential imaging with a 

60x water immersion objective (NA = 1.20). Specific excitation and emission were performed using a 

488 nm laser combined with a single band pass filter (500-550 nm) for GFP in single camera mode. 

RFP was visualized using 561 nm laser excitation and a 570-625 nm band pass filter. Exposure time 

was between 25-500 ms.  

Image Analysis: For FRAP, fusion, and ostwald ripening experiments condensates were tracked using 

Trackmate (Tinevez et al., 2017). Relative fluorescence intensity profiles were obtained and plotted. 

For the analysis of AtEH1/Pan1 truncations or mutations in tobacco the relative saturation 

concentration was obtained by quantifying the mean cytosolic signal after subtraction of background 

signal.  The partitioning assay quantification was performed using the MitoTally script  using regions 

of interests determined from AtEH1/Pan1 positive foci (Winkler et al., 2021). 
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Fluorescence recovery after photobleaching (FRAP) 

Tobacco cells transiently expressing proteins were inhibited with Latrunculin B (4 μM) for 30 minutes 

prior to imaging to inhibit condensate movement. FRAP was performed on the spinning disk system 

using the Ultraview PhotoKinesis unit. Bleaching was performed with 100% 488 laser for 3s and post-

bleach acquisition was performed every 0.6 seconds for 120 seconds. Analysis was performed using 

easyFRAP (Rapsomaniki et al., 2012). 

For the FRAP experiments in vitro, MBP-EH1(FL)-GFP was cleaved with TEV protease for 3 hours to 

remove MBP tag. EH1-FL protein was diluted into 10 µM at 100 mM NaCl. After 30 min of incubation 

on ice, droplets were bleached with a 488-nm laser pulse (3 repeat, 100% intensity) on Zeiss LSM880 

confocal laser microscope using a ×63 objective. Fluorescence recovery was recorded every 2 s for 

400 s after bleaching. Images were acquired using ZEN software. Using Fiji/ImageJ to analyse the 

fluorescence intensity of recovery. 

Yeast expression 

Fission yeast strain LD328 was used in this study and general methods to transform into fission yeast 

cells were as described by Gietz (Gietz, 2014). Briefly, the plasmids were linearized with NotI 

restriction enzyme. Yeast cells were cultured by YES medium at 30°C, 200 rpm until OD600 to 0.4-0.8, 

harvested the cells by centrifugation and washed three times with sterile water. Added 

Transformation Mix (240 µL 50% PEG3350, 36 µL 1.0 M LiAc, 50 µL single-stranded carrier DNA (2.0 

mg/mL) to 34 µl linearized plasmid DNA, resuspended the cells by vortex mixing vigorously and 

incubated in a 42°C water bath for 40 min. Transformants were plated on EMM+HT (EMM medium 

supplemented with 45mg/L histidine and 15 µM thiamine) medium. After 3 days, colonies were 

transferred to EMM+H (EMM medium supplemented with 45mg/L histidine) plates and observed by 

Zeiss LSM880 confocal laser microscope using a 100× objective. 

In vitro protein expression and purification 

All proteins were expressed in Escherichia coli BL21 (DE3) cells. Briefly, the protein expression was 

induced by 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) for 18 h at 18℃. Cells were collected 

by centrifugation and lysed with buffer A (40 mM Tris-HCl pH7.4, 500 mM NaCl, 10% glycerol). The 

bacteria were lysed by sonication and the supernatant was flowed through a column packed with Ni-

NTA. Proteins were eluted with buffer B (40 mM Tris-HCl pH7.4, 500 mM NaCl, 500 mM Imidazole) 

and purified with a Superdex 200 increase 10/300 column (SD200) (GE healthcare). Proteins were 

stored in buffer C (40 mM Tris-HCl pH7.4, 500 mM NaCl, 1 mM DTT) at -80°C. 

For the phase separation experiments in vitro, MBP-EH1(FL)-GFP, MBP-EH1(1-684)-GFP and MBP-

EH1(1-527)-GFP was cleaved with TEV protease for 3 hours to remove MBP tag. Proteins were diluted 

to the desired concentrations in different concentration of NaCl. Droplets in 384-well plate were 

observed by Zeiss LSM880 confocal laser microscope using a ×63 objective.  

For the co-localization experiments in vitro, 5 µM EH1(FL)-GFP after MBP cleaved and 5 µM mCherry-

TOL6 were mixed with buffer (40 mM Tris-HCl pH7.4, 100 mM NaCl) and incubated on ice for 30 min. 

Droplets in 384-well plate were observed as described previously. GFP was excited at 488 nm and 

detected at 491-535 nm, mCherry was excited at 561 nm and detected at 579-650 nm. 
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Pollen tube transformation and imaging 

Experiments were performed step by step according to the protocol described in (Noack et al. 2019). 

Transformed tobacco (Nicotiana tabacum) pollen grains were observed 6 hours after transformation 

with a Zeiss LSM900 laser scanning microscope (Axio Observer 7, inverted) with Airyscan 2 multiplex 

4Y mode. 40x Plan Apochromat objective (WI, NA = 1.2) was used during image acquisition. The 

fluorescence signal was collected with a high-resolution Airyscan2 detector, and ZEN blue software 

smart set up configured the light paths for TagYFP and mCherry. mCherry smart set-up was used for 

RFP signal collection due to a lower noise to signal ratio. Laser and camera settings were constant for 

the entire experiment. Time-lapse of tobacco pollen tubes was acquired between 30-90s. Analysis was 

performed in FIJI (https://imagej.net/software/fiji/). Region of Interest (ROI) was selected with the 

“Segmented line” tool over the plasma membrane region of the middle section of the pollen tube for 

each time point and saved in the ROI manager. An offset distance value was manually calculated for 

each time point to align each time point to the centre of the pollen tube tip. 

Bioinformatics 

Prediction of disordered residues (MobiDB consensus scores) and structured residues (Alphafold-

plddt) were obtained for individual proteins via MobiDB (https://mobidb.bio.unipd.it). Prediction of 

prion-like residues were obtained from PLAAC (http://plaac.wi.mit.edu/) using a core length of 60 and 

‘relative weighting of background probabilities’ of 100. Proteome of prion-like domains from A. 

thaliana was obtained from previous work (Chakrabortee et al., 2016; Powers et al., 2019). MobiDB 

consensus disorder predictions for the A. thaliana proteome (NCBI taxon ID 3702) was downloaded 

on 2021-08-31.  

Statistical analysis 

For statistical analysis, the R package in R studio was used, and Graphpad Prism.  

Multiple sequence alignment and phylogenetic analysis 

To identify AtEH1/Pan1 homologues, predicted proteins of selected genomes from the Phytozome 

v13 database (https://phytozome-next.jgi.doe.gov/blast-search) were searched using the BLASTP 

algorithm (Altschul, S. F. et al. 1997) with Arabidopsis AtEH1/Pan1 as an input sequence. Multiple 

sequence alignment was constructed with the MAFFT algorithm in the einsi mode (Katoh et al., 2017). 

Phylogenetic analysis was carried out utilizing PhyML v3.0 (Guindon, S. et al., 2010) with the smart 

model selection (Lefort et al., 2017). The phylogenetic tree was visualized using iTOL v6 (Letunic and 

Bork 2021). 
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Figures 

 

Fig.1. AtEH/Pan1 proteins have the capacity to form liquid-like phase-separated condensates. 
A) Integrative Model of the TPLATE complex highlighting AtEH/Pan1 subunits (AtEH1 and AtEH2) and the TML μHD, which 

connects AtEH1 to the core TPC. PDB: PDBDEV_00000065 (Yperman et al., 2021). B) AtEH1/Pan1 and AtEH2/Pan1 structure 

and prediction of disordered (MobiDB consensus), structured (Alphafold pLDDT) and prion-like (PLAAC) residues. Values over 

the 0.5 cutoff are considered disordered, structured, or prion-like respectively. C-E) Airyscan confocal imageof AtEH1 

overexpressed in overexpressed in A. thaliana root epidermal cells (35S::AtEH1-GFP) (C), N. benthamiana epidermal cells 

(UBQ10:AtEH1-mGFP) (D) and in yeast (S. pombe) (E). F-G)  Time-lapse imaging of estradiol induced AtEH1 and AtEH2 

expression in A. thaliana root epidermal cells. Spot tracking and quantification of relative fluorescence intensity shows spot 

growth and shrinking through ostwald ripening (F), and fusion of spots (G). H) Fluorescence recovery after photobleaching 

(FRAP) of condensates in N. benthamiana epidermal cells transiently expressing UBQ10::AtEH1/Pan1-GFP. Cells were treated 

with Latrunculin B (4 μM, 30 minutes) to inhibit their movement. Data represents mean ± SD, n= 20 spots from 12 cells. Scale 

bars = 20μm (D,I), 5μm (C, E, F, G), 2μm (D-inset), 1μm (H). 
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Fig.2. Phase separation capacity of AtEH1/Pan1 is associated with the N-terminally located EH 

domains and the intrinsically disordered region. 
A) Schematic of AtEH1/Pan1 constructs used for protein purification. Constructs were purified as Green Fluorescent protein 

(GFP)-fusion proteins using an N-terminally located Maltose Binding Protein (MBP) tag with a Tobacco Etch Virus (TEV) 

cleavage site. EH = EH domain; CC = coiled coil domain. Schematic representation not drawn to scale. B) SDS-PAGE gel of 

purified AtEH1/Pan1 protein before and after TEV cleavage; * indicates AtEH1/Pan1 protein. C) Concentration dependent, 

but NaCl independent phase separation of recombinant AtEH1/Pan1 in vitro. D) Phase diagram showing the presence of 

phase separation (red closed circle) under different NaCl and protein concentrations. E) In vitro FRAP assay of purified GFP-

AtEH1FL protein. F) Schematic of AtEH1/Pan1 truncation constructs used to analyse the necessary regions for phase 

separation in planta. G) Localisation of AtEH1 truncation constructs (UBQ10:AtEH1domain-GFP) transiently expressed in N. 

benthamiana. Insets show zoom in of condensates (dense phase) and cytosol (dilute phase). As the ability of AtEH1/Pan1 to 

phase separate decreases, protein concentration in the dilute phase increases (increase in cytosolic signal). H) Quantification 

of relative saturation concentrations obtained by plotting the cytosolic signal intensity. n > 15 cells, *** p < 0.01 compared 

to AtEH1FL from Student’s t-test. n.d.; not determined (no phase separation). Scale bars 20μm (F), 2 μm (F-inset). 
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Fig. 3. AtEH/Pan1 condensates nucleate on the plasma membrane. 
A) Time-lapse imaging of UBQ10::AtEH1/Pan1-GFP transiently expressed in N. benthamiana epidermal cells showing 

nucleation of condensates on the plasma membrane. Spots appear as immobile dots which gradually increase in intensity, 

before moving away from the membrane after approx. 110 seconds (arrows). Images represent a Z-projection. B) Depth-

coded colour projection of UBQ10:AtEH11-684-mGFP in N. benthamiana. Inset (single Z-plane) shows condensates restricted 

to a region on the plasma membrane. C) Analysis of EH domain lipid binding mutants in AtEH1 full length and truncated 

reporters. Mutation of individual lipid binding domains (EH1 KR>E or EH2 R>E) altered condensate distribution and 

properties. Mutation of both EH domains (EH1 KR>E + EH2 R>E) abolished condensate formation for the AtEH1/Pan1 full 

length protein, whereas some condensates could form when the construct lacked its C-terminal IDR (AtEH11-684). D) 

Quantification of relative saturation concentration. n > 15 cells, *** p < 0.01 Student’s t-test. n.d; not determined (no phase 

separation). E) Transient co-expression of pLAT52::AtEH1/Pan1-YFP with lipid biosensors (pLAT52-biosensor-mCherry) in N. 

tabacum pollen tubes. Plasma membrane signal was quantified for AtEH1/Pan1 and lipid biosensors. Two pollen tubes with 

five different time points were used to quantify the signal at the plasma membrane for each biosensor and AtEH1/Pan1. 

Data represent a moving average (with a sliding window of 20) with a standard deviation shown in the transparent colour. 

Scale bars: 20μm (B, C), 5μm (B-inset), 2μm (A, E).  
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Fig. 4. AtEH/Pan1 proteins recruit endocytic machinery into condensates. 
A) Schematic representation of the proteomics strategy to identify client proteins of AtEH1 during endocytosis. B) Plot of 

common endocytic proteins identified in AtEH1/Pan1-TurboID and TPLATE-TurboID. Colours indicate the following: Endocytic 

proteins (Green), TPC subunits (Orange), bait (Red). NSAF; normalised spectral abundance factor. Selected proteins were 

classified based on protein disorder and prion-like domains (shown in Fig S4A-B). C) Partitioning assay using scaffolds 

(UBQ10::AtEH1(FL)-GFP and UBQ10::AtEH1(1-684)-GFP) and client (UBQ10::Client-mScarlet) transiently in N. benthamiana 

epidermal cells. D) Quantification of client partitioning. A partitioning coefficient of 1 indicates a complete lack of 

partitioning. *; p < 0.05, Student’s t-test. E) TOL6 and TOL9 partition into AtEH1/Pan1 condensates in vitro, but do not phase 

separate when expressed alone. F) Analysis of enriched residues in prion-like domains from the AtEH1/Pan1-TurboID dataset 

and TOL6/TOL9 prion-like domains, compared to all prion-like domains from the A. thaliana proteome. Glutamine residues 

are enriched in both TOL6/9 and AtEH1/Pan1-TurboID sets. Scale bars = 2μm (C), 5μm (E).  
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Fig. 5. AtEH1/Pan1 condensates form a platform for clathrin lattice polymerization. 
A) Correlative light and electron microscopy (CLEM) combined with Electron Tomography (ET) of hypocotyl sections from 

stable A. thaliana seedlings over-expressing AtEH1/Pan1-GFP. Fluorescence from ultra-thin sections was visualised by 

fluorescence microscopy (FM) to identify large condensates, which were further confirmed by Anti-GFP immunogold 

labelling. ET reveals distinctive lattice assemblies strikingly resembling clathrin associated with AtEH1/Pan1 condensates. B) 

Airyscan confocal images of clathrin light chain 2 (CLC) and AtEH1/Pan1 in A. thaliana hypocotyl cells. Plot profiles show 

normalised fluorescence intensities. Clathrin is observed both within and surrounding the condensates. Scale bars = 5 μm 

(B)  
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Fig.S1. AtEH/Pan1 proteins are the most disordered TPC subunits.  
A) Plot of TPLATE complex subunits showing prediction of disordered (MobiDB consensus, blue), structured (Alphafold2 

pLDDT, grey) and prion-like (PLAAC, red) residues. Values over the 0.5 cutoff are considered disordered, structured, or prion-

like respectively. B) Plot of the proportion of disordered residues for TPLATE complex subunits. AtEH1/Pan1 and AtEH2/Pan1 

are predicted to be highly disordered. 
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Fig. S2. Condensate mobility can be chemically arrested by inhibiting actin polymerization. 
A) Time-lapse projection (time coloured) of N benthamiana epidermal cells transiently transfected with UBQ10::AtEH1/Pan1-

GFP. Condensates are motile, but become immobile after Latrunculin B treatment (4 μM, 30 minutes). B) Time-lapse imaging 

showing that UBQ10::AtEH11-684-mGFP condensates are immobile. Scale bars = 5μm.   

 

 

Fig. S3. Various AtEH1/Pan1 truncations form condensates in yeast. 
A) Expression and condensate formation capacities of AtEH1/Pan1 domain constructs in S. pombe. Scale bars = 2μm.  

Numbers on top of the panels refer to the length of the constructs used (see Figure 2F).  
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Fig S4. AtEH1/Pan1 IDR1 modulates condensate properties.  
A) Conservation of amino acids at the single residue level based on Consurf analysis calculated using 128 AtEH homologous 

sequences throughout plant evolution. The average conservation score is indicated for each region (1 = 0% conservation, 9 

= 100% conservation). IDR1 is highly variable at the individual amino acid level. The composition of IDR1 for AtEH1/Pan1 is 

shown with each amino acid plotted with total number of each residue indicated.  B) Analysis of AtEH1/Pan1 IDR1 mutants 

transiently expressed in N. benthamiana epidermal cells (UBQ10::AtEH1IDR1mut-GFP). Mutation of prolines, charged, or 

aromatic residues changes the properties of the condensates, but did not abolish phase separation capacity. C) Increasing 

aromatic interaction strength (Y or F to W mutation) lead to condensates which have behaviour of condensates with 

increased solidity. Condensates were tracked over time (indicated in the top left corner). Scale bars = 5μm (C), 20μm (B). 
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Fig. S5. Evolutionary comparison of AtEH1/Pan1 IDR1 amino acid composition across 

Archaeplastida.  
A tree represents the maximum likelihood phylogeny of EH proteins. The phylogenetic tree was arbitrarily rooted to reflect 

phylogenetic relationships between chlorophytes lineages and streptophytes. 

 

 

  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 17, 2022. ; https://doi.org/10.1101/2022.03.17.484738doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.17.484738
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

24 
 

 

Fig. S6. Compared to the interactome of TPLATE, the AtEH1/Pan1 interactome is enriched for 

proteins with prion-like domains. 
A) Plot of Prion-like proteins identified in the AtEH1/Pan1 and TPLATE TurboID datasets. B) Plot of proteins based on disorder 

content (MobiDB consensus fraction) and plot showing enrichment versus disorder content of selected individual endocytic 

proteins. C) Single infiltration controls of AtEH1 clients transiently expressed in N. benthamiana. D) Structural categorisation 

of the top 25 enriched proteins in the AtEH1/Pan1-TurboID dataset. E) Partitioning assay of selected nuclear proteins with 

prion-like domains identified in the AtEH1/Pan1-TurboID dataset. Scale bars = 20 μm (C, E).  
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