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How to transport lipids: A brief history of patellins 

Abstract 

Patellins (PATLs) are peripheral membrane proteins present in Arabidopsis thaliana that are 

composed of the Sec14 and GOLD domains. In this work patellins are described, their 

molecular structure, the domains that compose these proteins as well as the function of these 

domains. We review the role that these proteins have in plants in processes of cellular 

division, vesicular trafficking, regulation of phytohormones and the existing evidence of their 

possible role in the defense of plants against pathogens. Finally, the role of the patellin protein 

HpaF Interactor II (HFI-II) from cassava, as a target of the bacterial effector XopAE from 

the phytopathogenic bacterium Xanthomonas phaseoli pv. manihotis, is discussed.  

Introduction  

Membrane dynamics are important for several cellular processes in eukaryotic cells. 

However, certain processes are not very well understood, especially in plants. This work 

describes a type of membrane proteins called patellins (PATLs), which seem to have an 

important role in some molecular processes in plants such as cytokinesis and vesicular 

trafficking. For this purpose, we discuss their structure in the initial section, as well as the 

domains that compose them and the biochemical and molecular functions attributed to them. 

We also describe other proteins that possess these domains but are not PATLs and evidence 

of homologs of PATLs in other organisms such as mammals and yeasts. Secondly, we will 

show evidence of the distribution of patellins in plants and the function demonstrated in these 

organisms. Thirdly, we discuss the role that these proteins could have in the immune response 

of plants to pathogen infections.   
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1. A brief history of Patellins and membrane traffickimg proteins 

1.1 General aspects of Patellins 

Patellins (PATLs) are peripheral membrane proteins present in Arabidopsis thaliana, they 

have a variable N terminus with PXXP motif, coil coiled region or neither, and two domains 

in their C-terminus: Sec14 and GOLD domain. PATLs receive their name from the Latin 

patella which means “small plate” referring to the location of these proteins for the first time 

detected by immunolocalization assays for the first patellin characterized PATL1, where it 

was observed in Arabidopsis thaliana root cell-plates during cytokinesis process, in the late 

states of cell plate formation (Peterman et al., 2004). Patellins were initially classified as 

proteins involved in vesicular trafficking from and between the Golgi apparatus and 

endoplasmic reticulum (ER). However they can also be involved in other processes that 

include cytokinesis, lipid signaling pathways, vesicular trafficking and phosphoinositide 

metabolism, due to the presence of a Sec14 domain that allows binding to phosphoinositide 

such as phosphatidylinositol (Pdtlns) such as Pdtlns (4,5), which forms part of cellular 

membranes and is an important component for the phospholipid signaling  (Peterman et al., 

2004; Bankaitis et al., 2007; Kearns et al., 1998). Moreover, the GOLD domain is believed 

to be involved in protein-protein interactions (Anantharaman & Aravind, 2002) and this will 

be discussed in more detail later.  

Homologues of PATL proteins have been found in different organisms such as mammals, 

yeasts and plants; hinting at the importance of these proteins in eukaryotic organisms. 

However, in this review we will focus on the function that these proteins have in plants and 

their possible role in plant immunity, as well as mentioning evidence of homologous PATLs 

proteins in mammals and yeasts.  
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1.2 Patellin structure and function   

Many studies have shown the PATL structure and they have determined that these types of 

proteins are composed of two domains which are Sec14 and GOLD domain in their C 

terminus, and that they possess a variable N terminus; in this region these proteins can 

possess PXXP motif accompanied to coil coiled region, in the same way patellins can possess 

one of these N-terminal regions or neither. To understand the function of PATLs, the domains 

that make these proteins up will be broken down below. 

Figure 1. General structure of Patellins. In blue Sec14 domain, and in yellow GOLD domain. 

Illustrate by DOG 2.0: Illustrator of Protein Domain Structures. Jian et al., 2009. The variable N 

terminus can possess both PXXP motifs and coil coiled region, or neither. The variable N terminus 

and the length of Sec1 domain and GOLD domain are a form to classify the members of patellins 

family.  

 

1.2.1 Sec14 domain function and structure 

One of the PATL molecular components is the Sec14 domain that allows binding to 

phosphoinositide such as Phosphatidylinositol (PtdIns), phosphatidylcholine (PtdCho), or 

phosphatidylethanolamine (PtdEtn). This domain was initially characterized in a 

Saccharomyces cerevisiae strain (Bankaitis et al., 1990), as it was present in SEC14 genes 

that encoded for Sec14 proteins (Sec14p). These proteins represent the major 

Phosphatidylinositol transfer proteins (PITP) in yeast, and they are involved in vesicular-

mediated protein exit from the Golgi complex to the cytosol (Bankaitis et al., 1989; Kearns 

et al., 1998). This domain is highly conserved across mammals, yeast and plants and they 
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have an important role in intracellular signaling network. PITPs are able to mediate the 

energy-independent transfer of PtdIns or PtdCho between membrane bilayers, a process 

important for lipid metabolism and secretory vesicles biogenesis from trans-Golgi network 

(Cleves et al., 1991a; Wirtz, 1991; Bankaitis et al., 2007). In addition, it is known that Sec14 

proteins are involved in membrane trafficking and cytokinesis processes that will be explored 

later.  

The Sec14 domain has variable lengths between 87 and 357 amino acids in its sequence. 

Three amino acids have been shown to be essential for PtdIns binding/transfer: Glu207, Lys239 

and Gly266 and they are highly conserved in Sec14 proteins; Glu207, Lys239 are able to form a 

salt bridge to facilitate hydrogen bond between Sec14p and the headgroups of phospholipids, 

whereas Gly266 is important for the stabilization of a hydrophobic pocket and for the Sec14 

PtdIns-transfer activity (Peterman et al., 2004; Phillips et al., 2006; Cleaves et al., 1989).  

The Sec14 crystal structure has been modeled to show how this molecule binds to 

phospholipids such as PtdIns or PtdCho. The crystal structure consists of six β-strands, 

twelve α-helices and eight 310 helices; these six β-strands with three α-helices (grey) make 

up the hydrophobic pocket that allows Sec14p binding to lipids; the hydrophobic pocket is 

composed by “string” (red) and “tripod” (green) motifs which allows the pocket to establish 

and help target Sec14 proteins to Golgi membranes through the formation of hydrogen bonds 

with headgroups of PtdIns (Fig. 2; Sha et al., 1998; Mousley et al., 2007). In addition, the 

residues M177, L179, F212, I214, I240, I242, (β-strands that conform the pocket); V194, 

M191, Y193, V194 (α-helix) and F221, F225, F228, L232 (α-helices and 310 helices) of the 

side chains are conserved in PATLs and they make extremely hydrophobic the superior 

region in the pocket (Sha et al., 1998; Mousley et al., 2007). 
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Figure 2. Crystal structure of Sec14 domain binding phospholipid. Taken from Mousley et al., 

2007. The motif that conforms Sec14 proteins are the tripod motif (green), the hydrophobic pocket 

performed to helix (grey and red) and string motif (blue). 

 

The importance of phospholipid binding to Sec14 proteins is given by phospholipids such as 

PtdIns being part of cell membranes, as they act as substrates for the formation of other 

molecules by phospholipid exchange performed by Sec14 proteins. Phospholipids are also 

involved in protein recruitment, activation, and signal transduction (Kusano et al., 2008). Sha 

and collaborators (1998) proposed the Bulldozer model for the phospholipids exchange 

process. The helix formed by alpha helix 10 and 310 helix 4 is inserted into the lipid bilayer 

and penetrates to come in contact with the acyl chains, where it inserts the phospholipid 

brought by the hydrophobic pocket of Sec14. When the helix is retracted from the bilayer, it 

brings another phospholipid that will occupy the hydrophobic pocket of the Sec14 protein 

(See Figure 3). 
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Figure 3. Bulldozer model. Adapted from Sha et al., 1998. Alpha helix (green), Sec14 protein 

(blue), phospholipid charged (yellow). The Sec14 protein is posed on lipid bilayer, and the helix 

penetrate and changes the lipid that is located in the Sec14 hydrophobic pocket (b-d). Subsequently, 

the helix takes another lipid from the bilayer, which is placed in the hydrophobic pocket; the protein 

then separates from the lipid bilayer surface (e-a). Illustrated by BioRender.  

 

This mechanism allows the Sec14 proteins to perform the functions of membrane biogenesis 

and phospholipid metabolism attributed to them. Even though the relationship between these 

two processes is, at first glance, not clear, the action of Sec14 on membranes described above, 

seems to have a central role in phospholipid metabolism as well. Two classical studies have 

demonstrated this relationship. Cleves and collaborators (1991) showed how the regulation 

of Golgi secretory vesicles occurs through lipid synthesis. The overexpression of Sec14 

proteins reduces the activity of cytidine diphosphate (CDP) choline pathway in 73% by 

inefficient incorporation of choline in CDP choline pathway for PdtCho synthesis. The step 

in the pathway where Sec14 proteins bound to PtdCho (Sec14-PtdCho) act was determined 

by Skinner and collaborators (1995), they report that Sec14-PtdCho inhibits phosphate 

cytidyltransferase (CCTase or PTCase) (Skinner et al., 1995). In other studies of the Sec14p 

pathway for Golgi secretory function, it has been observed that the mutant PTCase: ptc, avoid 

the transition from Choline-P to CDP choline by inhibiting PTCase, leading to the 
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interruption of PtdCho synthesis, thus Sec14-PtdCho would act as a regulator of the pathway. 

Similarly, overexpression of Sec14 proteins bound to PtdIns (Sec14p- PtdIns) in the yeast 

inactivates Sac1 phosphatase, which is able to convert PtdIns to PtdIns(4) phosphate, thus its 

inactivation results in accumulation of PtdIns(4) phosphate, which is classified as a 

prosecretory phospholipid. The accumulation of PtdIns(4) leads to the inhibition of Kes1p 

(an antagonist of Sec14p-dependent Golgi secretory function) and will subsequently prevent 

the formation of secretory vesicles in the Golgi apparatus (Cleves et al., 1989; Phillips et al., 

1999; Bankaitis et al., 2007). 

Because the Sec14 domain has widespread distribution in yeast, the molecular function of 

this domain has been explored in these organisms and extrapolated with respective evidence 

to other organisms that possess with this domain linked together with other domains such as 

the nodulin domain (Vincent et al., 2005; Ile et al., 2006; Bankaitis, et al., 2007), and GOLD 

domain. However, at the moment there is no evidence of Sec14 being in proteins with other 

domains in yeast. Therefore, yeast Sec14 proteins are included in this review for reference to 

this domain and indications of how it works in other organisms, although they do not possess 

PATLs at all (Proteins with the Sec14 domain in yeast do not have the GOLD domain). 

PITPs in yeast possess the Sec14 domain that was characterized in Saccharomyces cerevisiae 

as SEC14p, and this domain was involved in protein transport processes towards the Golgi 

apparatus (Bankaitis et al., 1989).  Apart from Saccharomyces cerevisiae, Sec14 proteins 

have been characterized in the dimorphic yeast Yarrowia lipolytica, important for 

biotechnological industrial processes. A cDNA library from this yeast was expressed in 

pFL61 vector in E. coli, and a SEC14YL homologue to the gene present in the S. cerevisiae 

was identified. Its PITPs functions were confirmed by immunoblotting and in vitro transfer 
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assay with radiolabeled phosphatidylinositol/phosphatidylcholine (PI/PC) in a sec14YL 

mutant strains. The results showed that SEC14YL is the only PITP present in Y. lipolytica, 

since the sec14YL mutant strain did not show transfer activity of PI/PCTP-labeled from 

cytosol to mitochondria, when compared with wild type. At the same time, a role in the 

dimorphic process of Y. lipolytica was reported for this SEC14YL protein because mutant 

strains sec14YL were unable to develop mycelium under optimal growth conditions (Fig 4; 

López et al., 1994); These results indicate that SEC14 from Y. lipolytica is important for the 

process of dimorphism, probably through a PI/PC transfer activity. 

 
Figure 4. SEC14YL is implicated in PI/PC transport and dimorphic process in Yarrowia 

lipolytica. Adapted from López et al., 1994. Wild type (left side) show a normal mycelium 

development after 24h, while mutant strain lacks Sec14 domain (right side) have an anormal pseudo-

mycelium growth at the same time.  

 

Although the Sec14 domain allows binding to phosphoinositides, not all proteins having this 

domain are classified as PATLs, other Sec14 proteins have different domains, such as the 
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nodule domain (Vincent et al., 2005; Ile et al., 2006; Bankaitis, et al., 2007). However, for 

the purposes of this paper, we will focus on Sec14 like GOLD proteins, meaning PATLs. 

 

1.2.2 GOLD domain function and structure 

The GOLD domain is composed of 90 to 150 amino acids, it is named after proteins that 

contain this motif in the C-terminus which are involved in the transport of vesicles across the 

Golgi apparatus. This domain was found in many mammals, yeast and plants cells and it is 

conserved across these organisms It is usually found together with other domains proteins; 

these include the Sec14, p24 and GCP60-like domains. GOLD domain proteins may be 

implicated in membrane interactions and protein-protein interactions. For example, a study 

on a GCP90 protein showed that overexpression of this GOLD region may produce Golgi 

structure disassembly and truncate protein transport from ER to the Golgi apparatus (Sohda 

et al., 2001; Anantharaman & Aravind, 2002).  

With this in view, the GOLD domain proteins are classified  in two categories (Fig 5; 

Anantharaman & Aravind, 2002), category 1 proteins comprises the p24 protein family, 

while category 2, the most numerous category, is composed of Sec14p, GCP60 like proteins, 

Osh3 and other proteins that contain additional conserved domains. These are known to 

interact with lipid membranes, and they could help assemble protein complexes in the Golgi 

membrane. 
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Figure 5. Phylogenetic tree of GOLD-domains. Taken from Anantharaman & Aravind, 2002. 

Additional domains present in the diverse proteins are shown as illustration. Category one (blue 

branch), with p24-like proteins. Category two (green branch), with Sec14 domains and PRELI: 

protein of relevant evolutionary and lymphoid interest; with GOLD domain together to RUN: RPIP8, 

UNC-14 and NESCA rich domain; FYVE: Fba1, YOTB, Vac1 and EEA1 rich domain; Pleckstrin-

homology (PH); Oxysterol-binding (OxB) and acyl-CoA binding (Aco) domains. 
 

1.3 Patellins in mammals 

PATLs are homologues with other Sec14-like GOLD domain proteins present in a wide range 

of organisms, such as mammals. Their high conservations at the amino acid level suggest 

that these Sec14 proteins homologues participate in similar processes in these very distant 

organisms. Many studies have classified mammalian proteins as Sec14p and demonstrated 

their homology with PATLs as SEC14L1-like mammalian patellins. These proteins have the 

ability to control phospholipid membrane content by the process of phospholipid exchange 

(Li et al., 2000; Chinen et al., 1999; Ribeiro et al., 2007). Also, SEC14L1 forms a complex 

with Acetylcholine vesicular transporter (VAChT), which allows acetylcholine accumulation 

in cholinergic synaptic vesicles (Parsons 2000; Ribeiro et al., 2007). Ribeiro and 
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collaborators (2007) demonstrated the existence of a complex between SEC14L1-VAChT 

and suggest that VAChT and high affinity choline transport (CHT1) interact with SEC14L1 

GOLD domain forming a complex that locates in cholinergic cells (Ribeiro et al., 2007). In 

additional experiments, these researchers observed a decrease in CHT1 activity when 

SEC14L1 was overexpressed in cholinergic SN65 cells, suggesting that SEC14L1 regulates 

the cellular trafficking of CHT1. In order to show that the SEC14L1 located in cholinergic 

cells, authors performed an immunofluorescence and confocal microscopy assay where they 

showed that SEC14L1 is not only located in the Golgi apparatus, but that, when this Sec14p 

is co-expressed with VAChT and CHT1, it is located at various points in the cell as part of 

vesicular structures (Ribeiro et al., 2007). These data suggest that SEC14L1 is able to regulate 

vesicular synaptic trafficking of neurotransmitters in mammals.  

Another PATL homologue expressed by mammals is the p45 protein, composed of Sec14 

and GOLD domains. p45 was found for the first time in the rat olfactory epithelium into 

secretory granules of sustentacular cells (Novoselov, et al., 1994; Merkulova et al., 2005). 

Because the subcellular location of p45 had not been clearly determined, immunoblotting 

and confocal microscopy were performed to show where p45 is found in mammalian cells. 

To achieve this objective the p45 protein was epitope tagged in its C-terminus; the results 

obtained in the assay suggest that p45 protein can be related to exocytosis process. It is 

initially localized to the Golgi apparatus, and subsequently packaged into secretory vesicles 

(Fig 6; Merkoluva et al., 2007). These researchers also expressed Sec14 and GOLD domains 

of p45 separately in COS-1 cells to determine hydrophobic functionality; the results showed 

that Sec14 construction was found in vesicles and the extracellular space while GOLD 

domain construction was only seen inside COS-1 cells which would suggest that for these 

p45 PATLs the secretion function would be contained in the Sec14 domain. Its seems that in 
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mammals these proteins homologous to PATLs have a vesicular trafficking function by 

binding to phospholipids, similar to that observed for the proteins that only possess Sec14 

domains in yeast; however the evidence for PATLs mammals was described in trafficking 

events related with neuronal functions.  

Figure 6. Endogenous p45 is located in granular cytoplasmic structures and extracellular space 

in COS-1 cells. Adapted from Merkulova et al., 2007. Confocal microscopy of COS-1 cells with p45 

protein (labelled with anti-HA in red) show their localization inside secretory vesicles and 

extracellular regions.  

 

2. Patellins in plants  

It is in plants that the identified Sec14 proteins have been described as Patellins (proteins 

with Sec14 and GOLD domains). It should be noted that this type of protein was first 

characterized in plants in Arabidopsis thaliana (Peterman et al., 2004; 2006) where almost 

the entire family of Patellins has been described. However, homologs of the A. thaliana 

patellins have been found in other plants such as Cucurbita pepo (Peterman et al., 2006). 
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Phylogenetic analyses allow the SEC14 yeast proteins to be related to the PATL family, 

however, the Sec14 domain of PATLs has been shown to be more closely related to non-

classical PITPs: Sec 14 Homologues (SFH), than to SEC14 proteins. The SFHs are capable 

of transferring PtdIns but not PtdCho in vitro (Li et al., 2000; Peterman et al., 2004). In 

addition, Sec14p homology studies with Arabidopsis thaliana PATL1 lacking the GOLD 

domain demonstrated that Arg266 in the Sec14 domain of PATL1 is the residue responsible 

for providing specificity in PITPs interaction. In addition, this study showed that the PATL1 

interacts specifically with phosphatidylinositol-5-phosphate (PI5P) (Ferris et al., 2010). 

In this section, the sec14p presented in plants, their functions, cellular location, and homology 

with the patellins already described in yeast and mammals will be broken down in order to 

understand their evolutionary divergence and general function in the plants where they are 

found. 

2.1 Arabidopsis PATLs family 

 Seven proteins were characterized as patellins in Arabidopsis thaliana, being the best 

characterized family of PATLs in plants. In turn, proteins homologous to these have been 

found in other plants that would also form part of the plant patellins, which will be discussed 

later. Among the patellins found in A. thaliana, PATL1 was the first one to be characterized. 

Several studies on this protein have allowed to determine its function at the molecular level 

in plants. Peterman and collaborators (2004) characterized these PATLs for the first time by 

cDNA cloning and reverse transcription by PCR from which 5 PATLs of the 6 predicted 

proteins were obtained: PATL1, PATL2, PATL3, PATL4 and PATL6 (Peterman et al., 

2004).  

These and other authors functionally characterized these proteins. Although their similarity 

allows them to be classified in the same family, their differences, especially in their N-
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terminus, would suggest that they fulfill different functions. The N-terminus of PATLs tend 

to be variable with a length of 81 to 357 amino acids, presenting PXXP motifs and coil coiled 

regions. The PXXP motifs have been determined to allow binding to SH3 protein domains, 

which have been involved in vesicular trafficking and cytokinesis dynamics (Feng et al., 

1994; Kay et al., 2000; Peterman et al., 2004). The coil coiled region is a common protein 

oligomerization folding motif (Burkhard et al., 2001; Peterman et al., 2004). 

PATL1 has been characterized as a 105KDa membrane protein, widely distributed 

throughout the cell plate of various tissues such as roots, leaves, flowers, siliques and others 

(Fig. 7; Peterman et al., 2004). Its localization in the cell plate might be explained by its 

phospholipid binding activity; likewise, this binding activity and its localization suggest that 

these lipid binding proteins play a role in cell plate biogenesis during cytokinesis (Peterman 

et al., 2004). PATL1 is capable of binding to vesicles formed by PtdIns, in addition to being 

found in cells of the apical root meristem that have recently undergone the process of cell 

division. This suggests that the PATL1 would be involved in membrane traffic events 

associated with the expansion and maturation of cellular plates (Peterman et al., 2004; Tejos 

et al., n.d). 

 

 

 

 

Figure 7. Localization of PATL1 in plant issues. Adapted from Peterman et al., 2004. Immunoblots 

of A. thaliana tissues extracts probed with anti-PATL1 and anti-actin antibodies.  
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PATL2 is the family member closest to PATL1 (Fig. 8; Peterman, et al., 2004) because they 

both possess a PXXP motif and a coil coiled region in their N-terminus. The subcellular 

localization of this patelline was determined by means of immunolocalization and 

microscopy in tissues of a transgenic line of A. thaliana containing the PATL promoter 

bound to the GUS-GFP marker; their results show that PATL2 has the ability to express 

itself in vascular tissues in roots, it is also actively found in pro-vascular stems cells and 

cotyledons in embryos. In contrast, it is not expressed endogenously in tissues where 

constant division occurs. The overexpression of PATL2 leads to a decrease in the wavy root 

development in seedlings (Tejos et al., n.d). It has also been implicated in signaling cascades, 

as observed in the Suzuki and collaborators (2016) who determined an interaction between 

PATL2 and a mitogen-activated protein kinase (MAPK) cascade, involved in turn in 

processes of plant cytokinesis. PATL2 interacts and is phosphorylated by MPK4, the major 

phosphorylation sites being at three serine residues especially residue Ser536 located in the 

hydrophobic pocket in the Sec14 domain (Fig. 9; Suzuki, et al. 2016). While PATL2 is at 

the cell division plate, MPK4 is localized in dividing cells and interphase cell membrane. 

Sha and collaborators (2016), also investigated the distribution of PATL2 in tobacco BY-2 

cells by means of a DNA construct coding for PATL2 fused monomeric red fluorescent 

protein (mRFP- PATL2), from which they observed that the mRFP- PATL2 was located at 

the equatorial line of the phragmoplast during the cytokinesis process (Fig. 10; Suzuki, et al. 

2016). Taken together, these results suggest that PATL2 could participate in membrane 

regeneration events during cytokinesis, which depends on the formation of a cell plate, in 

addition to having the potential to be involved in a cellular response to cytokine treatments.  

PATL3 and PATL4 were expressed in the A. thaliana tissues, where PATL3 is excluded 

from vascular cells located between root apical meristem (RAM) and the zone of 
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differentiation referring to transition zone of the roots. In addition, PATL3 was observed in 

mature roots, leaf primordia when early vascular differentiation occurs. On the other hand, 

PATL4 was found ubiquitously in the RAM cell types, especially in internal tissues: 

trichoblastic cells, lateral root primordia, as well as in internal vascular tissues of cotyledons, 

stomata, and cells accompanying these (Tejos et al., n.d). Although PATL3 is mostly 

expressed in outer cell layers and PATL4 is instead ubiquitously expressed in RAM, they 

can both be expressed in the root tip basal meristem and lateral root primordia and high 

mitotic activity zones (Tejos et al., n.d; Zhou et al., 2019). 

Figure 8. PATLs proteins diagram structure. Adapted from Peterman et al., 2004. Diagram of the 

domain proteins structure of Arabidopsis PATLs family. The black lines represent PXXP motif in the 

protein, and the squares of patrons represent the coil-coiled motif.  
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Figure 9. PATL2 protein is phosphorylated at a specific position. Adapted from Suzuki et al., 2016. 

Autoradiography and Coomassie Brilliant Blue (CBB) procedures revel that replaced serine residues by 

alanine residues in specific position correspond to Sec14 domain in PATL2 protein.  

 

 
Figure 10. PATL2 protein is localized in cell plates. Adapted from Suzuki et al., 2016. Subcellular 

localization of PATL2 in root cells; protein was tagged with GFP (left side), the arrowhead shows PATL2-

GFP in developing cell plate. Microtubules immunofluorescence (right side), the concentration of mRFP-

PATL2 was in phragmoplast equatorial line during cytokinesis process. 

 

Although all of these PATL proteins appear to have repetitive functions, other studies have 

shown notable differences between them, such as binding to various phosphorylated forms 

of PtdIns; It was determined that PATL1 binds to vesicles composed of PtdIns, PtdCho or 

Phosphatidylethanolamine (PtdEth), however it has a low affinity for some phosphorylated 

forms of PtdIns, these being PtdIns(4)P, PtdIns(3,5)P2. PATL3 is able to bind PtdIns (4,5)P2 

and PtdIns(4)P. On the other hand, PATL2 has the ability to bind to the seven phosphorylated 
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forms of PtdIns (Peterman et al., 2004; Suzuki et al., 2016; Wu et al., 2017). This highlights 

the possible role of these PATL proteins in important signaling pathways.  

2.1.1 Patellins as plant hormone regulators  

 

PATL proteins do not only act in cytokinesis processes, in other studies they have been 

implicated in the regulation of plant hormones such as auxins and brassinosteroids. These 

hormones are mainly involved in plant growth, and they can also be affected when plants are 

stressed by biotic or abiotic conditions. In their work Tejos and collaborators (2017) show, 

by microarrays, the role of PATLs in auxin localization through the polarly localized auxin 

exporters of the PINFORMED (PIN) family or PIN-mediated auxin transport, which guides 

the polar auxin transport (PAT). PATLs and PIN have similar patterns of expression, many 

of which are expressed in the same place in plants: lateral root primordia, steles cells in root 

tips, root epidermis and cortex (Benková et al., 2003; Omelyanchuk et al., 2016; Tejos et al., 

2017). Mutations in PATLs results in re-polarization of PIN1 in response to auxin and in 

phenotypic defects in seedlings. Auxins regulate several plant processes such as cell division 

and elongation in roots, meristem size and root gravitropism (Lavy and Estelle, 2016; Tejos, 

et al., 2017). These observations suggest PATLs as regulators of the auxin-induced PIN 

relocation. Furthermore, Tejos and collaborators (2017) reported that PATL2 and 6 levels 

increased in response to auxin in qRT-PCR assays. At the same time, mutations of patl2,-4,-

5 and -6 treated with 100nM of 2,4 dichlorophenoxyacetic acid (2,4 D), a synthetic analogue 

of auxin, showed reductions in the size of the RAM in relation to wild type plants. The patl3,-

4,-5 and -6 mutations showed an abnormal embryotic development, defects in basal and 

apical poles was observed, and an abnormal morphology in the cotyledons (Tejos et al., 

2017).  
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PATLs also seem to be functionally connected with brassinosteroids (BR) which are growth 

promoting steroid hormones (Clouse and Sasse, 1998; Deng et al, 2007). BR transgenic 

mutants in A. thaliana show dwarfism, reduced fertility, altered vascular development and 

other phenotypes by BR’s biosynthesis inhibition (Clouse et al., 1996; Deng et al., 2007). A 

widespread proteomic analysis was performed on these mutants (see below) with the aim of 

identifying brassinosteroid responsive proteins at BR treatment and bzr1 and bri1 mutants, 

by two-dimensional gel electrophoresis (2-D DIGE) and mass spectrometry assays; the 

results obtained in mutant plants to the BZR1 transcription factor and BRI1 kinase in the 

treatment with BR, show around 46 proteins differentially expressed, including the PATL1 

and PATL2 expression at 6h after treatment. To confirm PATL expression, authors 

performed a immunoblotting (Fig. 11; Deng et al., 2007) where PATL1,-2 expression is 

strongly induced. Similarly, PATL4 was expressed in BR mutant det2 which causes BR 

deficiency and it was identified as BR-regulated RNAs by microarray assay. The data 

obtained in this work suggest that PATL1, -2 and -4 are up regulated by brassinosteroids and 

that they have an important role in the BR-mediated growth response (He et al., 2005; Deng 

et al., 2007). 
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Figure 11. PATL1 and PATL2 expression in BR mutants. Taken from Deng et al., 2007. 

Immunoblot of samples treated with Mock and BR at different times (Upper side). Quantification of 

PATL1, 2 levels, data from immunoblot and 2-D DIGE was performed by DeCyder 6.5 software 

(Lower side). 

 

2.2 PATLs in other plants  

PATLs are widely distributed in plants different from A. thaliana. Also, they have been 

implicated in other processes such as protein-protein interactions, metabolism regulation in 

roots, and response to pathogens. One of the first studies that show PATLs in other plants 

was Peterman (2006) work; in this report, they discussed the novel sec14 protein from 

Cucurbita pepo: CpPATL1. This CpPATL1 was compared to AtPATL1; CpPATL1 present 

63% similarity and its Sec14 and GOLD domain were highly conserved with 84 to 94 percent 

similarity with PATL1. In The N-terminus, CpPATL1 showed various mismatches with 

PATL1 of A. thaliana but the C-terminus is very conserved (Peterman et al., 2006). In 

addition, this work showed other protein homologues to PATL1 in other species of plants, 

including Lycopersicum esculentum, Medicago truncatula, Glycine max, Oryza sativa, all 
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having the highly conserved residues that are involved in phosphatidylinositol activity; this 

fact is evidence of widespread distribution of PATLs in plants.  

Other evidences of PATL distribution in plants is the Sha et al., 2016 study, which describe 

seven PATL in Glycine max (GmPATL) which are expressed mainly in roots and shoots. 

These proteins were compared with PATL1 from A. thaliana and they showed 50-60% 

similarity. Whereas GmPATLs presents 71-98% in its Sec14 and the GOLD domain, they 

share 55-99% similarity in amino acids sequences overall in the protein (Fig 12; Sha et al., 

2016). In this study the authors also proved that GmPATLs are regulated by phosphorus 

starvation, because in GmPATLs expression occurs in plants grown in suboptimal levels of 

phosphorus and they suggest that GmPATLs are involved in root and shoot metabolism in 

phosphorus starvation (Sha et al., 2016). 

 

Figure 12. Structure comparison of Glycine max PATLs (GmPATLs). Taken from Sha et al., 

2016. AtPATL1: A. thaliana PATL, Glyma: Glycine max PATLs.  
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3. Patellins are involved in plant immunity  

Plants can respond to pathogen infections through the recognition of Pathogen-associated 

molecular patterns (PAMPs) which are highly conserved molecules belonging to pathogens, 

or plant molecules generated in damage by invading biotic agents, also called Damage-

associated molecular patterns (DAMPs); this recognition is given by receptor patterns 

(PRRs) located on the membrane surface, which triggers the first line of defense of plants the 

PAMP-triggered immunity (PTI) response. This response involves many proteins that have 

different functions as receptors, signaling regulators, signaling cascade components, etc. 

(Jones & Dangl, 2006; Zipfel, 2007). An example is the protein BRI1-ASSOCIATED 

KINASE 1 (BAK1) involved in the brassinosteroid pathway, which acts as a positive 

regulator of PTI by interacting with PRRs for the recognition of PAMPs; one of them is the 

leucine-rich repeat receptor (LRR)-like kinase FLAGELLIN-SENSING 2 (FLS2), is this 

recognition leads to the activation of the MAPK signaling cascade and subsequently 

production of rapid changes in gene expression, cell wall reinforcement and reactive oxygen 

species as mechanisms of action against infection by pathogens (Heese et al., 2007; 

Kemmerling et al., 2007).  

Effector-activated immunity (ETI) responses are another mechanism for preventing infection 

of pathogens in plants, in which the effector proteins secreted by pathogens are recognized 

by R genes encoding nucleotide binding and leucine-rich replication domains (NB-LRRs). 

Once the effector is recognized it is called avirulence protein, which will later lead to the 

activation of some biosynthesis pathways of plant hormones such as salicylic acid, ethylene 

and jasmonate, which will regulate the cell death program in the infected tissue by action of 

the hypersensitive response (HR) preventing the spread of infection in the plant (Jones & 

Dangl, 2006).  
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The expression of PATLs in plants infected by pathogens has been investigated as well as 

their possible role in immunity. Plants respond to pathogen infection by mobilizing 

hormones, reactive oxygen species, and other compounds in vesicles in order to neutralize 

pathogen colonization (Robatzek, 2007). Qui & Katagari detected PATL1 in the RPS2 

protein complex implicated in pathogen response after AvrRpt2 (the cognate Avr protein) 

recognition and propose it as a potential component in RPS2 complex (Qi & Katagari, 2009). 

On the other hand, Peiro and collaborators showed the interaction between Alfalfa mosaic 

virus movement protein (AMV-MP) and PATL3 and 6 in the yeast two hybrid (Y2H) system 

using an Arabidopsis thaliana cDNA library as prey. The authors confirmed this interaction 

in plant cells using bimolecular fluorescence complementation (BiFC). Results also showed 

co-localization of PATL3 and PATL6 in cellular periphery and plasmodesmata (Fig. 13; 

Peiro et al., 2014). Finally, the role of PATL3 and -6 in Alfalfa mosaic virus (AMV) infection 

was tested. These PATLs are induced at 4 days post inoculation with AMV in Nicotiana 

tabacum plants. Importantly, a higher accumulation of AMW RNAs was observed in the 

absence of PATL3 and 6 (knockout mutants). Together, the results obtained suggest that 

PATL3 and 6 affect viral accumulation (Peiro et al., 2014). It is hence possible these PATLs 

are involved in plant defense.  
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Figure 13. Interaction and localization of PATL3 and 6 with Movement Protein of Alfalfa 

mosaic virus. Taken from Peiro et al., 2014. MP: movement protein; NYFP: N-terminal fragment of 

the yellow fluorescent protein; CYFP: C-terminal YFP fragment. Arrows indicate reconstituted 

fluorescence co-localizing with callose-rich plasmodesmata. Leaves infiltrated with NYFP and 

CYFP:atPATL3 are the negative interaction controls. Superposition of the yellow fluorescent protein 

(YFP) fluorescence and Aniline staining images (Right panels).  
 

Another study about PATL3 and PATL6 expression in viral infection exposes how these 

patellins inhibit the viral accumulation of Turnip Mosaic Virus (TuMV) in Arabidopsis by 

their interaction with viral coat protein (CP) and cylindrical inclusion protein (CI) of TuMV 

(Dai, 2018). This interaction was confirmed by Y2H (Dai, 2018). Similar to the work of Peiro 

and collaborators, these authors demonstrate, using protoplast infection, that TuMV 

accumulates to higher levels when both patl3 and 6 are mutated through knockout and the 

same occurs when the PATLs are mutated separately (Fig. 14; Dai, 2018). This demonstrates 
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the importance of PATL3 and 6 in viral infections and highlights their possible role in plant 

immunity.  Differential expression of PATL3 with other 296 proteins, was observed in oil 

palm affected by fatal yellowing disease, (do Nascimento et al., 2018). PATL3 was observed 

highly accumulated in the three stages of the disease (do Nascimento et al., 2018).  

Together, these findings suggest that PATLs proteins would be implicated in the plant 

immune response against pathogens due to its expression in both abiotic and biotic stresses. 

 

Figure 14. TuMV CP levels in infected protoplasts. Taken from Dai, 2018. (A) Arabidopsis 

thaliana protoplasts infected with TuMV-GFP infectious clone. (B) Quantification of TuMV CP 

RNA accumulation level by qRT-PCR analysis from protoplasts transfected with TuMV-GFP at 24 

hpt. 
 

 

3.1 Hypothetical function of HFI-II patellin in the XopAE virulence role in 

Xanthomonas phaseoli pv. manihotis  

 

Xanthomonas phaseoli pv. manihotis (Xpm) is a gram-negative bacterium in 

Xanthomonadaceae family which causes bacterial blight in cassava (Manihot esculenta). 

This bacterium is able to infect cassava by the use of a type three secretory system (T3SS) 

which allows protein translocation from the bacterial cytoplasm into host cells. Generally, 

translocated proteins (called effectors) can suppress host defense. One of these effectors is 
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XopAE (previously called HpaF). This 547 amino acid long effector has two types of Leucine 

Rich Repeat (LRRs) regions. Trujillo and collaborators have found three possible targets for 

this protein in cassava through a Y2H screen. HpaF Interactor II (HFI-II) is a patellin protein 

with Sec14 and GOLD domains. HFI-II was demonstrated as a positive regulator of PTI, 

since its absence in Arabidopsis thaliana decreased callose deposition in plants inoculated 

with Pseudomonas fluorescens. 

Because LRRs allow protein-protein interactions, and are widely distributed in plant PRRs, 

we hypothesized that this region of the XopAE effector could interact with the GOLD domain 

of HFI-II. According to its molecular structure, HFI-II is very similar to PATL3, whose role 

in plant vesicular traffic has been demonstrated, so HFI-II could have the same function in 

cassava. The interaction between LRR and GOLD domains would result in disruption of 

vesicular transport, signaling of immune response pathways, suppression of PTI and 

colonization of Xpm in cassava. 
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