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Polytopic cargo proteins are synthesized and exported along the secretory pathway from the endoplasmic reticulum (ER), through the Golgi apparatus, with eventual insertion into the plasma membrane (PM). While searching for proteins that could enhance cell surface expression of olfactory receptors, a new family of proteins termed “receptor expression-enhancing proteins” or REEPs were identified. These membrane-shaping hairpin proteins serve as adapters, interacting with intracellular transport machinery, to regulate cargo protein trafficking. However, REEPs belong to a larger family of proteins, the Yip (Ypt-interacting protein) family, conserved in yeast and higher eukaryotes. To date, eighteen mammalian Yip family members, divided into four subfamilies (Yipf, REEP, Yif, and PRAF), have been identified. Yeast research has revealed many intriguing aspects of yeast Yip function, functions that have not completely been explored with mammalian Yip family members. This review and analysis will clarify the different Yip family nomenclature that have encumbered prior comparisons between yeast, plants, and eukaryotic family members, to provide a more complete understanding of their interacting proteins, membrane topology, organelle localization, and role as regulators of cargo trafficking and localization. In addition, the biological role of membrane shaping and sensing hairpin and amphipathic helical domains of various Yip proteins and their potential cellular functions will be described. Lastly, this review will discuss the concept of Yip proteins as members of a larger superfamily of membrane-shaping adapter proteins (MSAPs), proteins that both shape membranes via membrane-sensing and hairpin insertion, and well as act as adapters for protein-protein interactions. MSAPs are defined by their localization to specific membranes, ability to alter membrane structure, interactions with other proteins via specific domains, and specific interactions/effects on cargo proteins.
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1 INTRODUCTION
Regulation of synthesis and export of cargo proteins with multiple transmembrane spanning domains has been studied with multiple GPCR family members and neurotransmitter transporters, revealing that ER retention/export signals, various chaperone/escort proteins, and recently, intracellular membrane-shaping adapter proteins have regulatory roles in transmembrane cargo protein trafficking (Butchbach et al., 2002; Duvernay et al., 2005; Dong et al., 2007; Ruggiero et al., 2008; Björk et al., 2013). This cellular pathway consists of multiple complex processes and mechanisms to insure proper folding, assembly, quality control, selective retention, and selective transport (Ellgaard and Helenius, 2003). Transmembrane cargo proteins are synthesized in the endoplasmic reticulum (ER), where they are folded and assembled, eventually exiting the ER after they are sorted from ER-resident proteins, to be transported through the secretory pathway to the plasma membrane (PM). They are selectively enriched into coat protein complex II (COPII) transport vesicles by the action of Sec24, based upon ER export signals, where they traverse the Golgi network for glycolytic processing and eventual transport to their membrane localizations (Pagano et al., 1999; Antonny and Schekman, 2001; Barlowe, 2003). Proper export of GPCRs and transporters is dependent upon several factors including folding rates and assembly, which may be modified by pharmacological and/or protein chaperones, as well as specific sequences within the protein that dictate ER or Golgi export or retention (Schulein et al., 1998; Hermosilla and Schülein, 2001; Petaja-Repo et al., 2002; Brothers et al., 2006; Duvernay et al., 2009). Recently, inefficient protein folding and processing has been shown to regulate PM expression of some GPCRs, with glycosylation playing a major role (Angelotti et al., 2010; Hurt et al., 2013).
While searching for proteins that could enhance heterologous cell surface expression of olfactory receptors (OR), a subset of GPCRs, a new family of six proteins termed “receptor expression-enhancing proteins” or REEPs were identified (Saito et al., 2004). Furthermore, co-expression of REEP1 led to enhanced functional surface expression for some, but not all ORs, as well as several GPCRs, including taste (TR) and α2C adrenergic receptors (α2C AR) (Behrens et al., 2006; Ilegems et al., 2010; Björk et al., 2013). These findings lead to the hypothesis that REEPs enhanced expression of a variety of poorly expressed GPCRs, possibly as chaperones or co-receptors. However, a sequence comparison revealed that REEPs are homologous to yeast (Yop1p) and barley (HVA22) proteins (Saito et al., 2004); REEPs have been alternatively named the Yip2 family (Pfeffer and Aivazian, 2004). Our understanding of REEP function is based in part on their similarity to Yop1p and HVA22, however the yeast literature has suggested a variety of unexplored intracellular functions for REEPs.
In fact, REEPs, Yop1p, and HVA22 are actually part of a much larger family of proteins, the Yip (Ypt-interacting protein) family, conserved in yeast and higher eukaryotes (Pfeffer and Aivazian, 2004). Ypt- (yeast protein transport) GTPases are homologous to mammalian Rab-GTPases, families of proteins which regulate intracellular membrane trafficking (Segev, 2001). To date, eighteen mammalian Yip family members, divided into four subfamilies, have been identified. Initially, yeast two-hybrid (Y2H) methods were used to identify an essential yeast gene termed Ypt-interacting protein 1, or Yip1p (Yang et al., 1998). Following the identification of Yip1p, several other Ypt and Yip1p-interacting proteins were identified in yeast, including Yop1p (Yip2p), Yip3p, Yip4p, Yip5p and Yif1p (Matern et al., 2000; Calero and Collins, 2002; Calero et al., 2002). Despite a low amino acid homology (<1%), all members of the yeast Yip family share an overall similar membrane topology with multiple hairpin/transmembrane domains and extended amino and/or carboxyl termini, though they appear to differ in the number of such domains and their subcellular localizations (Pfeffer and Aivazian, 2004).
The power of yeast genetic research has revealed many intriguing aspects of yeast Yip function, functions that have not completely been explored with all eighteen mammalian Yip family members. However, initial research suggested several non-related functions and structure for various yeast Yip and mammalian REEP proteins, and the discordant data suggested a possible cacophony of structure and function. But members of the mammalian Yip superfamily may have similar, yet uncharacterized, intracellular roles as their yeast counterparts, suggesting a possible harmony of functions. Prior yeast genetic research would be a reasonable starting point for hypothesis-generation surrounding mammalian Yip family members and their function. If the function of yeast Yip proteins has been maintained through evolution, then mammalian Yip family members could serve similar roles in intracellular vesicle trafficking.
The field of research on mammalian Yip proteins is confusing, in part, due to the multitude of names that have been given the various proteins based upon their original identification. Additionally, the yeast and mammalian homologs do not necessarily share the same names. For example, yeast Yip1p is homologous to mammalian Yipf5/Yip1A/FinGER5/SMAP-5 (all different published names for the same protein), further adding to the lack of clarity in the literature (Table 1). Comparisons between yeast and mammalian family members have been hampered due to different nomenclature, thus impeding interpretation of prior research. A prior review on one Yip subfamily (Yipf family) summarized these alternative names and also suggested a new nomenclature based upon structural and functional homologies of this subfamily (discussed further below) (Shaik et al., 2019). In addition, this review will discuss what is known about each mammalian Yip family, discuss unanswered questions based upon the corresponding yeast and other eukaryotic (e.g., plant and Drosophila) literature, as well as identify new directions for future research.
TABLE 1 | Mammalian Yipf family.
[image: Table 1]In order to make this review easier to read and follow, names used for various mammalian Yip family members will conform to standard HGNC (HUGO Gene Nomenclature Committee) nomenclature, however, the literature cited may reference alternative names. By clarifying the nomenclature between different families, the cellular and biochemical similarities and differences between yeast, mammalian, and other eukaryotic homologs/orthologs can be more easily discussed. For clarity, all yeast proteins will be denoted with the standard extension “p” at the end (e.g., Yip1p), whereas mammalian proteins do not carry such a designation (e.g., Yipf5).
Prior research on the regulation of intracellular trafficking of GPCRs and neurotransmitter transporters have touched on roles for various Yip family members and intracellular transport of these proteins, however they have been written from the point of view of the cargo (Lin C.-l. G. et al., 2001; Carrel et al., 2008; Doly and Marullo, 2015). Prior individual Yip subfamily (e.g., Yipf, REEP, PRAF) reviews have touched upon similar topics (Park and Blackstone, 2010; Doly and Marullo, 2015; Shaik et al., 2019). However, this review will present an overview of all four subfamilies across multiple eukaryotic species in order to allow for comparisons between different Yip subfamilies, thus present a more complete understanding of their membrane/organelle localization, interacting proteins, and function/regulation of intracellular trafficking.
Lastly, I will discuss the concept of Yip family members as belonging to a larger superfamily of membrane-shaping adapter proteins (MSAPs), proteins that both shape membranes and act as adapters for protein-protein interactions, a novel paradigm in membrane organization (Bauer and Pelkmans, 2006). Originally, the term superfamily implied evolutionarily related proteins based upon sequence homology, however, the term has now been used in the literature to refer to a group of structurally or functionally related proteins, that may have evolved significantly so as to no longer possess high homology (Das et al., 2015). Various Yip family members have been shown to possess hairpin and amphipathic helical domains, and their biological role as membrane shaping and sensing proteins will be described. MSAPs are defined by their ability to: 1) localize to a specific membrane type(s), 2) alter membrane structure, 3) interact with other proteins via specific domains, and 4) show specificity in their interactions and effects on cargo proteins. Despite gaps, current research suggests that Yip proteins may represent the largest class of MSAPs (with eighteen members), dwarfing the next largest MSAP families of caveolin and reticulon proteins (three and four members respectively) (Bauer and Pelkmans, 2006).
1.1 Ypt/rab GTPases and vesicle trafficking
All cells, including neurons, have developed multiple trafficking pathways for transporting newly synthesized proteins (cargo) from the ER to Golgi to plasma membrane (secretory pathway), as well as recycling plasma membrane proteins (endocytic pathway). There appears to be multiple redundant, overlapping pathways, but in general cargo transport involves the creation of intracellular transport vesicles by fission of membrane buds, translocation down the pathway by microtubule-based motor proteins, followed by docking and fusion of vesicles and acceptor membranes (Stenmark, 2009; Pfeffer, 2017). A complete review of the protein machinery involved in intracellular membrane and cargo protein trafficking is beyond the scope of this review, however some basic concepts will be discussed. Interestingly, many neurological and other disorders appear to be caused by mutations in various trafficking proteins (De Matteis and Luini, 2011).
Movement of higher eukaryotic protein cargo is dependent upon a family of proteins termed Rab-GTPases (Rabs), homologous to yeast Ypt-GTPases (Ypts) (Lipatova et al., 2015). These small GTPases are localized to cytoplasmic surfaces of various organelle membranes, where they assist in transport vesicle formation, linkage to motor proteins, and ultimately docking and fusing of vesicles with target membranes (Pfeffer and Aivazian, 2004; Stenmark, 2009). Ypts/Rabs serve as scaffolds to recruit effector proteins (e.g., motor proteins, SNAREs, tethers) to various membrane compartments (e.g., ER, Golgi, endosomes), in order to regulate intracellular traffic (Figure 1).
[image: Figure 1]FIGURE 1 | Rab GTPase Cycle. Rab (and Ypt) GTPases cycle between inactive and active forms as they move between intraorganellar membranes (e.g. ER, Golgi) (Pfeffer and Aivazian, 2004). Such membrane cycling is dependent upon the type of guanine nucleotide bound. Left: Inactive Rab-GDP is converted to its active form by exchange of GDP for GTP, catalyzed by a guanine nucleotide exchange (GEF) factor. Inactivation of the Rab-GTP occurs by hydrolysis of GTP, which is stimulated by a GTPase-activating protein (GAP). Right: Cycling of Rab-GDP between membranes requires binding of a Rab GDP dissociation inhibitor (GDI), to prevent Rab activation as it moves through the cytoplasm. Ultimately specific membrane targeting is mediated by a membrane-bound GDI displacement factor (GDF), which releases Rab-GDP from the GDI to allow for insertion into its cognate membrane.
Ypt/Rabs cycle between GDP-bound (inactive) and GTP-bound (active) states, termed Ypt/Rab-GDP and Ypt/Rab-GTP respectively. This cycle is controlled by a guanine nucleotide exchange factor (GEF) which triggers the displacement of GDP by GTP to activate Ypt/Rabs and GTPase-activating protein (GAP) which enhance hydrolysis of GTP to GDP to inactivate Ypt/Rabs. In addition, Ypts/Rabs are prenylated to allow for membrane attachment and cycling between organelle compartments. Following inactivation by GAP, membrane-bound Rab-GDPs are extracted by a GDP-dissociation inhibitor (GDI) which allows the prenylated Ypt/Rab-GDP to remain cytosolic and inactive until it returns to its cognate membrane. Final recruitment and localization of specific Ypt/Rab-GDP proteins back to its cognate membrane requires a GDI-displacement factor (GDF) to release the prenylated Ypt/Rab-GDP from the GDI, and allow for membrane attachment (Pfeffer and Aivazian, 2004; Grosshans et al., 2006; Stenmark, 2009).
1.2 Identification of yeast ypt-interacting proteins (yip family)
With over sixty mammalian Rabs and eleven yeast Ypts, it appears that a high level of specialization has evolved to regulate each of these trafficking steps between organelles (Stenmark, 2009). Due to its relative simplicity, yeast has been utilized as a model system for neuronal secretion and multiple components of the molecular machinery mentioned above have been delineated in both systems (Bennett and Scheller, 1993). Initially, Y2H methods were used to identify an essential yeast gene termed Ypt-interacting protein 1, or Yip1p. This integral Golgi membrane protein was shown to interact directly with several, but not all Ypts tested, suggesting specificity of function (Yang et al., 1998). Depletion of Yip1p led to ER membrane accumulation and aberrant protein secretion and glycosylation (Yang et al., 1998).
Following the characterization of Yip1p, several other Ypt and Yip1p-interacting proteins were discovered. Yif1p was identified as an integral membrane protein that tightly bound Yip1p on Golgi membranes (Matern et al., 2000). In addition, the amino terminus was shown to be cytosolic and bound Ypts. Loss of Yif1p function led to a block of ER-Golgi transport and an accumulation of ER membranes and vesicles. Soon after the discovery of Yip1p and Yif1p, another family member was discovered, Yop1p (also termed Yip2p) (Calero et al., 2001). Similar to the other proteins, Yop1p and Yip1p interacted through their cytosolic amino termini and bound Ypts. Yop1p was not an essential gene, however overexpression of Yop1p had unique cellular effects. Overexpression led to an accumulation of internal ER membranes and a block in membrane trafficking, again leading to aberrant core glycosylation of model secreted proteins. Three more yeast proteins were identified soon after, each with a similar membrane topology of presumed transmembrane/hairpin domains flanked by cytosolic amino and carboxy termini. The first, Yip3p, was again shown to interact with Ypt1p and Ypt31p, as well as Yip1p. More importantly, it was demonstrated that Yip3p only bound prenylated Ypts and even some mammalian Rabs (Calero and Collins, 2002). Lastly, Yip4p and Yip5p were identified as other members of this yeast Yip1 family (Calero et al., 2002). These proteins were identified by functional cloning, and despite having similar cellular functions and predicted topologies, they share <1% amino acid identity (data not shown).
Given the biochemical evidence of Yip family/Ypt interactions, is there evidence that they are incorporated into intracellular vesicles, further supporting their role in vesicle trafficking? As briefly mentioned above, several independent studies have supported this hypothesis. First, Yip1p was shown to be involved with early-stage ER/COPII vesicle budding, and it was hypothesized the vesicle biogenesis was coupled to cargo loading of vesicles (Heidtman et al., 2003). Second, the Yip1p/Yif1p complex was required to make ER-derived vesicles “fusion competent” and this complex bound SNAREs (e.g., Bos1 and Sec22 proteins) necessary for ER/Golgi fusion (Barrowman et al., 2003). Third, Yip1p, Yip3p, and Yif1p were identified in purified COPII vesicles, and it was shown that they were efficiently packaged into these vesicles (Otte et al., 2001). The remaining family member, Yop1p, was not yet cloned at the time of these latter studies so similar evidence for its possible role in vesicle biogenesis/trafficking was not examined.
Currently, eighteen mammalian homologs of the yeast Yip superfamily have been identified, leading to a re-classification into four separate subfamilies: Yipf, REEP (Yip2), Yif1, and PRAF (PRA = Prenylated Rab Acceptor, Yip3) families (Supplemental Figure S1, Supplemental Table S1) (Pfeffer and Aivazian, 2004). Because many of these proteins were discovered by different laboratories, they have multiple names, which will be clarified in subsequent sections of this review. Additionally, published research on mammalian Yip2/Yip3 families have not formally adopted the “Yip” nomenclature and these families will be referred to as REEP/PRAF families respectively.
2 YEAST YIP/MAMMALIAN YIPF FAMILY
2.1 Yeast Yip family
As discussed above, initial identification and characterization of yeast Yip1p and Yif1p demonstrated that these yeast proteins were essential gene products, localized to the Golgi apparatus, and that loss of function mutations led to a block of ER to Golgi vesicle transport and accumulation of ER membrane (Yang et al., 1998; Matern et al., 2000). Yip1p was originally cloned by Y2H screening for proteins that bound Ypt1p and Ypt31p and their physical interactions were further confirmed by affinity chromatography and co-immunoprecipitation assays (Yang et al., 1998). Cellular studies using either lethal Yip1p mutants or Yip1p-depleted yeast revealed a massive accumulation of ER membranes, accompanied by aberrant protein glycosylation and secretion. Lastly, subcellular fractionation and indirect immunofluorescent assays demonstrated that Yip1p was localized to Golgi membranes at steady state. The structure and intracellular membrane orientation of Yip1p was not delineated beyond identification of “three” putative transmembrane domains (Figure 2A). Similar cellular mutation/deletion studies have not been performed with Yip4p and Yip5p, however they were subsequently placed within the original Yip1p family, whereas Yop1p (Yip2p) and Yip3p were placed into separate yeast Yip protein subfamilies.
[image: Figure 2]FIGURE 2 | Yipf/Yip1p Family of Proteins. (A). When originally discovered, Yip1p was modeled as a three transmembrane domain containing protein (Yang et al., 1998). (B). Left: Alternative transmembrane topology model of Yip4p and Yip5p based on further biochemical analyses (Calero et al., 2002). Note that the membrane localization of the carboxy terminus of Yip4p/5p was determined to be intraluminal. Right: An alternative model predicted by AlphaFold (Jumper et al., 2021; Varadi et al., 2022), and yeast Yip4p/5p data (Calero et al., 2002), suggesting that their carboxy termini are closely aligned within the ER/Golgi membrane, possibly as an APH that is either aligned or buried within the membrane. (C). Yip family members have two conserved Yip1 Domains (YIPD) that may insert into the membrane as dual hairpin structures, which are necessary for Yip family homomeric and heteromeric interactions. Additionally, all members possess a carboxy terminal amphipathic helical domain (APH). (D). Intracellular localization of various Yipf family members is shown within the ER, Golgi, and ERGIC compartments, including intracellular transport vesicles, COPI and COPII. Modeled proteins are not shown to scale relative to their amino acid sequence. ER = Endoplasmic Reticulum, ERES = ER Exit Site, ERGIC = ER/Golgi Intermediate Compartment.
2.1.1 Yeast Yip cell biology/biochemistry
Initial in vitro biochemical analysis of Yip1p-Ypt interactions suggested a lack of Ypt specificity for Yip1p binding. Additionally it was demonstrated that Yip1p could only bind di-prenylated, not mono-prenylated, Ypt proteins and lastly, that the human ortholog (Yipf5) could fully replace loss of Yip1p within yeast (Calero et al., 2003). Further analysis of Yip1p-binding specificity for Ypt proteins was undertaken, which demonstrated that specific Ypt isoforms required for Yip1p function were localized to Golgi membranes and that Yip1p mutations that negatively impacted ER vesicle budding also did not interact with Ypt proteins (Chen et al., 2004). Using a cell-free assay, it was further determined that Yip1p can cycle between the ER and Golgi, though it again appeared that it was preferentially localized to the Golgi apparatus at steady-state (Yang et al., 1998). Additionally it was shown that Yip1p was a constituent of ER-derived transport vesicles, and that Yip1p function was necessary for biogenesis of COPII-derived vesicles (Otte et al., 2001; Heidtman et al., 2003). Other laboratories reported similar findings, that a Yip1p-Yif1p complex was required to produce ER-derived fusion competent vesicles for fusion with Golgi membranes (Barrowman et al., 2003). Yip4p and Yip5p were subsequently identified, based upon their interactions with Yip1p and Yif1p (Table 1); their gene products were determined to be non-essential to yeast (Calero et al., 2002). Similar to Yip1p, Yip4p and Yip5p also bound specific prenylated Ypts, as well as another Rab GTPase termed Sec4p, which is involved with the final yeast exocytic secretory pathway from Golgi to plasma membrane (Table 2).
TABLE 2 | Yipf family interacting proteins.
[image: Table 2]Other Yip1p-interacting proteins, beyond Ypts have been described, including multiple SNARE proteins (Bos1p, Sec22p, and vSNARE/SNC2) involved with intracellular membrane transport (Table 2) (Ito et al., 2001; Barrowman et al., 2003). In addition, a novel yeast integral membrane protein Yos1p (Yip One Suppressor 1) was identified as another Yip1p binding partner (Heidtman et al., 2005). Yos1p was localized to the ER and Golgi, where it was demonstrated to be efficiently packaged into COPII vesicles, and its deletion blocked ER to Golgi trafficking. However, it is not known how Yip1p binding to these various proteins alter their function or vice versa. Lastly, it appears that Yip1p can form complexes with other members of the larger yeast Yip family, including Yif1p (Matern et al., 2000), Yip4p (Calero et al., 2002), and Yop1p (Calero et al., 2001), but very weakly with Yip5p (Calero et al., 2002). To date, no specific cargo protein interactions have been identified for any yeast or mammalian Yip family members, as will be discussed further for other members of the larger mammalian Yip family (e.g., REEP, Yif, and PRAF families).
2.1.2 Yeast Yip structure/topology
Protease analysis of isolated membranes strongly suggested that the amino terminal portion of Yip1p was cytosolic, and not intraluminal within Golgi or ER membranes, and it was modeled with three transmembrane domains (Yang et al., 1998) (Figure 2A). Furthermore, it was shown that the cytosolic amino terminus of Yip1p interacted with the hydrophilic amino terminus of Yop1p. Within a cell-free assay system, addition of an antibodies directed against the amino-terminal domain of Yip1p inhibited budding of COPII-derived vesicles, suggesting a role for the amino terminus of Yip1p in its function (Heidtman et al., 2003). However, deletion of the amino-terminal 65 amino acids of Yip1p did not alter the growth profile when expressed in yeast, whereas deletion of 18 amino acids from the carboxy terminus resulted in mutant protein that could not complement Yip1p deletion (Chen et al., 2004). Specific protein domains or functions within these deleted regions were not identified. Therefore, little is known about the structure or specific domains of yeast Yip family members compared to other mammalian Yip subfamilies.
Despite the low sequence homology between Yip1p, Yip4p, and Yip5p, they were modeled with different topologies. Unlike Yip1p, Yip4p and Yip5p were modeled as possessing five transmembrane/alpha-helical domains, instead of three transmembrane domains. Based upon their homology to Yip1p, it was suggested that both Yip4p and Yip5p possess a cytosolic facing amino terminus, however unlike Yip1p, initial topological analysis predicted that the carboxy terminal “transmembrane” domains of Yip4p and Yip5p were not cytosolic, but largely buried in the membrane. (Figure 2B) (Calero et al., 2002). The identification of Yip4p and Yip5p led to the concept of a larger Yip1p family of proteins (including Yip1p, Yif1p, Yop1p, and Yip3p) that shared the following features:
1) they have a common domain topology, specifically multiple transmembrane/hairpin domains (termed the “Yip1 domain” = YipD) flanked by cytosolic amino and membrane inserted carboxy termini
2) they interact with Ypts/Rabs
3) they associate with other members of the Yip1p family and intracellular transport machinery proteins
2.2 Mammalian Yipf family
Following the identification of Yip1p, two mammalian family members most closely related to Yip1p were identified from an EST database, Yip1A (Yipf5) and Yip1B (Yipf7) (Tang et al., 2001). Subsequently, Shakoori and colleagues identified eight related mammalian family members based upon a protein database search with Yip1p, Yif1p, Yip4p and Yip5p. They named the newly identified proteins “Five-pass transmembrane proteins localizing in the Golgi apparatus and in the ER” or “FinGER1-8 (Shakoori et al., 2003). The eight proteins could be separated into two subfamilies based on sequence homology, FinGER1-6 and FinGER7-8, and an additionally family member (FinGER9) was identified shortly thereafter (Stolle et al., 2005). FinGER1-6/9 belong to one Yip family that shares the most homology with Yip1p and they have been renamed Yipf1-7 respectively (Table 1).
As was seen with Yip1p-Yip5p, the homology amongst Yipf1-7 is low, approximately 10% (Supplemental Table S1, Supplemental Figure S3). FinGER7/8 shared the most homology with Yif1p and thus were separated into the Yif1 subfamily, which will be discussed further in a subsequent section. To avoid confusion and to use a common set of nomenclature, the first mammalian Yip family was renamed the “Yip1 Domain Family” or Yipf (Pfeffer and Aivazian, 2004). The Yipf family was named based on the conserved “Yip1 Domain” (YipD), a conserved transmembrane region of Yip1p, Yip4p, and Yip5p found in all nine FinGER proteins (Figure 2C).
As mentioned earlier, the yeast and mammalian names do not directly correlate (i.e., Yip4p is not homologous to Yipf4), but based upon sequence homology, it was determined that Yipf1 was most homologous to Yip5p, Yipf5 was most closely related to Yip1p, and Yipf6 was similar to Yip4p (Table 1). Additionally, several other research groups identified various members of the mammalian Yipf family based upon their function, leading to further alternative names distinct from the Yip nomenclature (e.g., KLIP1, SMAP-5) (Prost et al., 2002; Stolle et al., 2005). Yipf1-3 are most similar to Yip5p and hence were alternatively named Yip5a-c (Pfeffer and Aivazian, 2004). It is apparent that higher eukaryotes have evolved to require more Yipf family members than the three originally discovered in yeast.
2.2.1 Mammalian Yipf cell biology/biochemistry
Initial characterization of Yipf5 and Yipf7 revealed several similar cellular and biochemical functions as Yip1p (Tang et al., 2001). For example, sequence analysis suggested a similar transmembrane and amino terminal structure between the yeast and mammalian orthologs. Additionally, both Yipf5 and Yipf7 demonstrated similar localization of ER exit sites (ERES), where COPII vesicle biogenesis originates. Over-expression of the amino terminus of Yipf5 led to disruption of the Golgi apparatus implicating Yipf5 in regulation of ER-Golgi transport. Lastly, it was demonstrated that amino terminal region of Yipf5 bound two proteins that form a subcomplex of the COPII coat, specifically Sec23/Sec24, similar to Yip1p interactions with Bos1p/Sec22p (Table 2). Preliminary unpublished data suggested that the highly conserved transmembrane region of Yipf5 (“Yip1 Domain”—amino acids 75–106) was important for interaction with Sec23 (Figure 2C) (Tang et al., 2001). Though a role for Yip1p and Yipf family members in COPII-mediated vesicle transport had been established, it was also demonstrated that Yipf5 regulated COPI-independent retrograde transport from the Golgi complex to the ER (Kano et al., 2009).
When compared to yeast Yip1 family members, the newly described mammalian Yipf family appeared to have similar functions in ER COPII vesicle biogenesis, transmembrane structure, subcellular localization, and interacting proteins. Yipf5 was shown to interact with COPII vesicle proteins Sec23/24, similar to Yip1p (Tang et al., 2001), however, interactions with specific Rabs were not delineated, except demonstration that Yipf5 did not bind Rab1. However, knockdown of Yipf5 led to the release of a single Rab isoform, Rab6, from Golgi membranes, the first example of a role for Yipf family members and membrane recruitment of a Rab protein (Kano et al., 2009).
Rab isoform release from, and insertion into, a cognate organelle membrane requires a Rab-GDI or Rab-GDF respectively, suggesting a possible role for Yipf family members in Rab cycling (Figure 1). Interestingly, using yeast genetic analyses, it was demonstrated that Yip1p function in vivo intersected with Rab-GDI activity suggesting a common pathway to affect Rab function (Chen et al., 2004). Recently, cell biological experiments demonstrated that Yipf2 could interact with specific Rab proteins, potentially as a Rab-GDF, leading to alterations in Rab membrane recruitment and activation (Qi et al., 2019; Wang et al., 2020). First, using co-immunoprecipitation assays, it was shown that Yipf2 could interact directly with all Rab5, Rab22a, and Rab8. Second, when Yipf2 expression was knocked-down, ER localization of Rab5 and Golgi localization of Rab22a were reduced specifically in these organelles.
Initial subcellular localization studies were performed on Yipf1-7, utilizing FLAG- and HA-epitope tagged constructs, demonstrating some differences between the various family members (Shakoori et al., 2003). Depending upon the level of heterologous expression of epitope-tagged constructs, it was shown that Yipf3/Yipf4 were localized to the cis-Golgi, whereas Yipf5 and Yipf7 were localized to ER as shown previously (Tang et al., 2001). High expression levels of these epitope-tagged constructs revealed that all Yipf family members could also be found in the ER, however the authors acknowledged that this may reflect accumulation of over-expressed proteins and not their native localization.
To overcome the limitations of heterologous expression of epitope-tagged proteins, similar experiments were undertaken with specific Yipf antisera. As suggested by prior research, it was demonstrated that Yipf1, Yipf2, and Yipf6 localized to the Golgi apparatus, both by immunofluorescent staining and membrane fractionation experiments with Golgi marker proteins (Figure 2D) (Soonthornsit et al., 2017). Yoshida and colleagues analyzed endogenous Yipf5 localization and function using immunofluorescent staining, subcellular fractionation, and immunoprecipitation experiments with specific Yipf5 antisera (Yoshida et al., 2008). Their research demonstrated that Yipf5 was localized to ER, ERGIC (ER Golgi Intermediate Compartment), and cis-Golgi membranes at steady-state, most likely reflecting recycling between the different membranes, and was confirmed by others (Kano et al., 2009). Similarly, it was demonstrated that endogenous Yipf7 protein was localized to the cis-Golgi and ERGIC compartments (Barone et al., 2015). Tanimoto and colleagues further characterized endogenous Yipf3 and Yipf4 localization with specific antisera raised against the proteins, demonstrating that they too are localized to the cis-Golgi (Tanimoto et al., 2011). Additionally, membrane fractionation experiments demonstrated co-localization with Golgi marker proteins. However, they also demonstrated that Yipf3 underwent glycolytic processing, and that the various forms localized to different compartments. For example, the initial N-glycosylated form of Yipf3 was found in the ER or ERGIC, and as it underwent glycolytic processing, moved to the Golgi. Recently, a more complete analysis of all seven Yipf family members was undertaken with GFP constructs, revealing that various members localize to different specific Golgi regions (Kranjc et al., 2017). It was demonstrated that Yipf1/2 localized predominantly to trans-Golgi membranes, whereas Yipf3/4/5 localized to the cis-Golgi. However, Yipf6/7 localized through both the cis- and trans-Golgi membranes.
Whereas deletion of Yip1p was lethal to yeast (Yang et al., 1998), knockdown experiments with mammalian Yipf family members did not demonstrate such lethality, but it did lead to alterations in intracellular structures. For example, knockdown of Yipf5 led to partial disassembly of the Golgi apparatus and it was shown that knockdown of either Yipf3 or Yipf4 led to fragmentation of the Golgi apparatus, suggesting a possible role in maintaining Golgi structure (Yoshida et al., 2008). Further analysis of Yipf5 depletion, demonstrated that loss of this protein led to restructuring of the ER membrane into ‘whorls’ and membrane stacking was observed, coincident with a marked slowing of COPII-mediated protein export (Dykstra et al., 2010). These observations were not seen when ER export was blocked biochemically. Further mutational analysis of Yipf5 structure showed that two highly conserved amino acids within the cytosolic amino terminal (E95) and transmembrane regions (K146) (Yip1p E76 and K130 respectively), where necessary for whorl formation (Dykstra et al., 2013). Interestingly, the two corresponding yeast Yip1p amino acids were shown to be essential for yeast viability (Chen et al., 2004). Though membrane-shaping by Yipf5 was not demonstrated, it appears that Yipf5 does impact intracellular organelle shape and organization.
Much like members of the yeast Yip1 family, Yipf family members demonstrate protein-protein interactions (Table 2). Yipf1, Yipf2 and Yipf6 were shown to interact strongly with each other, but only weakly with Yipf3, Yipf4, or Yipf5 (Shakoori et al., 2003; Soonthornsit et al., 2017). Other laboratories demonstrated that Yipf3 andYipf4 interact within the Golgi (Tanimoto et al., 2011). Additionally, interactions between Yipf5 and Yif1 were demonstrated, similar to that described previously for their yeast orthologs, Yip1p and Yif1p respectively (Yoshida et al., 2008). Initially analysis suggested that the interaction between Yipf1 and Yipf6 required the complete transmembrane (Yip1 domain) region; the amino or carboxy terminal regions were not necessary for their interaction. Lastly, analogous to Yip1p and Yop1p interactions, it was demonstrated that Yipf5 did interact with REEP5, a mammalian Yop1p ortholog (Dykstra et al., 2010).
2.2.2 Mammalian Yipf structure/topology
Overall, sequence comparisons between the yeast and mammalian Yip1/Yipf families revealed three highly conserved regions, including an amino terminal hydrophilic domain near the first transmembrane domain (Yip1 Domain), as well as unique transmembrane domains that contained either a conserved proline or glycine residues (Shakoori et al., 2003). Further specifics about conserved amino acid motifs found in Yipf family members has been reviewed previously (Shaik et al., 2019). Initial analysis suggested five transmembrane domains; however, the possibility of hairpin structures seen in other Yip family members was not discussed (Voeltz et al., 2006). Similarly, biochemical analysis of Yipf1-3, revealed that the amino terminus was exposed to the cytoplasm, whereas the carboxy terminus was either intraluminal or extracellular.
Recently, the membrane topology of all seven members of the Yipf family was determined utilizing a fluorescence protease protection (FPP) assay (Kranjc et al., 2017). It was modeled upon five alpha helical domains, with the first four helical domains found within the membrane, and a fifth alpha helical domain that appeared to not traverse the membrane. There experimental studies suggested that the amino terminus was cytosolic, whereas the carboxy terminus was intraluminal, residing within Golgi membranes (Figure 2B). Other work predicted that Yip4p and Yip5p had two transmembrane domains (possible hairpins?) and a carboxy terminal domain buried, but not inserted into, the membrane (Calero et al., 2002). Recently, a highly accurate artificial intelligence system (AlphaFold) was developed to predict a protein’s 3D structure based upon its amino acid sequence (Jumper et al., 2021; Varadi et al., 2022). Using this system, Yipf members are predicted to have four transmembrane domains with the fifth carboxy alpha-helical domain being cytosolic, possibly as an APH domain (Supplemental Figure S3). Based upon the topology and homology of Yipf proteins with other Yip subfamily members (see below), it is tempting to speculate that the fifth transmembrane domain may in fact function as an APH domain aligned with, but not traversing, the membrane, but this remains to be verified experimentally (Figure 2B). Therefore, current experimental data demonstrates that mammalian Yipf family members have five transmembrane domains, with a cytosolic amino terminus and luminal carboxy terminus, whereas other experimental evidence suggests that yeast Yip4p and Yip5p have a carboxy terminal domain buried in the membrane.
2.3 Yip/Yipf family summary
Overall, a growing body of research suggests that many of the cellular and biochemical functions and properties of Yip1p, Yip4p, and Yip5p have been conserved in the mammalian Yipf family. For example, members of this family are localized to ER and Golgi membranes, including the ERGIC, and appear to be involved with transport of COPII vesicles between these two membranous structures, similar to Yip1p. However, it appears that mammalian Yipf family has evolved to include more members (seven) than that found in yeast (three), possibly due to the increased complexity of mammalian intracellular transport. In addition to subcellular localization, knockdown or knockout of various Yip1p or Yipf gene products led to similar changes in ER and Golgi membrane structure suggesting a role for these proteins in maintenance of these organelles. Similar to that seen with Yip1p/Yip4p/Yip5p, protein-protein interactions between different Yipf family members have been determined. It also was demonstrated that Yipf5 bound components of COPII machinery, specifically Sec23/24 proteins (Tang et al., 2001), analogous to Yip1p interactions with Bos1p/Sec22p or Yip4p/Yip5p with Sec4p (Calero et al., 2002; Barrowman et al., 2003). Therefore, it appears that many of the intracellular transport functions of Yip1p and its yeast relatives have been conserved in the Yipf family (Figure 2D).
Compared to the other Yip subfamilies, the Yipf subfamily has the most confusion surrounding nomenclature. The HGCN nomenclature was based in part upon the original cloning of FinGER1-9, not based upon sequence similarity or function (Shakoori et al., 2003). Shaik and co-authors have proposed an alternative nomenclature (Table 1), combining the Yipf and Yif subfamilies, and renaming them based upon shared characteristics such as distinct complex formation and organelle localization (Shaik et al., 2019). In this nomenclature, Yip1p homologs are termed Yipfα and Yif1p homologs are named Yipfβ, where three distinct complexes are formed by special pairs of Yipfα and Yipfβ, numbered according to their Golgi localization. Specifically, the early Golgi/ERGIC resident Complex 1 consists of YIPFα1 and YIPFβ1, the middle Golgi (cis- Golgi) resident Complex 2 comprises YIPFα2 and YIPFβ2, and the late Golgi (medial-/trans-Golgi/TGN) Complex 3 contains YIPFα3 and YIPFβ3. Though not as widely accepted as the HGCN nomenclature, this naming system considers both function and homology.
Though Yip1p was identified by its ability to bind Ypt proteins, and further analysis demonstrated specific Ypt interactions with Yip1p, Yip4p, and Yip5p (Table 2), only a few specific Rab interactions (Yipf2 and Rab5, Rab22a, Rab8) have been identified for Yipf family members. A specific role for Yipf2 in Rab cycling as a GDF has been proposed based upon indirect cell biological experimentation, however, more complete biochemical evidence supporting the role of any Yipf family members as a Rab-GDF (as discussed for Yip3p/PRAF below) remains to be shown. In silico analysis of genetic databases has suggested specificity of Rab interactions with various Yipf proteins, however, these results have not been confirmed by biochemical or cellular methods and thus were not included in this review (Gurkan et al., 2005). However, yeast genetic analysis suggested an intersection between Yip1p and Rab-GDI signaling, alluding to a role for Yipf and Rab function (Chen et al., 2004). Given the overall similarity in cellular, biochemical, and structural properties between yeast and mammalian orthologs of Yipf, it is more likely that such specific Rab interactions will be identified.
One function of other mammalian Yip family members (see REEP, Yif, and PRAF families below) is their role as adapter proteins for specific cargo protein transport. In the case of REEP, Yif, and PRAF family members, specific cargo proteins have been identified whose trafficking through the ER to Golgi to plasma membrane are regulated in part by these family of proteins (Björk et al., 2013). However, few cargo proteins have yet been identified for mammalian Yipf members, nor for their yeast counterparts. Yipf2 appears to regulate plasma membrane expression and endocytic cycling of CD147 and TNFRF10B, though specific details about the regulatory mechanisms of Yipf domains involved remain to be determined (Qi et al., 2019; Wang et al., 2020).
As for transmembrane structure, the originally cloning of the Yipf family (FinGER proteins) suggested five transmembrane domains (Shakoori et al., 2003), similar to their yeast counterparts. However, as will be discussed later in this review, other members of the larger Yip family have been shown to have hairpin structures, not traditional transmembrane-spanning helices, as well as APH domains that align with the membrane and are important for protein function (Voeltz et al., 2006; Park et al., 2010). Yop1p and REEPs have been shown to insert into and alter the membrane via hairpin and amphipathic helical structures, but such membrane shaping properties have not been demonstrated yet for Yipf family members. The conserved ‘Yip1 domain’ or YipD identified in all Yipf family members is homologous in position to the REEP/Yop1p hairpin domains (RHD), where it is termed the ‘Reticulon Homology Domain’ or RHD (Voeltz et al., 2006). Lastly, binding of other adapter or structural proteins (e.g., 14-3-3 family members, tubulin) has not been investigated, hence Yip/Yipf family members do not yet fulfill the requirements to be classified as membrane-shaping adapter proteins.
3 YEAST YOP1P/MAMMALIAN REEP FAMILY
3.1 Yeast Yop1p
Yop1p (Yip One Partner 1) was originally identified by Y2H screening for Yip1p interacting proteins (Table 3) (Calero et al., 2001). The “bait” utilized in the screen was the cytoplasmic amino terminus of Yip1p, which was subsequently shown to be the major site of interaction between these two proteins. In an analogous fashion, the first seventeen amino acids of the presumed cytoplasmic amino terminus of Yop1p were shown to be necessary for Yip1p interactions. Initially subcellular localization studies using overexpressed HA-tagged Yop1p demonstrated expression within the Golgi and possibly the ER, similar to Yip1p. Yop1p appeared to have two transmembrane domains, unlike Yip1p which appeared to have five transmembrane domains, though the exact topology was not settled.
TABLE 3 | Mammalian REEP/Yip2 family.
[image: Table 3]3.1.1 Yop1p cell biology
Unlike the lethality of Yip1p deletion (Yang et al., 1998), loss of Yop1p was not fatal (Calero et al., 2001). In fact, overexpression of either full-length or the carboxy terminus of Yop1p demonstrated a dominant negative phenotype, with expression of either form leading to swollen cells of aberrant shape. In addition, overexpression of full-length Yop1p led to distortion of Golgi structures, and transport of a model protein (vacuolar protease CPY) was blocked at the level of ER-Golgi traffic, resulting in accumulation of an ER core-glycosylated form of CPY. Interesting, overexpression of Yip1p could overcome the block induced by Yop1p overexpression and reverse the subcellular structural effects seen. Lastly, it was demonstrated that similar to Yip1p, Yop1p did interact specifically with a subset of Ypt proteins (e.g. Ypt6/7/52p), as well as the SNARE protein Sec4p, which also was shown to interact with Yip4p and Yip5p (Table 4) (Calero et al., 2002).
TABLE 4 | REEP/Yip2 family interacting proteins.
[image: Table 4]3.1.2 Yop1p structure/topology
Contemporaneously, two new members of the mammalian reticulon (Rtn) family of proteins were identified, while searching for proteins that shaped the tubular ER (Voeltz et al., 2006). Rtns have a conserved central transmembrane region with two hydrophobic domains (discussed further below). Though Yop1p and Rtn proteins share a low sequence homology, they all possess these two conserved central hydrophobic regions, subsequently termed the “Reticulon Homology Domain” or RHD (Figure 3A). However, utilizing cysteine-substitution mutation analysis, it was suggested that the two “transmembrane” domains described in Rtn and Yop1p RHDs were in fact structured as hairpins, thus making the amino and carboxy termini both cytosolic (Voeltz et al., 2006). Lastly, it was shown that the two short hairpin structures of Rtns insert into the cytoplasmic face of ER membranes to force high curvature, creating ER tubules. Similarly, it was shown that a mammalian homolog of Yop1p, REEP5 (discussed further below) also had a hairpin structured RHD, with cytosolic amino and carboxy termini (Voeltz et al., 2006). In addition, REEP5 was localized to ER membranes at steady-state, consistent with its possible role in ER tubule formation, as seen for Yop1p.
[image: Figure 3]FIGURE 3 | REEP/Yop1p Family of Proteins. (A). Domain structure of Yop1p and REEPs based on biochemical analyses (Voeltz et al., 2006; Park et al., 2010). Note that REEP1-4 and REEP5-6/Yop1p have similar structural motif but differ in their carboxy termini (Schlaitz et al., 2013). REEP/Yop1p family members have conserved Rtn homology domains (RHD) and a carboxy terminal amphipathic helical domain (APH). Additionally, REEP1-4, but not REEP5-6/Yop1p, possess a microtubule-binding domain (MTD) between RHD2 and APH (Brady et al., 2015). Additionally, REEP1-4 contain a positively charged region between RHD1 and RHD2 that also interacts with microtubules, whereas REEP5/6 possess a negatively charged region that does not interact with microtubules. (B). REEP/Yop1p family members have two conserved RHD domains that insert into the membrane as hairpin structures and a carboxy terminal APH that is either is cytoplasmic or aligned with the membrane (Park et al., 2010). (C). Intracellular localization of various REEP family members is shown within the ER, Golgi, and mitochondrial compartments, The role of REEP1 as a membrane-shaping adapter protein (MSAP) is shown with REEP1 binding to a model cargo protein (α2C adrenergic receptor) via an adapter protein (14-3-3 dimer) (Björk et al., 2013). (D). REEP1-4 possess conserved multiple potential Ser or Thr phosphorylation sites, that can bind 14-3-3 protein dimers, potential accessory proteins important for cargo trafficking (Tinti et al., 2012). Modeled proteins are not shown to scale relative to their amino acid sequence. ER = Endoplasmic Reticulum, ERES = ER Exit Site, ERGIC = ER/Golgi Intermediate Compartment.
Unlike the Yipf family, whose members appear to contain five potential transmembrane domains, it appeared that Yop1p had only two such transmembrane (TM) domains and initial research suggested that the Yop1p (and its homolog REEP5) formed two hairpins from these domains (Voeltz et al., 2006). However, further analysis by others has suggested that Yop1p actually had five alpha-helical hydrophobic domains (similar to that described originally for Yip1p and Yipf family members), in which the first four of these regions (two RHD domains) formed hairpin structures (Figure 3B). This alternative structure arose from an NMR study of Yop1p (Brady et al., 2015). The proposed model suggested that Yop1p had four alpha helical regions that span the membrane, whereas there was a fifth hydrophobic stretch termed the “amphipathic helical domain” in the extreme carboxy terminus, that did not traverse the membrane. Instead, it laid parallel to and interacted with the negatively charged membrane. Additionally, the APH was necessary for ER tubule formation (Brady et al., 2015). Interestingly, this topological model is similar to the AlphaFold model proposed for the carboxy termini of the mammalian Yipf family), where the APH lies parallel to or buried in the Golgi membrane (Figure 2B) (Calero et al., 2002; Kranjc et al., 2017). Despite the differences between these models, they both depict the amino and carboxy termini of Yop1p and REEP as being cytoplasmic and not intralumenal, as opposed to the early structures proposed for Yipf family members.
So, what is the potential importance of the RHD? In an elegant series of experiments, it was demonstrated that the two hairpin domains within the RHD were required for membrane partitioning and membrane shaping of the ER, thus demonstrating a crucial functional role for this conserved RHD hairpin structure of Rtns, and presumably REEP5/Yop1p (Zurek et al., 2011). Subsequently, it was confirmed that Yop1p could also induce high curvature ER tubules and that this property of Yop1p required only the central portion of the protein containing the two hairpin regions or RHD (Hu et al., 2008). In addition, it was shown that Yop1p formed homo-oligomers in ER membranes, as well as form hetero-oligomers with Rtn1p. Similarly, REEP5 and Rtn4 formed homo- and hetero-oligomers in higher eukaryotes (Shibata et al., 2008). Though the complete family of mammalian Yop1p homologs (the REEP family) had yet to be identified, it appeared that Yop1p had several roles in cell biology including membrane trafficking by binding to Yip1p, SNAREs, and Ypt proteins, as well as inducing ER tubule formation. This last discovery led to the description of these proteins as “ER morphogens,” possibly separate from their role in intracellular transport (Voeltz et al., 2006).
3.2 Mammalian REEP family
Previously, the first two members of the mammalian “Yop1p” family had been identified unknowingly, “Deleted in Polyposis 1” or DP1/TB2 and “Deleted in Polyposis 1-like 1” DP1L1/TB1 (Joslyn et al., 1991; Kinzler et al., 1991; Nishisho et al., 1991; Sato et al., 2005), however their connection to Yip1p or Yop1p did not occur until later. These two mammalian orthologs of Yop1p were initially identified while searching for genes implicated in colon cancer pathogenesis. At the time of their initial discovery, yeast Yip proteins had not been identified, so the function of these proteins remained unknown.
However, many laboratories were investigating trafficking of GPCRs from ER to plasma membrane and it was known that many GPCRs (e.g., olfactory receptors, taste receptors) did not express well in mammalian heterologous expression systems. Thus a search for proteins that could enhance heterologous cell surface expression of olfactory receptors (OR) led to the discovery of a new family of six proteins termed “receptor expression-enhancing proteins” or REEP1-6 (Saito et al., 2004). REEP1 was demonstrated to selectively enhance the cell surface expression of some but not all difficult to express ORs, suggesting a specific function for REEP1 dependent upon the “cargo” (e.g., ORs or other GPCRs). Around the same time, a database search of Yop1p-like sequences in mammalian EST and other databases led to the discovery of a new subset of mammalian Yop1p proteins that were alternatively named Yip2a-f (Table 3) (Yang et al., 1998; Pfeffer and Aivazian, 2004). Due to the extensive literature published using the REEP nomenclature, it has superseded the more consistent Yip2 nomenclature, and will be utilized here.
The REEP family was further subdivided, based upon sequence homology, into REEP1-4 and REEP5-6 families (Supplemental Figure S4). The originally cloned DP1/TB2 and DP1L1/TB1 genes belong to the latter subfamily and have been renamed REEP5 and REEP6 respectively; they have the most homology with Yop1p. After cloning REEP1, it was found to be homologous to Yop1p and also a barley stress-induced protein HVA22 (Brands and Ho, 2002). Prior studies of HVA22 revealed that it interacted with a protein termed barley Sey1, a homolog of another plant protein Root Hair Defective 3 (RHD3), an ortholog to the mammalian atlastin family of ER membrane fusion proteins (Park et al., 2010). Similar to Yop1p, the atlastin family of proteins also appear to have a hairpin structure used to insert and shape ER membranes, as well as possessing a conserved APH in the carboxy terminus (Park and Blackstone, 2010). It was shown that the atlastin APH bound to membranes as a membrane-parallel alpha helix, inducing bilayer thinning and increasing acyl chain disorder, leading to membrane destabilization and fusion (Faust et al., 2015). Though their role in ER membrane fusion was not completely characterized, it appeared that REEP family members may be classified as ER morphogens based on research with Yop1p (Voeltz et al., 2006), and that they may have a role in intracellular trafficking and processing of cargo proteins.
3.2.1 REEP cell biology
Yop1p, REEP1, and REEP5 were initially localized to ER membranes by immunohistochemistry, consistent with a possible role for these proteins as ER morphogens (Calero et al., 2001; Saito et al., 2004; Voeltz et al., 2006). Further investigations utilizing membrane fractionation revealed expression of REEP1, REEP2, and REEP6 in ER membranes, more consistent with prior results with Yop1p (Figure 3C) (Björk et al., 2013). Lastly, it was demonstrated by in vitro assay, that REEP1-4 are directly involved with ER membrane shaping and tubule formation, similar to REEP5 and Yop1p (Park et al., 2010). Similar ER localization was seen for the multiple Drosophila REEP orthologs (Yalcin et al., 2017).
However, other investigators detected REEP1 expression in mitochondria as well (Zuchner et al., 2006). More recent work utilizing a novel split-RLuc8 assay demonstrated that REEP1 was present at ER-mitochondria interfaces, demonstrating that different subdomains of REEP1 were required for ER (REEP11−115 = ‘RHD’) and mitochondrial (REEP1116−157 = ‘APH’) localization respectively, and that mitochondrial localization was not due to alignment with microtubules (Lim et al., 2015). Furthermore, it was demonstrated that DNA damage-induced changes in ER structure were dependent upon transcriptional activation of REEP1 and REEP2, promoting formation of ER-mitochondrial contacts, facilitating Ca++ movement from ER to mitochondria, promoting apoptosis (Zheng et al., 2018). Together, these data suggest a potential role for REEP1 and possibly other REEPs in regulating ER-mitochondrial morphology, signaling and apoptosis. What other role may REEPs play in cell biology? It has been demonstrated that REEP1 can alter lipid droplet size within cells, possibly a function important for ER membrane fusion and tubulization (Falk et al., 2014). Additionally, REEP1 was demonstrated to interact with a protein previously identified as a causative gene for a form of lipodystrophy, seipin (Renvoise et al., 2016). Seipin is a conserved integral membrane ER protein which is believed to act as an interface between the ER and lipid droplets.
Further research in other organisms has suggested that REEPs may suppress autophagy. For example, it has been demonstrated in the plant Arabidopsis, that deletion of REEP orthologs (AtHVA22), enhanced autophagy, and a similar effect was seen in Yop1p-deleted yeast (Chen et al., 2009). It was postulated that under stressful conditions, HVA22 was required to inhibit activation of programed cell death. In what may be a similar effect, downregulation of Drosophila REEP1 enhanced toxicity from Tau protein by increasing formation of insoluble aggregates. However, this effect could be rescued by overexpression either Drosophila or human REEP1 (Appocher et al., 2014). Recently, it has been shown in Drosophila, that REEP1 is upregulated under stressful conditions and that the absence of REEP1 led to selective activation of the Ire1 and Atf6 branches of the Unfolded Protein Response (UPR) leading to modification of ER morphology (Napoli et al., 2019).
So, unlike the Yipf family, whose members were identified by sequence homology from genetic databases, REEP family members were identified based upon their function as enhancers of heterologous OR expression, and not strictly by their role in intracellular transport. Additionally, REEP1 and atlastin-1 were identified separately as genes implicated in the development of the neurodegenerative disorder hereditary spastic paraplegia (HSP) (Blackstone et al., 2011). Over fifty percent of North American HSP cases are due to mutations in M1-spastin, atlastin-1, or REEP1. Recent work has shown that M1-spastin, atlastin-1, and REEP1 interact within the ER and appear to be important determinants of curved ER tubule formation and elongation (Hu et al., 2009; Park et al., 2010). All three of these proteins have similar membrane topologies; specifically, they all possess partial membrane spanning hairpin(s) and APH domains.
The hydrophobic hairpin domains of REEPs are necessary for membrane interactions with atlastin-1, M1-spastin, and reticulons (Park et al., 2010). Missense mutations that alter specific amino acids in the hydrophobic hairpin domains have been identified, however the effect of these REEP1 mutations on cargo transport and ER interactions have not been fully elucidated. Similarly, REEP2 has been shown to be a causative agent of HSP and REEP1 has been shown to be a cause of hereditary motor neuropathy (HMN) as well (Beetz et al., 2012; Esteves et al., 2014). Given the neuronal-specific expression of REEP1/2, it is not surprising that loss of REEP function would lead to a neuron-specific disorder (Hurt et al., 2014). Besides HSP, REEP family members have been linked to other genetic and developmental disorders. For instance, REEP3 has been linked to hereditary congenital facial paresis and autism, deletion of REEP4 in Xenopus embryo led to neuromuscular paralysis, deletion of REEP5/6 has been seen in familial adenomatous polyposis, and deletion or mutations in REEP6 have been linked to retinal degeneration and retinitis pigmentosa respectively (Groden et al., 1991; Castermans et al., 2007; Argasinska et al., 2009; Tomas-Roca et al., 2011; Arno et al., 2016; Veleri et al., 2017). Thus, initial characterization of REEP family members focused on their function as receptor chaperones or escort proteins, as well as their role in neurodegeneration, and less on their possible roles in intracellular membrane transport.
3.2.2 REEP interacting proteins
Both REEP5 and REEP6 were identified as Rtn4a/b interacting proteins based upon immunoprecipitation and mass spectrometric analysis (Voeltz et al., 2006). Other REEP5 interacting proteins were subsequently identified by others, including Rtn3c and another hairpin protein implicated in HSP, protrudin (Shibata et al., 2008; Chang et al., 2013; Hashimoto et al., 2014). Protrudin was also shown to interact with all three isoforms of atlastin as well as REEP1, and these interactions were dependent upon the membrane spanning region of protrudin, a homologous hairpin region described previously as being necessary for interaction of Rtns, REEPs, Yop1p, and atlastins with each other. Separately, a profile of Rab GTPase trafficking networks (“The Membrome”), suggested that REEP2 and REEP4 both could interact with Rab1b and Rab3a, though this has not been confirmed experimentally (Gurkan et al., 2005). Similar to Yop1p, REEP1 could form high order oligomers, suggesting self-interaction, however, interactions between different REEPs have not been published (Park et al., 2010). Recently, REEP6 has been shown to interact with a t-SNARE protein Syntaxin3, as well as being expressed in a subset of clathrin-coated vesicles in retinal photoreceptor cells (Veleri et al., 2017).
3.2.3 REEP structure/topology
The original membrane topology of REEPs and Yop1p was not settled (Figure 3B). Initial research with REEP5 suggested a two hairpin model with cytoplasmic facing amino and carboy termini (Voeltz et al., 2006), however, a more recent study with Yop1p suggested five hydrophobic/transmembrane domain, with the most carboxy terminal transmembrane domain laying on, and not inserted into, the membrane, as an APH. The possible evolutionary importance of the APH domain was further demonstrated when a retinal specific splice variant of REEP6 was shown to include a carboxy terminal 27 amino acid APH domain (encoded by Exon 5), that is spliced out in other cell types where REEP6 is expressed (Liang et al., 2021). The first two “transmembrane” domains actually form dual hairpins that insert into the membrane (Brady et al., 2015). Protease analysis further supported a two hairpin model for REEP1, revealing that both the amino and carboxy termini are cytoplasmic, consistent with earlier work with REEP5 (Park et al., 2010). Further evidence for this topological model can be seen by examining the AlphaFold database, which predicts a dual hairpin structure with a carboxy terminal alpha-helical domain (APH) for all six REEP family members (Supplemental Figure S3) (Jumper et al., 2021; Varadi et al., 2022). Alternatively, a single transmembrane model of REEP1 in the plasma membrane with extracellular amino terminus and intracellular carboxy termini, has been proposed. However the localization of this model to the plasma membrane and the single transmembrane model itself are inconsistent with prior research (Ilegems et al., 2010).
Subsequently, it was shown that overexpressed REEP1 altered ER morphology, revealing a distribution of REEP1 in ER tubules closely aligned with thickened microtubules; this discovery was also demonstrated with REEP2 (Park et al., 2010). However, similar findings were not seen with either REEP5 or REEP6. In vitro microtubule-binding assays demonstrated that REEP1 could immunoprecipitate tubulin and that the region of interaction was the cytoplasmic carboxy terminus of REEP1, revealing another protein interacting domain within REEP1. The exact amino acid sequence of the microtubule-binding domain (MBD) has not been identified (Figure 3A). Given the homology between REEP1-4, it seems likely that the MBD may be conserved in this subfamily of REEP proteins.
A different microtubule binding region within REEP3/REEP4 was identified when it was discovered that REEP3/REEP4 were important for clearance of ER membranes from metaphase chromatin, to ensure correct progression through mitosis (Schlaitz et al., 2013). The region of microtubule interaction was located between the two hairpin domains, specifically a positively charged cytoplasmic region that is conserved in REEP1-4, unique from the MBD domain within the carboxy terminus, described above. Interestingly, the corresponding region within REEP5/6 is negatively charged and did not interact with microtubules (Figure 3A).
While looking for proteins that contained binding sites for the family of 14-3-3 proteins, another major protein interaction domain was discovered in REEPs (Johnson et al., 2011). 14-3-3 proteins are intracellular adapter proteins that interact specifically with phosphoproteins, usually by interacting as a 14-3-3 dimer with two tandem phosphorylated sites within the target protein (Johnson et al., 2010). These phosphorylated 14-3-3 binding sites on target proteins are phosphorylated by protein kinase A, protein kinase C, protein kinase G, Ca2++/calmodulin-dependent protein kinase (CaMK) and potentially other kinases as well, demonstrating a potentially complex level of regulation by multiple kinase inputs.
While examining the proteome for 14-3-3 interacting proteins, Johnson et al., identified and biochemically verified that REEP4 contained two phosphorylatable 14-3-3 binding sites within its carboxy terminus (Figure 3D) (Johnson et al., 2011). Subsequently they demonstrated that REEP1-4, but not REEP5-6/Yop1p possess such 14-3-3 binding sites (Tinti et al., 2012). The binding of 14-3-3 proteins requires two sites of phosphorylation, and it was shown that REEP1-4 all share a common first phosphorylation site (e.g., pSer152 in REEP1), termed the “lynchpin” phosphorylation site, however they also possess a unique second phosphorylation site (e.g., pSer192 in REEP1), which appear to be phosphorylated by different kinases, leading to differential affinities for 14-3-3 dimers amongst REEP1-4 proteins. Possible Ser, Thr, and/or Tyr phosphorylation sites have been identified in all REEPs. The role of phosphorylation in REEP family function has not been studied, however, removal of all potential phosphorylation sites from REEP1 led to an inability of the expressed protein to form higher order oligomers with itself (unpublished data).
3.2.4 REEP cargo trafficking
The REEP family was identified by its ability to enhance heterologous cell surface expression of GPCRs, that were difficult to express. Their effects on native expression of ORs or other GPCRs had not been investigated. Initially, REEP1 enhancement of heterologously expressed ORs was examined, and it was determined that this effect was restricted to a subset ORs, though it was not determined what identified this subset (Saito et al., 2004). However, similar to ORs, it was shown that REEP1 could enhance the heterologous expression of bitter taste receptors (TAS2R) (Behrens et al., 2006). Other similar receptors, sweet taste receptors (T1R2/T1R3), where investigated with REEP2, and a novel mechanism of action was described, specifically that REEP2 enhanced sweet receptor function by their recruitment to lipid rafts (Ilegems et al., 2010). Further research with respect to REEPs and lipid rafts has not been described.
The selective interaction of GPCRs with REEPs was investigated further by comparing the effects of co-expressed REEP on two model cargo proteins, α2A and α2C adrenergic receptors (ARs) (Björk et al., 2013). These two cargos were chosen since they were highly homologous proteins yet had differing levels of heterologous expression in various cell lines. Specifically, heterologous expression of α2AARs demonstrated higher levels of plasma membrane expression, compared to the more difficult to express α2CARs (Daunt et al., 1997). Similar to ORs, co-expression of either REEP1, REEP2, or REEP6 led to enhanced plasma membrane expression of α2CARs, but did not affect plasma membrane expression of α2AARs, suggesting specificity of REEP family members for cargo protein. By utilizing a FACS-based single cell assay (Hurt et al., 2013), it was possible to quantify both plasma membrane and intracellular levels of each cargo protein concurrently, and it was shown that all three REEPs studied enhanced trafficking of α2CARs to the plasma membrane by enhancing cargo capacity of the ER (Figure 3C). Specifically, immunoprecipitation experiments demonstrated that all three REEPs interacted with α2CARs, but not α2AARs, by interacting specifically with a minimally/non-glycosylated form of α2CARs, demonstrating that REEPs could selectively interact and alter cargo protein trafficking through the cell. Identification of the minimally/non-glycosylated form of α2CARs was reminiscent of work with CPY and Yop1p, where it was shown that overexpression of Yop1p in yeast led to an accumulation of minimally/non-glycosylated form of CPY in the ER (Calero et al., 2001). Lastly, it was shown that this interaction required the carboxy terminus of REEP1 (including the MTB and 14-3-3 binding sites), suggesting a role for this region in cargo protein trafficking. Thus, REEPs appeared to have additional intracellular functions besides being merely ER morphogens; co-expressed REEPs enhanced cargo capacity of a cell, affected ER-Golgi glycosidic processing, and interacted with specific cargo proteins.
The specific site or interacting domain of REEPs responsible for cargo binding has not been identified, except to demonstrate that it lies within the cytoplasmic carboxy termini, where variable phosphorylation, MTB, APH, and 14-3-3 binding sites are known to exist. Thus, REEP family members could either directly interact with cargo or utilize adapter proteins. A strong contender for a REEP adapter would be the 14-3-3 family of proteins. First, REEP1-4 all have a conserved 14-3-3 binding site in the COOH terminus (RSXpS or RXXXpS, where pS represents phosphoserine), interestingly, REEP5-6 do not have this conserved motif (Morrison, 2009). Second, it was demonstrated that phosphorylation of REEP4 at this site increased 14-3-3 binding, however mutation of this serine did not completely abolish 14-3-3 binding. However, complex interplay of various kinases on the multiple potential phosphorylation sites may account for the lack of complete effect of the mutation. The identification of other adapter proteins may require further study and analysis of other protein-protein interacting domains within the Yip family.
3.3 Yop1p/REEP family summary
Unlike the Yipf family, where most of the research followed the identification of mammalian orthologs to yeast Yip1p proteins and paralleled their characterization within mammalian cells, REEP family members were initially identified and characterized based upon their function as enhancers of GPCR expression, as genetic causes of HSP, and as 14-3-3 interacting proteins. However, these different avenues of identification of the REEP family led to more information about their structure, function, interacting proteins, and potential regulation by phosphorylation. It is apparent that Yop1p and REEP family members are ER resident proteins, and they all possess two RHD domains (analogous to the “Yip Domain” of Yipf family members), structured as dual hairpins that insert within ER membrane to force high curvature and ER tubulization. Yop1p has been shown to interact with other proteins involved with intracellular membrane transport, including other Yip family members, COPII proteins, and Ypts, though more complete analysis of similar REEP interactions with transport machinery proteins remain to be done. However, it has been shown that REEP4 can interact with specific Rabs or other Rab effectors (RAB3GAP-1/2), consistent with a role in regulating membrane trafficking by affecting Rab-GTPase cycling (Tinti et al., 2012). But again, no specific roles for REEPs/Yop1p in Rab cycling (e.g., GEF, GAP, GDI, GDF) have been identified (Figure 1).
Unlike Yipf family members, more is known about different structural domains with REEP family members, but several areas of uncertainty remain. Strong evidence suggests the presence of two hairpin domains (the RHD); however, sequence analysis suggests five alpha-helical domains in these proteins (the first four encoding two RHD domains) and thus the position of the fifth carboxy terminal domain remains to be determined. Strong experimental evidence in Yop1p and REEP5 suggests that this domain behaves as an APH that aligns parallel to, and does not insert into, the membrane. This domain that may also be necessary for ER membrane insertion and induction of high membrane curvature. Beyond the RHD, microtubule binding to an MTB domain has been identified within the cytoplasmic carboxy terminus of REEP1, and based upon homology, to REEP1-4, but the exact MTB sequence remains to be determined. Lastly, phosphorylation sites for 14-3-3 dimer binding has been identified in REEP1-4 but not REEP5-6/Yop1p, but which kinases phosphorylate which REEPs, and what effect phosphorylation has on any of the described REEP functions have not been completely elucidated. Thus, it appears that Yop1p/REEP1-6 have similar topology with two RHD hairpin domains and a carboxy APH lying on the membrane, separated by a charged region (++ = REEP1-4, -- = REEP5-6), MTB and APH domains, as well as potential phosphorylation and 14-3-3 protein binding sites (Figure 3A/D).
When REEP1 was identified as a causative gene for HSP, its interactions with other genes involved with HSP was characterized, including the atlastin family, M1-spastin, and protrudin (Park and Blackstone, 2010; Hashimoto et al., 2014). It is now known that REEP1 can interact with these proteins, and that this interaction depends upon the presence of the RHD. Though a review of the genetics of HSP and role of REEP1 and the other mentioned proteins is beyond the scope of this review, it is apparent that loss of REEP1 function can have major effects of ER structure and neuronal function, eventually leading to neurodegeneration of spinal cord motor neurons and development of HSP (Blackstone, 2018a). To date, over twenty mutations in REEP1 have been linked to HSP (Zuchner et al., 2006; Schlang et al., 2008; Liu et al., 2009). These mutations include missense and nonsense mutations, deletions, and frameshifts. In most cases, the frameshift mutations lead to a premature truncation of the protein, and thus deletion of the carboxy terminal region, possibly affecting MTB, APH, 14-3-3 and potential phosphorylation sites or other binding domains. The extensiveness of REEPs/Yop1p research, from cell biology, receptor trafficking, protein-protein interacting and phosphorylation domains, and disease genetics, coupled with the multiple experimental organisms studied, has led to a more complete understanding of this Yip subfamily.
4 YEAST/MAMMALIAN YIF FAMILY
4.1 Yeast Yif1p
Another member of the larger yeast Yip family, the Yip1p-interacting factor or Yif1p, was identified by Y2H screening while searching for other yeast proteins that bound Ypts (Table 5) (Matern et al., 2000). Similar to Yip1p, Yif1p appeared to possess five transmembrane domains, with an elongated amino terminus and a truncated carboxy terminus. It was further demonstrated that Yif1p bound Yip1p, Ypt1 and Ypt31 (similar to Yip1p) (Table 6) and that Ypt binding was dependent upon the amino terminus of Yif1p, whereas Yip1p binding did not require this region. Lastly, the elongated amino terminus was cytosolic. In fact, a majority of the protein’s amino terminus could be deleted (up to the second transmembrane domain) without loss of Yip1p interaction. Yif1p and Yip1p could both reciprocally immunoprecipitate each other. Other interacting proteins discovered in yeast included Sec4p, a Rab GTPase involved with the final exocytic secretory pathway from Golgi to plasma membrane. Separately, it was demonstrated that Yif1p could be found within COPII vesicles (Otte et al., 2001). As mentioned earlier for Yip1p, Yif1p was required to produce ER-derived fusion competent vesicles for fusion with Golgi membranes (Barrowman et al., 2003). Additionally, Yos1p was also identified as an interacting protein for Yif1p (Heidtman et al., 2005).
TABLE 5 | Mammalian Yif1 and PRAF families.
[image: Table 5]TABLE 6 | Yif and PRA family interacting proteins.
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Similar to Yip1p, Yif1p was originally localized to Golgi membranes by both indirect immunofluorescence and sucrose gradient fractionation (Matern et al., 2000). Loss of Yif1p function was not lethal and led to a block in ER to Golgi transport, with accumulation of ER membranes as had been seen previously with other Yipf and REEP family members. More specifically, loss of Yif1p affected the processing of a model protein CPY, leading to the accumulation of an ER core-glycosylated form of CPY, as was seen with Yop1p deletion. Lastly, high exogenous expression of Yif1p could rescue Yip1p mutant forms (Calero et al., 2001).
4.2 Mammalian Yif family
4.2.1 Mammalian Yif cell biology
As mentioned above, nine FinGER proteins had been originally cloned as mammalian orthologs to Yip1p, Yip4p, and Yip5p. Two of these proteins, FinGER7-8, shared the most homology with Yif1p and were renamed Yif1A and Yif1B respectively (Table 5, Supplemental Figure S5) (Shakoori et al., 2003). Similar to Yif1p, Yif1A and Yif1B appeared to possess five transmembrane domains, with an elongated amino terminus and a truncated carboxy terminus (Figure 4A). However, the first alpha helical region was found in the amino terminus, followed by four more transmembrane domains, as compared to REEP/Yop1p which had two hairpin domains/four transmembrane domains with a carboxy terminal alpha helical domain. Previously, the membrane topology of seven Yipf family members was determined utilizing a fluorescence protease protection assay (Kranjc et al., 2017). Applying a similar topology model to the related Yif1A/B proteins, would suggest that the amino terminus, not the carboxy terminus, was intralumenal or possibly buried in the Golgi membrane as an APH domain (Figure 4A). This model is predicted by AlphaFold (Supplemental Figure S3) (Jumper et al., 2021; Varadi et al., 2022).
[image: Figure 4]FIGURE 4 | Yif1/Yif1p Family of Proteins. (A). Transmembrane topology model of Yif1 and Yif1p based on biochemical analyses (Matern et al., 2000; Al Awabdh et al., 2012). Unlike Yipf and REEP family members, the exact Yif1 membrane topology has not been delineated but is shown as hairpin domains due to Yipf family homology. Unlike Yipf and REEP families, an APH domain has been found within the amino terminus. (B). Intracellular localization of various Yif family members is shown within the ER, Golgi, and ERGIC compartments, as well as transport machinery required for Yif1 cargo trafficking within neurons. The role of Yif1B as a regulator of cargo trafficking (and possible MSAP) is shown, interacting with a well-described cargo protein (5-HT1C receptor) (Carrel et al., 2011). Note the absence of an adapter protein. Modeled proteins are not shown to scale relative to their amino acid sequence. ER = Endoplasmic Reticulum, ERES = ER Exit Site, ERGIC = ER/Golgi Intermediate Compartment.
Initial characterization of Yif1A and Yif1B suggested that they were located to the Golgi, similar to Yif1p (Shakoori et al., 2003). However, other investigations suggested a more dynamic process of localization, demonstrating that they are localized to both ER and Golgi or the ERGIC, potentially reflecting their role in ER-Golgi transport via COPII vesicles insertion (Figure 4B) (Kuijpers et al., 2013). Subsequently it was demonstrated that Yif1A could cycle between ER and Golgi within hippocampal neurons, and it was mainly localized to the ERGIC (Yoshida et al., 2008). Analysis of Yif1B also demonstrated a similar ER, ERGIC, and Golgi localization (Shakoori et al., 2003; Carrel et al., 2008). Interestingly, it was demonstrated that depletion of Yif1B led to accelerated intracellular trafficking of a model protein, VSVG, from ER to ERGIC to Golgi within hippocampal neurons of Yif1B-KO mice (Alterio et al., 2015). Either way, it appeared that similar to Yipf family members, Yif1A and Yif1B cycle between ER and Golgi membranes, including the ERGIC. Knockdown of Yif1A did lead to partial disassembly of the Golgi apparatus, as was seen with Yipf5, and Yif1B deletion lead to ER disorganization in mouse hippocampal neurons and cerebellar Purkinje cells (Yoshida et al., 2008; Diaz et al., 2020).
4.2.2 Mammalian Yif interacting proteins
Few interacting proteins have been identified to date for Yif1A or Yif1B (Table 6). They have been shown to directly interact with other Yipf family members, specifically Yipf5, as seen by immunoprecipitation (Shakoori et al., 2003; Jin et al., 2005). Deletion of the carboxy terminus of Yipf5 disrupted the Golgi localization of Yif1A, suggesting that Yipf5 specified the localization of Yif1A. However, other interacting proteins have been identified that also may impact localization of Yif1A, namely “vesicle-associated membrane protein (VAMP) associated protein B” or VAPB (Kuijpers et al., 2013). VAPB is an ER resident protein, and a single mutant allele of this protein has been linked to amyotrophic lateral sclerosis. It was demonstrated that overexpressed VAPB can bind Yif1A in the ER and thereby prevent its recycling to the ERGIC and Golgi. Further investigations in hippocampal neuron cultures revealed that Yipf5, Yif1A/B, and VAPB were required for normal dendrite morphology and that Yif1A/B were required for intracellular delivery of membrane from soma to dendrite via the early secretory pathway. Additionally, VAPB was required for intracellular membrane of trafficking of Yif1A into dendrites and for maintaining normal dendritic morphology.
4.2.3 Mammalian Yif cargo trafficking
Though some Yip family members have been linked to neurodegenerative disorders (e.g., HSP), much research has been focused on model cell systems such as yeast or cell lines, and not neurons. As described above, interacting cargo proteins associated with various Yip family members have been identified for REEP family members (e.g., ORs, TRs, and α2CARs). However, trafficking of 5-HT1A serotonin receptors (5HT1ARs) has been studied extensively due to its specific localization within the somatodendritic domain of neurons. Its localization to the dendritic membrane is closely related to its inhibiting effect on raphe neuron firing, and thus mechanisms responsible for this specific localization have been investigated. Prior research had shown that a dileucine motif within the short cytosolic carboxy terminus of 5HT1AR was necessary for export from the ER to the plasma membrane (Carrel et al., 2006).
Utilizing the carboxy terminus of 5HT1AR as bait, a yeast two-hybrid screen identified Yif1B as an interacting protein (Carrel et al., 2011). This interaction was confirmed by using glutathione-S-transferase pull-down experiments with rat brain extracts and transfected cell lines, demonstrating an in vivo interaction between these two proteins. Yif1B was further localized to the ERGIC, similar to other studies with Yif1A and Yif1p (Figure 4B). Lastly, inhibition of Yif1B expression in primary hippocampal neuron cultures led to restriction of 5HT1AR expression to the proximal portion of dendrites and not to the distal ends of dendrites, as seen normally. Furthermore, knockdown of Yif1B expression did not alter α-tubulin localization, nor did it alter the dendritic localization of other potential cargo proteins such as the somatostatin receptor (sst2AR), purinergic receptor P2X2, or the serotonin ion channel (5-HT3R). Lastly, expression of a 5HT1AR lacking the carboxy terminal region that interacted with Yif1B, led to its localization in the proximal dendritic compartment, similar to that seen with full-length 5HT1ARs when Yif1B expression was reduced. Taken together, this work was the first to reveal a role for a specific Yip family member in proper neuronal trafficking and localization of a cargo protein.
The specificity of the interaction between Yif1B and 5HT1AR was further demonstrated when it was shown that Yif1B could bind the carboxy terminus of 5HT1AR with high affinity (KD ≅ 37 nM) via a tribasic motif in 5HT1ARs and a triacidic region within the amino terminus of Yif1B (Al Awabdh et al., 2012). As well, Yif1B was shown not to interact with the closely related 5HT1BR, similar to the specificity seen for some REEP family members and α2 ARs (Björk et al., 2013). The concept of Yif family members as scaffold or adapter proteins was further supported when it was determined that Yif1B could form a protein complex with Rab6, α2/β2 tubulin, Yipf5, and two molecular motors, Kif5B and dynein (Al Awabdh et al., 2012). Knockdown of either Rab6, Kif5B, or Yipf5 also led to confinement of co-expressed 5HT1ARs to the proximal dendritic compartment, as seen previously with reduced expression of Yif1B. Lastly, it was shown that intracellular vesicles containing the Yif1B scaffolding complex described above were transported along a microtubule network by two opposing molecular motors, Kif5B and dynein.
Together, these results suggest that targeting of 5HT1ARs to distal dendrites involved a novel vesicular scaffolding-dependent transport pathway, the most complete pathway described for targeting of a cargo protein by a Yipf family member (Figure 4B). Furthermore, examination of Yif1B-knockout mice revealed a significant decrease in forebrain serotonergic projection fibers and reduced function of 5HT1AR autoreceptors in raphe serotonergic neurons, possibly responsible for increased social anxiety/less social interaction seen in Yif1B-knockout compared to wild-type mice (Martin et al., 2020).
4.3 Yif1p/Yif family summary
Similar to the Yipf family, both members of the Yif family appear to be involved with ER to Golgi cycling, and reside in the requisite intracellular compartments, specifically the ER, Golgi, and ERGIC. This similarity is not too surprising given the overall homology between these two families. Similar to Yipf family members, Yif1p, Yif1A, and Yif1B have been shown to interact with other members of the greater Yipf family, as well as Ypts and Rabs. Thus, it appears that the Yif1 family may have a similar role in regulating intracellular trafficking of proteins. Again, no specific role in Rab cycling (e.g., GEF, GAP, GDI, GDF) has been identified (Figure 1).
Unlike prior research on Yipf and REEP family members, a more complete analysis of Yif1B effects in neurons, revealed that it served as a scaffold protein to link intracellular vesicle trafficking of a cargo protein (5HT1ARs) to their location within the distal dendrite tips. More importantly, it was demonstrated that this Yif1B-containing vesicle could interact with opposing molecular motors (Kif5B and dynein) via binding to tubulin proteins, to move them to and from the distal dendrite. This interaction between Yif1B and its cargo, 5HT1AR, was of high affinity and specific amino acid motifs involved in this interaction were determined for both Yif1B and 5HT1AR. Truncating mutations in Yif1B have been linked to Kaya-Barakat-Masson syndrome (KABAMAS), a severe autosomal recessive neurodevelopmental disorder characterized by profoundly impaired global development with variable motor abnormalities, as well as another cohort of families with neurological deficits that could not be classified to a specific pathology except that the symptoms seen were consistent with a “Golgipathy” (AlMuhaizea et al., 2020; Diaz et al., 2020).
Compared to other members of the Yipf family, there are still areas to be explored. For example, though Yif1p can be found in COPII vesicles, this finding has not been confirmed for either Yif1A or Yif1B. However, given that one of their binding partners (Yipf5) does bind Sec23/24 (both COPII vesicle proteins), and Yif1A/Yif1B are found in the ER and Golgi, where COPII vesicles arise, it would not be surprising to find Yif1A or Yif1B in COPII vesicles as well. Except for the determination that the larger amino terminus of Yif1p is cytosolic, the remaining structure and topology of any yeast or mammalian Yif1 family member remains to be determined. Based on the originally cloning data, it has been suggested that Yif1 family has five transmembrane domains; APH domains have not been investigated within Yif family members. However, it is more likely that Yif1A/B share a similar topology as Yipf family members, given their homology (FinGER1-9), however Yif1A/B appear to have an amino terminal APH as opposed to a carboxy terminal APH (Shakoori et al., 2003; Kranjc et al., 2017).
Similar to REEPs, it has been demonstrated that Yif1B can interact and direct the location of specific cargo (5HT1ARs) via a larger scaffolding complex made up of Rab6, Yipf5, and Yif1B. This description would be consistent with a model of Yip family members as membrane-shaping adapter proteins (MSAPs) (Bauer and Pelkmans, 2006). As mentioned earlier, MSAPs have been defined by their ability to localize to a specific membrane type(s), alter membrane structure, interact with other proteins via specific domains, and show specificity in their interactions and effects on cargo proteins. Yif1B meets all the criteria except it has not been proven that it can alter membrane structure, in a manner analogous to REEPs or Yop1p. Given the overall homology between these different families, the common finding that the hydrophobic membranous regions of Yipf and REEP family members are important for protein-protein interactions within and amongst the different families, and that this hydrophobic region of Yop1p/REEPs inserts in the membrane as a hairpin, it would not be unreasonable to believe that Yif (and probably Yipf) family members share similar hairpin structures that have been shown to alter membrane structure.
5 YEAST YIP3P/MAMMALIAN PRAF FAMILY
Unlike the prior Yip families, the first member of the Yip3p/PRAF family, PRAF1, was identified in higher eukaryotes, while searching for mammalian proteins that interacted with Rab3A (Martincic et al., 1997). It was shown that the newly discovered protein had two hydrophobic domains, and that it could only bind prenylated Rab proteins, hence the name “Prenylated Rab Acceptor 1” or PRA1 (eventually renamed PRA Family or PRAF). As well, it was demonstrated that PRAF1 also interacted with a synaptic vesicle protein, VAMP2/Synaptobrevin (a t-SNARE protein) but had no affinity for VAMP1 or other Ras-like GTPases. Lastly, Rab- and VAMP2-interacting amino acid residues of PRAF1 were localized to the amino terminus and extreme carboxy terminus respectively. Sequence and topology analysis suggested that the amino terminus was cytoplasmic, with a shorter carboxy terminus that may also be cytoplasmic. However, this model was not tested. Based on these findings, it was suggested that PRAF1 may link Rabs and SNARE proteins (e.g., VAMP2) in order to control synaptic vesicle docking and fusion. PRAF1 subcellular localization was examined in a subsequent study where it was shown that PRAF1 co-localized to the Golgi, and not the ER, however a significant amount of PRAF1 was surprisingly cytosolic, and not membrane bound, contrary to its identification as an integral membrane protein. Lastly, a carboxy terminal truncation mutant of PRAF1 did reside in the ER only, suggesting possible shuttling between the two compartments (Hutt et al., 2000).
5.1 Yeast Yip3p
In the original paper describing PRAF1, a related yeast protein Yip3p was identified. This protein was subsequently found to be a component of COPII vesicles; however it was not further characterized with respect to its function (Otte et al., 2001). Subsequently, an initial analysis of Yip3p demonstrated that it appeared to interact non-specifically with multiple Ypt proteins, however it did have a specific interaction with Yip1p (Calero and Collins, 2002). Further work in yeast demonstrated that Yip3p was localized to Golgi and endosomal membranes, as well as the cytoplasm, similar to results seen with PRAF1 (Geng et al., 2005). Additionally, Yip3p was shown to interact with Yip1p, Ypt1p, and Rtn1p in vivo and overexpression of Yip3p lead to expansion of the ER.
5.1.1 Yip3p/PRAF1 and rab cycling
Given its role as a ‘Prenylated Rab acceptor’, the nature of PRAF1 function in Rab membrane cycling was investigated further. Prior work had suggested that Rab interactions with a known Rab-GDI, GDI1, is necessary for membrane extraction of the Rab-GDP (Figure 1) (Dirac-Svejstrup et al., 1994; Hutt et al., 2000). Thus, it was subsequently shown that PRAF1 and GDI1 did interact directly, and truncation of the carboxy terminus of PRAF1 abolished this interaction. Since it was known that GDI1 binding to Rab3A could extract Rab3A from the membrane, the effect of PRAF1 on Rab3A extraction by GDI1 was examined. It was demonstrated that the presence of excess PRAF1 inhibited Rab3A membrane extraction by GDI1 resulting in membrane retention of the Rab-GDP (Hutt et al., 2000). Thus, GDI1 and PRAF1 appear to interact competitively for Rab3A binding.
If PRAF1 or Yip3p were involved with Rab cycling between membranes, then it would be possible that PRAF1/Yip3p were identified in the cytoplasm as the Rab-GDP/PRAF1 or Ypt-GDP/Yip3p complex. One proposed hypothesis was that PRAF1/Yip3p functioned as a GDI-displacement factors or GDF, allowing for Rab-GDPs to be returned to their cognate membrane (Figure 1). Evidence for a GDF function for PRAF1 was demonstrated biochemically, when it was shown that it could act catalytically to disassociate Rab9, but not Rab1A, from binding to GDI, and also lead to an increase in GDP-GTP exchange on Rab9 (Sivars et al., 2003). Lastly, depletion of PRAF1 within cells led to a redistribution of Rab9 from membranes to the cytosol, but did not alter Rab1A localization, suggesting a specificity for Rab interaction. Surprisingly, similar studies depleting Yip3p in yeast did not lead to any change in membrane localization for any Ypt examined (Geng et al., 2005). These discoveries suggested that some Yip family members may function as GDF and may be important regulators of membrane trafficking machinery. Similar experiments with Yipf2 and Rab5, Rab8, and Rab22a remain to be performed (Qi et al., 2019; Wang et al., 2020).
5.2 Mammalian PRAF family
5.2.1 PRAF cell biology and interacting proteins
Eventually, three PRAF isoforms (PRAF1-3) were identified in mammalians, however multiple laboratories identified these isoforms with a variety of nomenclature (Table 5, Supplemental Figure S6) (Abdul-Ghani et al., 2001; Fo et al., 2006; Ruggiero et al., 2008). Intracellular localization, interacting proteins, and topology were examined for PRAF1-3 in a variety of species, and distinctions were noted. Whereas PRAF1 was localized to Golgi and endosomes, PRAF2 and PRAF3 were found predominantly in the ER (Abdul-Ghani et al., 2001; Fo et al., 2006; Ruggiero et al., 2008). The endosomal localization and interaction with Rab9, is not surprising. Early endosomes are derived from the trans-Golgi network, eventually maturing into late endosomes. Late endosome trafficking back to the trans-Golgi network is dependent upon the activity of Rab9 (Pfeffer, 2011). Additionally as seen with Yipf family members (see above), steady-state localization of a protein does not always correlate with the pattern seen with dynamic trafficking. Hence, the endosomal localization of PRAF1 may not be unexpected.
Further evidence for PRAF family members as regulators of intracellular trafficking was found when other PRAF1-interacting proteins were identified. In addition to interactions with Rab1/3A and VAMP2 (Martincic et al., 1997), PRAF1 was also shown to interact strongly with Rab4B/5A/5C and Rab5/7/9 (Bucci et al., 1999; Sivars et al., 2003), as well as with ζ1-COP and γ-COP proteins (Lee et al., 2011; Abu Irqeba and Ogilvie, 2019). The latter two proteins are members of the COPI coat that facilitates retrograde trafficking from the Golgi to the ER. Other non-Rab interactions were also demonstrated for the PRAF family, including homo- and hetero-dimerization between PRAF2 and PRAF3 (Schweneker et al., 2005; Ruggiero et al., 2008), as well as interactions of PRAF3 with two ER-shaping proteins that both possess hairpin structures, Arl6IP1 and Rtn2B (Liu et al., 2008; Yamamoto et al., 2014). Arl6IP1 was subsequently shown to bind atlastin, though its specific function within the ER is not known. Lastly, it was demonstrated that PRAF1 and PRAF2 were enriched in synaptic vesicles isolated from rat brain (Fenster et al., 2000; Koomoa et al., 2008). More specifically, PRAF1 was demonstrated to interact directly with Piccolo, a multi-domain zinc finger protein that is a novel component of the presynaptic cytoskeletal matrix localized to the active zone of neurotransmitter release. Their interaction occurred via zinc fingers found in Piccolo (Fenster et al., 2000). Similar interactions have not been described for PRAF2 or PRAF3.
A role for PRAF family members in apoptosis has also been elucidated, when it was demonstrated that BCL2A1 (a BCL2 family member) interacted with PRAF1 and inhibited BCL2A1 anti-apoptotic activity (Kim et al., 2019). Such an interaction may be due to conformational changes seen with BCL2 family members during the mitochondrial translocation process. Specifically, apoptotic agonists such as BAX can cause BCL2 family members to adopt a hairpin topology with APH domains, to insert into mitochondrial membranes (Dlugosz et al., 2006; Youle and Strasser, 2008). In this manner, BCL2 family members may transform into MSAPs. Given the propensity of such hairpin-containing proteins to oligomerize and interact, it is not unreasonable to suggest that PRAF1 could interact or regulate the conformational change seen with BCL2 family members, similar to REEP interactions with atlastin described above. It has been demonstrated that PRAF1-3 have a role in regulating apoptosis in several cell lines (e.g. neuroblastoma, myeloid leukemia, and fibroblast cells), however, interactions with PRAF1-3 and BCL2 family members was not elucidated (Kim et al., 2019).
5.2.2 PRAF structure/topology
Also, functional domains and specific amino acid regions involved with PRAF function were identified. Computational modeling predicted four transmembrane or hydrophobic regions, with cytoplasmic facing longer amino and shorter carboxy termini (Figure 5A), but no APH domains have been delineated. As well, potential phosphorylation sites within the amino terminus and a potential “amphiphysin Src homology 3 (SH3) group’ domain (Amphi-SH3) within then amino terminus of PRAF2 have been identified (Figure 5B) (Lin J. et al., 2001; Fo et al., 2006). In general, different PRAF isoforms possess amino and carboxy termini of varying lengths and with different specific domains identified, though their role in PRAF function has not delineated. Another interesting distinction between PRAF1 and PRAF2/3 is the presence of a cluster of basic amino acid residues in the extreme carboxy termini of PRAF2/3, whereas PRAF1 instead has a cluster of acidic amino acid residues in the corresponding region (Figure 5B) (Abdul-Ghani et al., 2001).
[image: Figure 5]FIGURE 5 | PRAF/Yip3p Family of Proteins. (A). Transmembrane topology model of Yip3p and PRAFs based on biochemical analyses (Abdul-Ghani et al., 2001; Lin (J). et al., 2001; Fo et al., 2006). (B). PRAF1 and PRAF2/3 have similar topologies but differ in their carboxy termini. Both have conserved YipD domains that most likely form hairpins that insert into the membrane, however they differ by the presence of either a cluster of acidic amino acid residues and a terminal Val (PRAF1) or basic amino acid residues (PRAF2/3). Potential APH domains have not been identified within this family, as has been described in other Yip families. However, an “amphiphysin Src homology 3 (SH3) group’ domain (A-SH3) has been identified in the amino terminus of PRAF2 but not PRAF3 (Lin C.-l. G. et al., 2001). (C). Intracellular localization of various PRAF family members and known binding partners is shown within the ER, Golgi, and ERGIC compartments, including intracellular transport vesicles, COPI and COPII. Modeled proteins are not shown to scale relative to their amino acid sequence. ER = Endoplasmic Reticulum, ERES = ER Exit Site, ERGIC = ER/Golgi Intermediate Compartment.
Further analysis of PRAF structure-function relationships, revealed that the amino terminal portion of PRAF1 was not necessary for Golgi localization, however deletion of either five or ten carboxy terminal amino acids, resulted in an ER localization (Figure 5C) (Liang and Li, 2000; Liang et al., 2004). More specifically, deletion of only the terminal valine residue (Val185) or mutation of multiple glutamic acids near the terminal valine resulted in ER retention as well (Jung et al., 2011). Of note, terminal Val residues preceded by such acidic amino acid residues often are binding sites for members of the PSD-95 family of proteins, important for regulation of post-synaptic densities in neurons (Lee and Zheng, 2010). As well, DXE motifs preceding a terminal Val residue have been shown to function as ER exit sequences for ER to Golgi transport (Jung et al., 2007; Zaarour et al., 2009). It was further demonstrated that Val185 was necessary for PRAF1 to form homodimers and exit the ER (Liang et al., 2004). By making PRAF1 and PRAF3 chimeras, it was shown that the extreme carboxy terminus of PRAF3 was important for ER localization, and that multiple basic amino acid residues in this region (compared to acidic amino acid residues in PRAF1) were necessary for proper retrieval from the Golgi compartment of multiple cargo proteins (Abdul-Ghani et al., 2001).
5.2.3 PRAF cargo trafficking
Similar to the original identification of REEPs based on their function as GPCR receptor-expression enhancing proteins, PRAF3 was independently identified as a protein that could reduce membrane expression of a glutamate transporter, excitatory amino-acid carrier 1 (EAAC1). It was demonstrated that the interaction between EAAC1 and PRAF3 occurred at the carboxy terminus of EAAC1 (Lin C.-l. G. et al., 2001; Ruggiero et al., 2008). Co-expression of PRAF3 with EAAC1 delayed ER exit of the latter, resulting in an immature pattern of glycosylation, as would be expected for a protein trapped in the ER (Ruggiero et al., 2008). Similar results were seen in Arabidopsis, where expression of certain PRAF isoforms led to ER accumulation of cargo proteins with immature glycosylation (Lee et al., 2011). However, another binding partner for PRAF3, the ER morphogen Rtn2B, could enhance plasma membrane expression of EAAC1 and that the interactions between PRAF3 and EAAC1 for Rtn2B required different domains, so that binding sites did not appear to compete. Thus, it appeared that two separate, but potentially related protein families, could have opposing effects of trafficking of a cargo protein. Specifically, PRAF3 reduced plasma membrane expression of EAAC1, whereas Rtn2B enhanced it, as seen by following glycosylation of EAAC1 as it moved from ER to Golgi to the plasma membrane.
Similarly, other excitatory amino acid transporters (EAAT1-4) were also shown to be regulated by PRAF3 in a manner similar to EAAC1 (Butchbach et al., 2002; Ruggiero et al., 2008). In addition, other GPCRs were identified as potential cargo proteins, whose trafficking from ER to plasma membrane was inhibited by co-expression of PRAF2 or PRAF3 (Table 6). For example, β2 and α2B ARs, and D2 receptors were shown to be downregulated by PRAF3 expression, and that ER retention correlated with immature glycosylation of the proteins, as seen for EAAC1 (Ruggiero et al., 2008). Other GPCRs were subsequently studied, and it was found that PRAF3 reduced plasma membrane expression of the δ opiate receptor (DOR) and PRAF2 could bind to and regulate membrane expression of the CC chemokine receptor 5 (CCR5) and the GABAB1 subunit (Schweneker et al., 2005; Wu et al., 2011; Doly et al., 2016). In all cases, PRAF isoform co-expression led to ER retention and reduced anterograde trafficking to the plasma membrane. In unpublished data, Doly and colleagues also demonstrated that plasma membrane expression of CCR2, CCR7, and 5HT2 receptors also can be downregulated in a similar fashion by PRAF co-expression, however, the PRAF isoforms examined were not described (Doly and Marullo, 2015).
5.3 Yip3p/PRAF family summary
Compared to the other Yip families, members of the PRAF family have the strongest connection to Rab cycling (Sivars et al., 2003). It has been shown that members of the family can form homo- or heterooligomers within the ER or Golgi and that they interact with specific Rab and SNARE proteins. More importantly, a specific role for PRAF1 in Rab cycling was demonstrated, namely that PRAF1 can function as a GDI-displacement factor (GDF), to allow for Rabs to return and insert into their cognate membrane (Figure 1). Such a specific role in Rab cycling has not been demonstrated for any other Yip family members, including PRAF2 or PRAF3, and their yeast ortholog Yip3p.
Though specific Rab interactions have been identified for PRAF1, no interacting Rabs have yet been identified for PRAF2 or PRAF3. Aside from Rabs and homo-/hetero-dimerization, only a few other interacting proteins have been identified for the PRAF family. For PRAF1, these include a single SNARE (VAMP2) and a zinc finger containing protein found within presynaptic cytoskeletal matrix of nerve terminals (piccolo). Interestingly, PRAF2 was shown to interact with another ER resident (Rtn2B), as well as a novel hairpin containing protein (Arl6IP1) that also appears to be a potential ER morphogen like REEPs and Rtns. Much like the other Yip families, the PRAF family can interact with Rab and SNARE proteins, and a few novel proteins as well. Unlike REEPs and Yif1A/B, interactions with molecular motors (e.g., dynein, Kif5B) and microtubules have not been demonstrated for PRAF family members.
The different intracellular localizations of PRAF1 (Golgi/endosomes) and PRAF2/PRAF3 (ER) may relate to the Rab proteins with which they interact, though the Rab interacting domain has not been delineated (aside from its localization to the amino terminus). It is intriguing to suggest that the differential localization may relate to the unique carboxy termini of the three PRAF family members (Figure 5B). It has been shown that the terminal Val185 and multiple acidic amino acid residues within the extreme carboxy terminus of PRAF1 are important for oligomerization and Golgi localization, however, the ER-localized PRAF2 and PRAF3 isoforms do not possess the terminal valine and they possess multiple basic, not acidic, amino acid residues in their carboxy termini. This significant difference in charge between different family members is similar to that seen with REEP1-4 vs REEP5-6, with respect to net charge seen between the hairpins (discussed above) (Schlaitz et al., 2013).
It remains to be determined if Rab specificity is due in part to specific sequences in PRAF1-3 that interact with Rabs, or possible due to sequences in PRAF1-3 that dictate intracellular localization, or both. If PRAF family members function as GDFs for all Rabs, then the specificity of action must depend on something other than a 1:1 pairing of a specific Rab or Rab subfamily with a specific PRA isoform. Given that there are over 60 mammalian Rab proteins (Stenmark, 2009), PRAF isoform specificity could arise for a Rab subfamily rather than specific Rabs. Interestingly, there is one yeast ortholog (Yip3p), three mammalian isoforms (PRAF1-3) but nineteen PRAF isoforms in Arabidopsis divided into 8 clades, which include multiple PRAF2 and PRAF3 orthologs (Alvim Kamei et al., 2008). Similar expanded PRAF families have been seen in other plants (e.g., rice, poplar), so the expansion of the family throughout evolution must have an underlying biological reason.
The exact topology of any PRAF isoform has not been determined biochemically, only by modeling and comparison to other Yip family members. It appears that there are only four hydrophobic/transmembrane domains, unlike the five regions initially identified in Yipf and Yif families, or the two hairpin domains shown for REEPs, Yop1p, and Rtns. The exact membrane topology (i.e., transmembrane vs. hairpin) needs to be determined (Figure 5A). However, the extended amino termini and variable carboxy termini of PRAF1-3 appear to be cytoplasmic as seen for other Yip family members, as predicted by AlphaFold (Jumper et al., 2021; Varadi et al., 2022). However, no APH region has been identified, as found in other Yip family members, but an Amphi-SH3 domain was identified in the amino terminus of PRAF2, which could be relevant for its localization to synaptic vesicles or post-synaptic densities. Lastly, potential phosphorylation sites were identified in PRAF2, but not PRAF1 or PRAF3, however no biochemical characterization of these sites was performed, as done for REEPs.
Similar to REEPs, PRAF2 and PRAF3 (but not PRAF1) have been shown to regulate plasma membrane expression of a variety of GPCRs and neurotransmitter transporters, however they appear to have the opposing effect. For example, co-expression of PRAF3 reduced, whereas REEPs enhanced, membrane expression of several model cargo proteins. Interestingly, Rtn2B, a hairpin-containing ER morphogen, similar in structure to REEP, enhanced EAAC1 expression by enhancing ER exit, whereas PRAF3 expression reduced ER exit of EAAC1. Unfortunately, REEP isoforms were not studied for EAAC1. The interplay of various Yip family members on intracellular trafficking of a single model cargo protein has not been assessed, so one can only speculate as to how these various families may interact to regulate membrane transport of cargo proteins.
6 COMPARISON OF YIP SUBFAMILIES
6.1 Cellular and biochemical function
Members of the mammalian Yip family were discovered from a variety of starting points. Some family members were identified based upon the overall homology to yeast Yip proteins and their roles in intracellular membrane trafficking (e.g., Yipf family). Others were discovered based upon their cellular function as regulators of cargo protein trafficking and final cellular localization (e.g., REEP family), and in some cases both starting points intersected (e.g., Yif and PRAF families). However, further research has filled in the gaps from intracellular transport to cargo protein processing and trafficking for some mammalian Yip subfamilies. Despite their evolution from yeast to higher eukaryotes, Yip subfamilies appear to have similar, but possibly subfamily-specific functions in intracellular transport. Overall, there is solid evidence that all four subfamilies and their yeast counterparts share the following findings:
1) Specific interactions occur within and between all four subfamilies and with proteins that comprise the intracellular transport machinery (e.g., Rab/Ypts, COPII vesicles, Sec proteins)
2) They are localized to specific intracellular organelle membranes implying possible specialized functions for different subfamilies
3) Unique protein domains are found within specific subfamilies, that have been shown to be important for their roles as regulators of intracellular transport (e.g., MTB, APH, RHD, YipD, 14-3-3 binding sites)
Through evolution, the mammalian Yip family arose from the corresponding Yeast Yip orthologs. Despite their low amino acid homology, these proteins meet the new definition of a superfamily based upon their common protein domains and topology (though the analysis is incomplete for all subfamilies) (Das et al., 2015). The original cloning of yeast Yip1p and other related yeast proteins arose from research focused on studying Ypt regulation. Biochemical evidence for specific Yip protein interactions has been limited, as reviewed above, however, genetic database analysis (e.g. Rab GTPase trafficking networks (“The Membrome”) has suggested many other potential protein interactions within intracellular trafficking that remained to be explored (Gurkan et al., 2005; Gurkan et al., 2007). So, despite there being missing “pieces” to the Rab/Ypt machinery “interactome” in some Yip subfamilies, it seems apparent that the function of these proteins and their protein partners have been conserved in evolution.
It appears that Yip subfamilies have evolved from the yeast orthologs to encompass more functionalities. For example, REEP1-4 and Yif1B have been shown to bind to tubulin via specific tubulin-binding domains, in fact two such domains have been identified in REEPs, one in the cytoplasmic carboxy terminus and the other between the two RHD domains. In the case of higher vertebrates, binding of these proteins to tubulin aligns Yif1B and REEP1 with the microtubule cytoskeleton in neurons, possibly facilitating the delivery of ER vesicles and cargo to specific neuronal regions. Such domains have not been found in members of the Yipf and PRAF families, however, given the known interaction and oligomerization that can form between different subfamilies (e.g., REEPs, Yif), it would not be necessary that each subfamily have such a domain, as long as a Yip family protein of the complex contained such a domain.
Furthermore, REEP1-4 have evolved to contain multiple potential phosphorylation sites that serve as binding sites for members of the 14-3-3 protein family. Such a region is not found in the original member of the subfamily, Yop1p, nor its closest orthologues REEP5-6. By interacting with 14-3-3 proteins, REEP1-4 have the added functionality of binding to an adapter protein in a phosphorylation-dependent manner, further increasing their complexity of interaction within intracellular trafficking pathways. There are seven known 14-3-3 proteins and they interact with their respective binding sites in a dimeric fashion, so there are many possible combinations of kinases, phosphorylation sites in REEP1-4, and 14-3-3 dimers to explore. Such adapter-protein binding has not been described in other Yip subfamilies, but again, if one member of a heteromeric complex of various Yip proteins can bind to an adapter protein, then the whole complex will be connected to the adapter protein as well. Additionally, complete analysis of potential phosphorylation sites for Yipf, Yif and PRAF families have not been examined, nor the effect of organelle-specific kinase activation on Yip member function.
Analysis of several biochemical and cellular functions of Yip family proteins has shown great overlap across the subfamilies (Table 7). For example, it is clear that all Yip subfamilies (yeast and mammalian) have been shown to interact with proteins of the Rab transport machinery (e.g., Rabs/Ypts, COPII vesicle proteins), so it appears that they play a role in this area of cell biology. However, a functional role for a Yip family member in the regulation of Rabs has only been shown for PRAF1, and possibly Yipf2, when it was shown that they could function as a GDF in Rab cycling. It remains to be seen if PRAF2-3 have a similar biochemical function or if any other Yip family members are GDF or interact with any other aspect of Rab cycling (Figure 1). With respect to cargo transport, specific cargo and regulated cellular trafficking pathways have been identified for members of the REEP, Yif, and PRAF families, but few cargo proteins or cellular pathways have been identified for the largest family, Yipf. Additionally, other interacting proteins such as tubulin and molecular motor proteins have only been shown conclusively for REEP and Yif family members, it remains to be investigated for the Yipf and PRAF families.
TABLE 7 | Summary of known Yip family member biochemical and cellular properties.
[image: Table 7]6.2 Membrane localization and the role of APH domains
An important determinant of Yip subfamily function appears to be their membrane localization (Supplemental Figure S7). In general, each subfamily appears to be localized to specific organelles, throughout yeast to mammals and plants. For example, the Yipf and Yif families all localized to the ER - > ERGIC - > Golgi (though some specificity within these compartments have been identified within the family) and REEPs were found in the ER. This simple pattern of localization was not seen for the PRAF family, where it has been shown that PRAF1 localizes to Golgi and endosomes, whereas PRAF2/3 localize to the ER. Some differences may relate to methodology used for localization (i.e., overexpression of epitope- or G/YFP-tagged proteins vs specific Yip antisera and endogenous expression). Despite these differences in technique, the similarities between localization of these proteins within yeast and higher eukaryotes suggests that the data is consistent and therefore specific organelle localization may be relevant to Yip function.
How proteins localize to specific organelles or membranes has often focused on the presence or absence of organelle-specific (e.g. ER) retention or trafficking motifs in cytoplasmic regions of many proteins (Zaarour et al., 2009; Jung et al., 2011). Given the high homology of the hydrophobic/transmembrane regions (e.g., RHD, YipD) within Yip subfamilies and the localization of Yip subfamilies to specific organelles, it suggests that something beyond amino acid trafficking motifs or RHD/YipD domains may be in play. Recently, a comprehensive comparison of transmembrane domains (TMD) from fungi to vertebrates has suggested that TMDs may have organelle-specific properties such as length and composition that may interact with the physical properties of membrane bilayers (Sharpe et al., 2010). It was shown that TMD length increases from Golgi to plasma membrane, in an apparent step-change in bilayer thickness and TMD specificity for an organelle is linked to amino acid residue volume and correlates to changes in lipid asymmetry. Thus, organelle-specific localization of different Yip subfamilies would not be unexpected, as they share a high homology in the hydrophobic/transmembrane domain, within, but not between, subfamilies. Though it appears that Yip family members may possess hairpins and not traditional transmembrane domains, the above hypothesis may still be relevant.
Membrane-shaping domains of various proteins are not limited to transmembrane/hairpin regions that insert into the membrane. Amphipathic α-helix (APH) domains have been discovered in many protein families, including many Yip subfamilies, where they possess “membrane-shaping” or “membrane-sensing” properties (Drin et al., 2007; Bhatia et al., 2009). APH motifs adopt a parallel orientation with the membrane plane due to segregation of hydrophobic and polar amino acid residues on opposite faces of the α-helix (Figure 6A). It appears that the abundance and specific type of polar amino acid residues may render the motif a sensor of membrane curvature, whereas APH domains rich in basic amino acid residues may promote membrane curvature instead. More interesting, it appears that the amino acid composition of APH domains in various proteins may be adapted to organelle-specific membranes of different physicochemical properties, as suggested for Sar1/ER, endophilin/plasma, and ArfGAP1/Golgi membranes respectively (Figure 6B) (Antonny, 2006). Though beyond the scope of this review, it has been suggested that variations within the distribution of hydrophobic and polar amino acid residues within APHs may impart them with different interfacial properties. Such parameters include the size of hydrophobic residues and their density per helical turn; the nature, the charge, and the distribution of polar residues; and APH length (Gimenez-Andres et al., 2018).
[image: Figure 6]FIGURE 6 | Overview of Membrane Shaping/Sensing APHs. (A). Prototypical APH (Amphipathic-Lipid-Packing-Sensor/ALPS) domain from ArfGAP1 is shown in single amino acid code and as a helical wheel diagram (yellow: bulky hydrophobic residues, purple: serines and threonines, gray: glycines and alanines, blue: positively charge residues, red: negatively charged residues) (Modified from Reference (Drin et al., 2007)). The helical wheel was generated using HELIQUEST software (Gautier et al., 2008). (B). An alternative atomistic view, demonstrating the backbone arrangement of hydrophobic (yellow) and hydrophilic (magenta) amino acid residues is also shown). Notice the facial separation of hydrophobic and hydrophilic residues which allows for the APH to either sense or associate with membrane lipids (Modified from Reference (Van Hilten et al., 2020)). (C). Similar helical wheel diagrams for APHs from other proteins that exhibit organelle membrane-specific localization are shown: Sar1 (ER membrane), endophilin 1 (plasma membrane) and ArfGAP1 (Golgi membrane) (yellow: bulky hydrophobic residues, pink: serines and threonines, white: glycines and alanines, blue: positively charge residues, red: negatively charged residues). It has been postulated that APHs are adapted to different membranes and can either induce (Sar1, endophilin) or sense (ArfGAP1) membrane curvature, depending upon the size of the hydrophobic face as well as the charge distribution within the hydrophilic face (Antonny, 2006). However, no specific amino acid sequence homology has been found to delineate these differences, suggesting that a combination of amino acid composition, spacing, and packing as well as membrane configuration may all play a part in such membrane specialization.
Not all alpha-helical hydrophobic domains are transmembrane, such as the eighth alpha helical domain of many seven transmembrane G protein-coupled receptors (GPCRs). It has been shown that this domain is important for proper folding and expression of multiple GPCRs and may function as an APH (Thielen et al., 2005; Sato et al., 2016). Other amphipathic helices have been found elsewhere within GPCRs, where they appear to be important determinants of cell-specific receptor expression. For example, the amino terminus of α2CARs contain a conserved APH, not found in α2AARs, that appears necessary for proper trafficking and targeting of α2CARs to the plasma membrane of neuronal or neuron-like cell lines (i.e. PC12 cells) (Angelotti et al., 2010). Interestingly, transferring only the α2CAR APH domain into the α2AAR amino terminus, lead to neuronal-specific trafficking of α2AARs, similar to that observed with WT α2CARs (Angelotti et al., 2010). Similar APH domains were identified within the amino termini of α1DAR, P2X6 ligand-gated ion channel, and KChIP4 auxiliary subunit of Kv4 potassium channels, where they also appeared to regulate membrane expression (Hague et al., 2004; Ormond et al., 2006; Tang et al., 2013).
It was originally hypothesized that these GPCR APH domains functioned as either ER-retention signals or possibly interacted with chaperone or other proteins to regulate receptor trafficking, leading to multiple attempts to identify such interacting proteins. An alternative hypothesis would be that APH domains do not interact with other proteins to regulate trafficking, but instead they identify specific membranes via their recognition of membrane lipid composition, to effect final trafficking of cargo proteins within specific membranes or cell types.
Originally, Yop1p was described as having five transmembrane regions, now postulated to be two hairpins, instead of four transmembrane domains. However, the fifth “transmembrane” domain was characterized as an APH domain that aligned parallel to the membrane, and in fact may be important for membrane fusion. Similarly, it was demonstrated that such APH domains are found in other members of the Rtn family, and that similarly placed APH domains were found in all REEP family members (but the data was not shown) (Brady et al., 2015). Such APH domains have also been found in known REEP-interacting proteins, specifically atlastins, where they assist in ER membrane fusion (Moss et al., 2011; Liu et al., 2012; Faust et al., 2015). Recently, it was demonstrated that a carboxy terminal APH domain in a plant RTN (RTN13) was necessary to induce membrane constriction of ER tubules in vivo (Breeze et al., 2016). Specifically, deletion or disruption of the hydrophobic/polar face of the APH domain abolished this effect, while retaining its ability to interact and form homo-oligomers via the RHD. Thus, it was proposed that membrane-shaping proteins may rely on APH domains for their function.
Beyond the REEP family, the presence of such APH domains have not been well described for other members of the greater yeast and higher eukaryotic Yip family, though such possibilities exist. Specific APH domains within Yip subfamilies may be responsible for their particular organelle-specific localization. It is possible that organelle-specific membrane composition (e.g., charge density, membrane thickness, lipid composition) may be important determinants of protein localization to a specific organelle. If so, then the RHD/YipD and APH domains may be responsible for differentiating the localization of various Yip subfamilies between organelles. The possibility that these APH domains, along with hairpin motifs, may interact with specific organelle or plasma membrane lipid domains to affect protein cargo trafficking has not been examined. It would be interesting to see if Yip organelle-specific localization could be altered by exchanging APH domains between different subfamilies.
6.3 APH domains and hereditary spastic paraplegia
As discussed above, many proteins implicated in the development of HSP (e.g., M1-spastin, atlastin-1, and REEP1) have similar membrane topologies of partial membrane spanning hairpins and APH domains. Similar to other Yip family members, these APH domains may sense or recognize different organelle-specific membranes of different physicochemical properties, as suggested for other proteins (e.g., Sar1, endophilin, and ArfGAP1) (Figure 6B). Recent research on HSP genetics have identified other genes and their encoded proteins as causes of other forms of HSP, specifically proteins involved in lipid/sterol metabolism (Supplemental Table S2). These proteins include DDHD1, DDHD2, PNPLA2, CYP7B1, and CYP2U1 (Blackstone, 2018b).
DDHD1 and DDDHD2 both possess phospholipase/triglyceride lipase activity. Interestingly, DDHD2 lipase activity produced lysophospholipids on the cis-Golgi side, which appear to be important for the function and maintenance of the trans-Golgi network, as well as regulating Golgi to ER retrograde transport (Morikawa et al., 2009; Sato et al., 2010; Tani et al., 2012; Gonzalez et al., 2013). Disruption of DDHD2 in vivo lead to massive neuronal lipid accumulation (Inloes et al., 2014; Inloes et al., 2018). Additionally, DDHD2 may be important for transport of proteins through the Golgi network as well as inducing membrane tubules (Bechler et al., 2012). In a similar manner, other lipid/sterol metabolizing enzymes implicated in HSP (e.g., PNPLA2, CYP7B2, and CYP2U1) may alter membrane composition in the ER and other membrane compartments (Wortmann et al., 2015).
A unifying hypothesis for the multitude of genetic causes of HSP may be that implicated mutant proteins may either alter the structure or form of proteins that contain APH domains (e.g., M1-spastin, atlastin-1, REEP1/2) or alter the lipid composition or structure of ER and/or Golgi membranes (e.g., DDHD1/2, PNPLA2, CYP7B1, and CYP2U1). Such an alteration in membrane lipid structure or composition could prevent proper membrane recognition or insertion of M1-spastin, atlastin-1, and/or REEP1/2 APH domains or hairpins. In either manner, proper structure or transport of proteins could be disrupted, leading to the intracellular neuronal changes observed in HSP.
6.4 Yip family comparison with other hairpin containing proteins
Given the homology of the various Yip subfamilies, especially concentrated in the transmembrane/hydrophobic domains, it would be unusual if some subfamilies had a hairpin structure in these regions, while others did not, but prediction of hairpin structure is not straightforward. Based upon experimental and computer modeling data (AlphaFold), a possible unifying structure is beginning to emerge for all Yip family members and other related proteins, hairpin domains with a possible amino or carboxy terminal APH domain buried in or on the membrane (Kranjc et al., 2017). If hairpin structures could be demonstrated for Yipf and Yif members (possibly two sets of dual hairpins as opposed to four transmembrane domains) with a possible fifth alpha helical APH domain, it would be consistent with previous findings and thus would bring a unifying structure/topology to the family. Many other non-Yip proteins involved with intracellular membrane trafficking have also been suggested to have hairpin and APH (or other protein/lipid-interacting domains), instead of simple transmembrane domains. Such proteins include caveolin 1–3 (Cav1-3), reticulon 1–4 (Rtn1-4), flotillin-1/2 (reggie-1/2), protrudin, and FAM134B (Table 8) (Morrow and Parton, 2005; Bauer and Pelkmans, 2006; Voeltz et al., 2006; Hashimoto et al., 2014; Bhaskara et al., 2019).
TABLE 8 | Other potential membrane-shaping adaptor proteins (MSAPs).
[image: Table 8]Caveolins are well described proteins, localized to caveolae of the plasma membrane where they serve as scaffolds or adapter proteins, to bring together different signaling molecules (Okamoto et al., 1998). These cholesterol-binding proteins form oligomeric structures that associate and/or induce formation of lipid raft domains called caveolae. Other similarities between caveolins and Yip family members is that they can form homo- and heteromeric complexes and the region of the protein necessary for such formation is the hairpin domains described previously (Das et al., 1999). This finding is similar to oligomerization described above for many of the Yip subfamilies. A region termed the “caveolin-1 scaffolding domain” has been identified in the amino terminal region. This region adopts a β-strand structure and appears to be important for interactions with multiple signaling molecules and cholesterol (Fernandez et al., 2002).
When a hairpin predictive model was applied to Cav1 (Figure 7A), it assumed a single hairpin structure with an alpha-helical carboxy terminus that laid parallel to the membrane via palmitoyl groups (an APH domain), reminiscent of the structure described above for Yop1p, except that the later has two hairpin structures and a single APH domain (Spisni et al., 2005). Three caveolin proteins have been identified, Cav1-3, all with similar structural features. Multiple caveolin-interacting proteins have been identified, including heterotrimeric G-proteins, where caveolins appear to function as a GDI or GAP (Figure 1) (Okamoto et al., 1998). As well, Cav1 appears to function as a GDI for Cdc42 (Rho family GTPase) (Nevins and Thurmond, 2006). Additionally, Ha-Ras, Src family tyrosine kinases and endothelial nitric oxide synthase also appear to have specific interactions with various regions of Cav1. Similar to some Yip family members, caveolins appear to function as GDI for a different family of GTPases, possess a hairpin/APH structure, and function as an adapter protein, similar to that described for MSAPs.
[image: Figure 7]FIGURE 7 | Caveolin and Other Membrane Shaping Adapter Proteins (MSAPs). (A). Transmembrane topology of Caveolin-1 (Cav-1). Unlike Yip family members, caveolins possess only a single hairpin domain with a carboxy terminal APH, however they meet all of the criteria to be termed MSAPs (Bauer and Pelkmans, 2006). (B). Reticulons share the most homology with REEP/Yop1p, possessing two membrane-inserted hairpin structures and a possible carboxy terminal APH (Shibata et al., 2008; Breeze et al., 2016). (C). Flotillin-1/2 are membrane-associated proteins found on the plasma membrane cytoplasmic face. They possess two hairpin structures, found within an amino terminal prohibitin-like domain (PHB) and a carboxy terminal APH (Morrow et al., 2002). (D). Protrudin, a binding partner of REEPs and atlastins, also has two hairpin domains that appear to insert into the membrane. However, instead of an APH domain, they possess a FYVE domain that discriminates between different types of phosphoinositides found in lipid rafts (Chang et al., 2013). In addition, it possesses an amino terminal ‘Rab-binding domain’ (RBD) and carboxy terminal ‘coiled-coil’ (CC) and ‘two phenylalanine’s (FF) in an acidic tract’ (FFAT) domains. (E). FAM134B, a selective ER-phagy receptor, has been recently demonstrated to possess two pairs of dual hairpin structures, with an APH domain localized between them and a carboxy terminal APH, similar to other Yipf and REEP family members (Bhaskara et al., 2019). Modeled proteins are not shown to scale relative to their amino acid sequence.
The reticulons (Rtns), a large family of proteins that also possess a two hairpin topology, also may function as ER morphogens by altering membrane shape (Shibata et al., 2008; Zurek et al., 2011). Four Rtn genes with multiple splice variants have been described with various amino termini, however, the carboxy second RHD regions are least variable. Overall, the topology of Rtns is similar to that seen with REEPs, with two hairpins, except for longer amino and shorter carboxy termini (Figure 7B). Similar to REEPs, Rtn1p and RTN4A can induce ER tubule formation and directly interact with REEP5 and Yop1 (Voeltz et al., 2006; Shibata et al., 2008; Zurek et al., 2011). More interestingly, it was shown that the plant Rtn homolog Rtn13 possessed a carboxy terminal APH motif, that was necessary for induction of ER tubule constrictions but not necessary for Rtn oligomer formation (Breeze et al., 2016). The presence of similar APH domains in other Rtns remains to be determined. Multiple Rtn-interacting proteins have been discovered for various isoforms. For example, Rtn1 isoforms interact with multiple SNARE proteins including TBC1D20, syntaxin 1, 7, and 13 and VAMP2, a component of the AP-2 adapter complex, Bcl-2, and spastin (Tagami et al., 2000; Iwahashi and Hamada, 2003; Steiner et al., 2004; Mannan et al., 2006; Haas et al., 2007). Rtn3 has also been shown to interact with spastin as well as BACE1 (He et al., 2004; Mannan et al., 2006). Lastly, Rtn3C and Rtn4A/B interact with REEP5, similar to Yop1p interactions with Rtn1p and Rtn2p (Voeltz et al., 2006; Shibata et al., 2008).
Similar to other Yip family members, Rtns have been shown to regulate trafficking of specific cargo proteins. Rtn2B interacts with EAAC1 (excitatory amino acid carrier 1) to enhance its plasma membrane expression, opposing the effect of another Yif family member, PRAF3, which reduces its expression (Liu et al., 2008). Further analysis demonstrated that the first hairpin domain of Rtn2B was necessary for PRAF3 interactions (similar to interactions between other Yip family members), however, the cytoplasmic amino terminal region was necessary for EAAC1 interactions. Therefore, Rtns share many of the same properties as REEPs, including alteration of ER tubule formation and shape, interactions with multiple proteins involved with vesicular trafficking, interactions with multiple Yif family members, and lastly, the ability to regulate plasma membrane expression of specific cargo proteins.
Flotillin-1/2 (Flot1/2) are membrane-associated proteins that have roles in endocytosis, receptor signaling, and interactions with the cytoskeleton (Solis et al., 2007; Otto and Nichols, 2011). Similar to other proteins discussed here, these proteins have been modeled as possessing two hairpin structures, with a short amino terminus and an APH domain in the carboxy terminus (Figure 7C) (Solis et al., 2007). Like caveolins, Flot1/2 are localized to the cytoplasmic face of the plasma membrane, but it has also been found within endosomes, lysosomes, and phagosomes (Morrow et al., 2002; Morrow and Parton, 2005). Both amino termini contain a prohibitin-like domain (PHB), which has been shown to associate with lipid raft domains, most likely via two hairpin structures (analogous to RHD domains in the Yip family) (Morrow and Parton, 2005). Similar to other Yip family members, Flot2 has been shown to directly interact with trafficking machinery proteins, specifically Rab11a and SNX4 (sorting nexin 4), where together they have been shown to affect cargo protein trafficking/recycling (e.g. transferrin receptor, E-cadherin) to the plasma membrane (Solis et al., 2013). Lastly, Flot1 and Flot2 form oligomers, via interactions with the hairpin domains, however, a carboxy terminal alpha helical domain has been identified, which may function as an APH domain (Morrow and Parton, 2005; Solis et al., 2007).
Protrudin, another hairpin containing membrane protein found in the ER and endosomes, may also function as a membrane-shaping adapter protein. Protrudin, a known binding partner of REEPs and atlastins, also appears to have two hairpin domains, but a carboxy terminal APH domain was not delineated (Figure 7D) (Hashimoto et al., 2014). However, it does possess a carboxy terminal FYVE domain, which targets proteins to specific membranes via interactions with membrane-localized phosphoinositides (PtdIns) (Chang et al., 2013). This non-canonical FYVE domain appears to discriminate between various types of phosphoinositides found in lipid rafts, preferring PtdIns(4,5)P2, PtdIns(3,4)P2. PtdIns(3,4,5)P3 over PtdIns(3)P (Gil et al., 2012). Furthermore, it was demonstrated that protrudin functioned as an adapter protein that interacts directly with Rab11a, the motor protein Kif5, and VAP-A, while also enhancing VAP-B, Surf4, and RTN3 interactions with the motor protein Kif5 (Shirane and Nakayama, 2006; Saita et al., 2009; Matsuzaki et al., 2011). These interactions were shown to be important regulators of their transport from the soma to neurites in neuronal cells. Other protrudin-interacting proteins include PDZD8 (a synaptotagmin-like mitochondrial lipid-binding protein), as well as multiple proteins involved with HSP pathogenesis, including myelin proteolipid protein 1, atlastin-1, spastin, REEP1, REEP5, Kif5A-C, and Rtn 1,3, and 4 (Chang et al., 2013; Hashimoto et al., 2014; Elbaz-Alon et al., 2020). Many of these interactions were dependent upon the hairpin domains found within Protrudin. Additionally, it was shown that protrudin contains an amino terminal Rab-binding domain similar in sequence to GDI-α and GDI-β (Shirane and Nakayama, 2006; Chang et al., 2013). Together, protrudin appears to fulfill the criteria necessary to be termed a MSAP.
FAM134B is a selective ER-phagy receptor that regulates the size and shape of the ER, initially modeled with four transmembrane domains, similar to Yipf and Yif family members. However, it was later remodeled utilizing molecular modeling and dynamics simulation as two sets of dual hairpin ‘wedges’ (analogous to RHDs identified in REEPs, RTNs, and Yop1p), but with two APH domains (Bhaskara et al., 2019). The first APH domain was identified between hairpins 2 and 3 and the second APH domain was identified in the carboxy terminus (Figure 7E). The hairpin domains were shown to induce membrane curvature as seen for REEPs and Rtns, and the APH domains were shown to induce asymmetric stretching and compression of the local lipid bilayer, possibly by sensing membrane curvature. FAM134B has been shown to bind to autophagy modifiers LC3 and GABARAP, to facilitate ER degradation by autophagy (“ER-phagy”) (Khaminets et al., 2015). FAM134B oligomerization has been demonstrated and phosphorylation within the hairpin domains by the kinase CAM-K2B promoted oligomerization and ER-phagy (Jiang et al., 2020).
7 MEMBRANE-SHAPING ADAPTER PROTEINS
Yop1p and REEP family members all contain a centrally located dual hairpin structure surrounded by cytoplasmic facing amino and carboxy termini (Park et al., 2010). It is believed that insertion of the dual hairpin into the cytoplasmic face of ER membranes produces high membrane curvature (increasing its surface area), but leaving the cytoplasmic domains available for other possible interactions (Hu et al., 2008). Though not identical in structure, caveolins have a single hairpin that inserts in the cytoplasmic face of the plasma membrane, leading to extreme membrane curvature and creation of caveolae or invaginations of the plasma membrane (Spisni et al., 2005). In addition to caveolins, Yop1p/REEPs, Rtns, protrudin, and FAM134B have been shown to alter membrane shape by insertion of their known hairpin motifs (Spisni et al., 2005; Voeltz et al., 2006; Hu et al., 2008; Zurek et al., 2011; Chang et al., 2013; Bhaskara et al., 2019).
In general, the cytoplasmic termini of caveolins are adapters which can bind multiple protein partners and thus generate signaling complexes for receptor recycling and trafficking (Okamoto et al., 1998). From these studies arose the concept of membrane-shaping adapter proteins (MSAPs), protein families that alter membrane structure and also act as adapters to bind other proteins including plasma membrane proteins (e.g. receptors) and intracellular proteins involved with trafficking (Bauer and Pelkmans, 2006).
MSAPs are defined by their ability to:
1) localize to a specific membrane type(s)
2) alter membrane structure
3) interact with other proteins via specific domains
4) show specificity in their interactions and effects on cargo proteins.
Overall, it appears that many members of the Yip superfamily could meet the definition to be classified as MSAPs, a novel paradigm in membrane organization (Bauer and Pelkmans, 2006). It is clearly evident that REEPs/Yop1p fulfill the criteria to be classified as MSAPs, in that they fulfill all of the criteria listed above. Despite the gaps mentioned above, current research suggests that other Yip family members may represent the largest class of MSAPs, after the caveolin and Rtn families (Bauer and Pelkmans, 2006). This model may represent a new paradigm in membrane organization and may be applicable to the whole Yip family, not just REEPs/Yop1p. Given that APH domains appear to recognize, or “sense” specific membranes based on their lipid composition (which may be important for membrane localization), maybe the term “membrane-shaping adapter protein” (MSAP) should be renamed “membrane-shaping/sensing adapter protein.” Overall, it appears that many protein families may be classified as MSAPs, with the eighteen-member Yip family being the largest, followed by Rtns (four members with multiple splice variants), caveolins (three members), flotillins (two members), and several other individual proteins (e.g., protrudin and FAM134B). Based upon the criteria listed above, other proteins may remain to be discovered or identified as MSAPs.
8 FUTURE RESEARCH DIRECTIONS
If the whole Yip family has been conserved and expanded through evolution, examination of the subfamilies separately and together, can help to fill these gaps and lead to further directions for future research. As extensively detailed above, it is obvious that several unanswered or partially answered questions remain about the role, function, and structure of Yip family members. However, the overlap in current knowledge between different Yip subfamilies, with respect to these questions, implies that common themes most likely are shared. The most compelling lines of research would be to examine the gaps in knowledge between different subfamilies, by utilizing previously applied experimental methods from one Yip subfamily to examine parallel hypotheses in other subfamilies. Additionally, further research would be required to classify Yip family members as MSAPs, specifically do they fulfill all the roles required to be considered MSAPs.
8.1 Do all yip family members have similar structure as REEPs/Yop1p?
As discussed above, the first question that needs to be addressed is the membrane topology of the other Yip family members. Current data suggests that most Yip subfamily members share a common two hairpin structure (e.g., REEP, Yif, and PRAF) and two subfamilies possess a fifth alpha helical domain that functions as an APH domain (e.g., REEP, Yif). However, current data suggests that the Yipf family has evolved to consist of five transmembrane domains with the last domain traversing the membrane, making the carboxy terminus intraluminal. It would be of interest to determine why the Yipf subfamily has evolved a different structure and what role this structure may play in its cellular and biological function. Alternatively, if the membrane topology was consistent across all Yip subfamilies (as suggested by AlphaFold), this would aid our understanding of their role and further expand known members of the MSAP family. Bioinformatic analysis of all Yip family members has not been performed, and obvious questions to be answered would be the presence and number of hairpins, as well as the presence and type of APHs (Gimenez-Andres et al., 2018). The methods utilized to examine the structure of REEPs/Yop1p and Yipf family members could be applied to other subfamilies (Voeltz et al., 2006; Kranjc et al., 2017).
8.2 Do other yip family members play a role in rab cycling beyond PRAF1?
A common question discussed is whether Yip family members interact with Rabs, by acting as GDFs or some other role (Figure 1). GDFs have been postulated to exist as membrane localizing proteins that displace GDI from cytosolic Rab-GDI complexes, thus returning Rabs to their cognate membranes (e.g., ER, Golgi). Direct proof of such a biochemical interaction was demonstrated, when it was shown that purified PRAF1 could catalytically displace Rab9, but not Rab1 or Rab2, from a Rab-GDI complex onto membranes (Sivars et al., 2003). Therefore, similar experimentation will be required to demonstrate if PRAF2 or PRAF3 serve the same biochemical function and if other Yip family members are GDFs, GDIs, or have other roles in Rab cycling. Indirect cell biological evidence also has suggested that Yipf2 can function as a GDF for Rab5 and Rab22a, however similar biochemical experiments (as described above for PRAF1) remain to be performed (Qi et al., 2019; Wang et al., 2020).
8.3 Do other yip family members function as adapters for cargo protein transport?
When cloning REEPs, it was noted that ORs could be immunoprecipitated by REEPs; eventually other GPCR cargos were identified (Saito et al., 2004). In a similar manner, other laboratories cloned cargo interacting proteins based upon yeast two-hybrid screening, identifying other Yip family members. While screening for glutamate transporter (EAAC1) interacting proteins, PRAF2 and PRAF3 were identified. Furthermore, it demonstrated that they interact with other members of the excitatory amino acid transporter family via cytoplasmic interactions with carboxy terminus of PRAF3, suggesting that specific domains within Yip family members interact with specific cargo proteins (Ruggiero et al., 2008). Similarly, Yif1B was shown to interact specifically with a cargo protein, 5HT1AR, to target it to specific regions within a neuron (distal dendrites) (Carrel et al., 2008).
Various adapter proteins that interact with Yip family members have been identified, including 14-3-3 family and tubulin within REEPs, however, complete analysis of the Yipf, Yif, and PRAF families has not been undertaken. Given the other domains identified in the latter subfamilies (e.g., amphi-SH3, DXEV) and known binding to molecular motor machinery (e.g., tubulin, Kif5B, dynein), it would not be surprising to find other specific cargo for various Yip family members.
8.4 Do all yips function as membrane-shaping adapter proteins?
When examining the literature for only a single subfamily of Yip proteins, their complete role and functional context may be missed due to gaps in knowledge. Examination of the complete Yip family, and its subfamilies, would suggest that they could possess similar membrane topologies and interacting protein domains necessary to move protein cargo through from ER to plasma membrane. Beyond REEPs/Yop1p, it remains to be determined if other Yips meet all of the criteria to be classified as membrane-shaping adapter proteins (MSAPs), specifically if they utilize hairpin domains to insert and thus alter membrane structure and if they function as adapter proteins. By modeling prior research on other Yip subfamilies, it should be possible to determine if all Yipf, Yif, and PRAF family members also fulfill the criteria to be classified as MSAPs.
9 CONCLUDING REMARKS
The emerging concept of Yip family members as MSAPs is an intriguing possibility to explain their myriad roles in cell biology. As MSAPs, Yip family members may have organelle-specific abilities to recognize, insert into (hairpin structures), and otherwise recognize membrane shape and curvature, lipid composition, and possibly membrane charge (APH domain). As well, their adapter function, mediating protein-protein interactions, would serve the purpose as carriers for cargo protein transport from ER, Golgi, and eventually insertion into the plasma membrane. The more compelling question is whether APH domains within other proteins (Yips, GPCRs, and other cargo proteins) dictate localization to specific organelles or plasma membrane subdomains (e.g., dendrite) by their ability to recognize membrane composition or possibly specialized lipid domains or rafts. In this manner, precise membrane localization of a protein may be truly “membrane-delineated” rather than directed by protein-protein interactions.
The Yip family of proteins obviously have a major role in cell biology, specifically as important regulators of intracellular transport of proteins from the ER to the plasma membrane. A significant impediment to further study of Yip family members has been the inconsistent nomenclature, thus making direct comparisons across species tedious and difficult to interpret. Additionally, Yip subfamilies within a single species have not been investigated with similar methods to examine topology, function, and binding partners, leading to incomplete data, and understanding of their biochemical and cellular functions. Partial analysis of individual Yip members or Yip subfamilies, without comparison to the larger Yip family (e.g., Yipf, REEP, Yif, PRAF) made it appear that these proteins had a multitude of somewhat disconnected biochemical and cellular roles. Originally, the larger Yip family appeared to have a cacophony of function within a cell. By using the more commonly accepted nomenclature, this review has attempted to clarify the literature and make prior published research easier to review in context. In this way, the apparent harmony of cellular and biochemical structure, function and interactions of the larger Yip family and its subfamilies hopefully is more evident. It is my intent that this review serve as a resource for new research directions examining the larger Yip family of MSAPs.
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Supplementary Figure S1 | Phylogenetic Analysis of Human Yip Family Members. Protein phylogenetic analysis of all eighteen mammalian Yip family members performed by Creative Proteomics. The horizontal axis represents the distance or dissimilarity between different clusters/proteins, whereas the vertical axis represents the clusters/proteins. Joining of two clusters is represented on this graph by splitting a horizontal line into two horizontal lines with the short vertical bar representing the distance (dissimilarity) between the two clusters.
Supplementary Figure S2 | Yipf Family Multiple Sequence Alignment. Amino acid alignment of Yipf1-7. GenBank and HGNC names and total amino acid number are listed on the left. Amino acid types are color coded by type of amino acid: Hydrophilic Basic—Red, Hydrophilic Acidic—Purple, Hydrophilic Uncharged Polar—Green, Hydrophobic Aromatic/Aliphatic—Blue. Conservation and consensus sequences are shown. Alignments and final outputs were created using EMBL-EBI Multiple Sequence Alignment and Jalview (Waterhouse et al., 2009; Madeira et al., 2022).
Supplementary Figure S3 | AlphaFold Prediction of Membrane Topology for Yipf/REEP/Yif/PRAF Protein Families. Human Yipf1, REEP2, Yif1A and PRAF1 structures predicted by AlphaFold. For an interactive view, visit https://alphafold.ebi.ac.uk (Jumper et al., 2021; Varadi et al., 2022). Yipf1 https://alphafold.ebi.ac.uk/entry/Q9Y548. REEP2 https://alphafold.ebi.ac.uk/entry/Q9BRK0. Yif1A https://alphafold.ebi.ac.uk/entry/O95070. PRAF1 https://alphafold.ebi.ac.uk/entry/Q9UI14.
Supplementary Figure S4 | REEP Family Multiple Sequence Alignment. Amino acid alignment of REEP1-6. GenBank and HGNC names and total amino acid number are listed on the left. Amino acid types are color coded by type of amino acid: Hydrophilic Basic—Red, Hydrophilic Acidic—Purple, Hydrophilic Uncharged Polar—Green, Hydrophobic Aromatic/Aliphatic—Blue. Conservation and consensus sequences are shown. Alignments and final outputs were created using EMBL-EBI Multiple Sequence Alignment and Jalview (Waterhouse et al., 2009; Madeira et al., 2022).
Supplementary Figure S5 | Yif Family Multiple Sequence Alignment. Amino acid alignment of Yif1A/B. GenBank and HGNC names and total amino acid number are listed on the left. Amino acid types are color coded by type of amino acid: Hydrophilic Basic—Red, Hydrophilic Acidic—Purple, Hydrophilic Uncharged Polar—Green, Hydrophobic Aromatic/Aliphatic—Blue. Conservation and consensus sequences are shown. Alignments and final outputs were created using EMBL-EBI Multiple Sequence Alignment and Jalview (Waterhouse et al., 2009; Madeira et al., 2022).
Supplementary Figure S6 | PRAF Multiple Sequence Alignment. Amino acid alignment of PRAF1-3. GenBank and HGNC names and total amino acid number are listed on the left. Amino acid types are color coded by type of amino acid: Hydrophilic Basic—Red, Hydrophilic Acidic—Purple, Hydrophilic Uncharged Polar—Green, Hydrophobic Aromatic/Aliphatic—Blue. Conservation and consensus sequences are shown. Alignments and final outputs were created using EMBL-EBI Multiple Sequence Alignment and Jalview (Waterhouse et al., 2009; Madeira et al., 2022).
Supplementary Figure S7 | Intracellular Localization of Yip Superfamily of MSAPs. Intracellular localization of various Yip superfamily members and known binding partners is shown within the ER, Golgi, and ERGIC compartments, including intracellular transport vesicles, COPI and COPII. Modeled proteins are not shown to scale relative to their amino acid sequence. ER = Endoplasmic Reticulum, ERES = ER Exit Site, ERGIC = ER/Golgi Intermediate Compartment.
REFERENCES
 Abdul-Ghani, M., Gougeon, P.-Y., Prosser, D. C., Da-Silva, L. F., and Ngsee, J. K. (2001). PRA isoforms are targeted to distinct membrane compartments. J. Biol. Chem. 276 (9), 6225–6233. doi:10.1074/jbc.M009073200
 Abu Irqeba, A., and Ogilvie, J. M. (2019). Novel binding partners for Prenylated Rab Acceptor 1 identified by a split-ubiquitin yeast two-hybrid screen. BMC Res. Notes 12 (1), 188. doi:10.1186/s13104-019-4219-y
 Al Awabdh, S., Miserey-Lenkei, S., Bouceba, T., Masson, J., Kano, F., Marinach-Patrice, C., et al. (2012). A new vesicular scaffolding complex mediates the G-protein-coupled 5-ht1a receptor targeting to neuronal dendrites. J. Neurosci. 32 (41), 14227–14241. doi:10.1523/jneurosci.6329-11.2012
 AlMuhaizea, M., AlMass, R., AlHargan, A., AlBader, A., Medico Salsench, E., Howaidi, J., et al. (2020). Truncating mutations in YIF1B cause a progressive encephalopathy with various degrees of mixed movement disorder, microcephaly, and epilepsy. Acta Neuropathol. 139 (4), 791–794. doi:10.1007/s00401-020-02128-8
 Alterio, J., Masson, J., Diaz, J., Chachlaki, K., Salman, H., Areias, J., et al. (2015). Yif1B is involved in the anterograde traffic pathway and the Golgi architecture. Traffic 16 (9), 978–993. doi:10.1111/tra.12306
 Alvim Kamei, C. L., Boruc, J., Vandepoele, K., Van den Daele, H., Maes, S., Russinova, E., et al. (2008). The PRA1 gene family in Arabidopsis. Plant Physiol. 147 (4), 1735–1749. doi:10.1104/pp.108.122226
 Angelotti, T., Daunt, D., Shcherbakova, O. G., Kobilka, B., and Hurt, C. M. (2010). Regulation of G-protein coupled receptor traffic by an evolutionary conserved hydrophobic signal. Traffic 11 (4), 560–578. doi:10.1111/j.1600-0854.2010.01033.x
 Antonny, B. (2006). Membrane deformation by protein coats. Curr. Opin. Cell Biol. 18 (4), 386–394. doi:10.1016/j.ceb.2006.06.003
 Antonny, B., and Schekman, R. (2001). ER export: Public transportation by the COPII coach. Curr. Opin. Cell Biol. 13 (4), 438–443. doi:10.1016/s0955-0674(00)00234-9
 Apparsundaram, S., Sung, U., Price, R. D., and Blakely, R. D. (2001). Trafficking-dependent and - independent pathways of neurotransmitter transporter regulation differentially involving p38 mitogen-activated protein kinase revealed in studies of insulin modulation of norepinephrine transport in SK-N-SH cells. J. Pharmacol. Exp. Ther. 299 (2), 666–77.
 Appocher, C., Klima, R., and Feiguin, F. (2014). Functional screening in Drosophila reveals the conserved role of REEP1 in promoting stress resistance and preventing the formation of Tau aggregates. Hum. Mol. Genet. 23 (25), 6762–6772. doi:10.1093/hmg/ddu393
 Argasinska, J., Rana, A. A., Gilchrist, M. J., Lachani, K., Young, A., and Smith, J. C. (2009). Loss of REEP4 causes paralysis of the Xenopus embryo. Int. J. Dev. Biol. 53 (1), 37–43. doi:10.1387/ijdb.072542ja
 Ariotti, N., Rae, J., Leneva, N., Ferguson, C., Loo, D., Okano, S., et al. (2015). Molecular characterization of caveolin-induced membrane curvature. J. Biol. Chem. 290 (41), 24875–24890. doi:10.1074/jbc.M115.644336
 Arno, G., Agrawal, S. A., Eblimit, A., Bellingham, J., Xu, M., Wang, F., et al. (2016). Mutations in REEP6 cause autosomal-recessive retinitis pigmentosa. Am. J. Hum. Genet. 99 (6), 1305–1315. doi:10.1016/j.ajhg.2016.10.008
 Barlowe, C. (2003). Signals for COPII-dependent export from the ER: What's the ticket out?Trends Cell Biol. 13 (6), 295–300. doi:10.1016/s0962-8924(03)00082-5
 Barone, V., Mazzoli, E., Kunic, J., Rossi, D., Tronnolone, S., and Sorrentino, V. (2015). Yip1B isoform is localized at ER-Golgi intermediate and cis-Golgi compartments and is not required for maintenance of the Golgi structure in skeletal muscle. Histochem Cell Biol. 143 (3), 235–243. doi:10.1007/s00418-014-1277-z
 Barrowman, J., Wang, W., Zhang, Y., and Ferro-Novick, S. (2003). The Yip1p·Yif1p complex is required for the fusion competence of endoplasmic reticulum-derived vesicles. J. Biol. Chem. 278 (22), 19878–19884. doi:10.1074/jbc.M302406200
 Bauer, M., and Pelkmans, L. (2006). A new paradigm for membrane-organizing and -shaping scaffolds. FEBS Lett. 580 (23), 5559–5564. doi:10.1016/j.febslet.2006.08.077
 Bechler, M. E., de Figueiredo, P., and Brown, W. J. (2012). A PLA1-2 punch regulates the Golgi complex. Trends Cell Biol. 22 (2), 116–124. doi:10.1016/j.tcb.2011.10.003
 Beetz, C., Pieber, T. R., Hertel, N., Schabhüttl, M., Fischer, C., Trajanoski, S., et al. (2012). Exome sequencing identifies a REEP1 mutation involved in distal hereditary motor neuropathy type V. Am. J. Hum. Genet. 91 (1), 139–145. doi:10.1016/j.ajhg.2012.05.007
 Behrens, M., Bartelt, J., Reichling, C., Winnig, M., Kuhn, C., and Meyerhof, W. (2006). Members of RTP and REEP gene families influence functional bitter taste receptor expression. J. Biol. Chem. 281 (29), 20650–20659. doi:10.1074/jbc.m513637200
 Bennett, M. K., and Scheller, R. H. (1993). The molecular machinery for secretion is conserved from yeast to neurons. Proc. Natl. Acad. Sci. U.S.A. 90 (7), 2559–2563. doi:10.1073/pnas.90.7.2559
 Bhaskara, R. M., Grumati, P., Garcia-Pardo, J., Kalayil, S., Covarrubias-Pinto, A., Chen, W., et al. (2019). Curvature induction and membrane remodeling by FAM134B reticulon homology domain assist selective ER-phagy. Nat. Commun. 10 (1), 2370. doi:10.1038/s41467-019-10345-3
 Bhatia, V. K., Madsen, K. L., Bolinger, P.-Y., Kunding, A., Hedegård, P., Gether, U., et al. (2009). Amphipathic motifs in BAR domains are essential for membrane curvature sensing. EMBO J. 28 (21), 3303–3314. doi:10.1038/emboj.2009.261
 Biederer, C., Ries, S., Drobnik, W., and Schmitz, G. (1998). Molecular cloning of human caveolin 31The nucleotide sequence data reported in this paper were submitted in the EMBL, Gen Bank and DDBJ Nucleotide Sequence Database under the accession number Y14747.1. Biochimica Biophysica Acta (BBA) - Mol. Basis Dis. 1406 (1), 5–9. doi:10.1016/s0925-4439(97)00095-1
 Björk, S., Hurt, C. M., Ho, V. K., and Angelotti, T. (2013). REEPs are membrane shaping adapter proteins that modulate specific G protein-coupled receptor trafficking by affecting ER cargo capacity. PLoS One 8 (10), e76366. doi:10.1371/journal.pone.0076366
 Blackstone, C. (2018a). Converging cellular themes for the hereditary spastic paraplegias. Curr. Opin. Neurobiol. 51, 139–146. doi:10.1016/j.conb.2018.04.025
 Blackstone, C. (2018b). Hereditary spastic paraplegia. Handb. Clin. Neurol. 148, 633–652. doi:10.1016/B978-0-444-64076-5.00041-7
 Blackstone, C., O'Kane, C. J., and Reid, E. (2011). Hereditary spastic paraplegias: Membrane traffic and the motor pathway. Nat. Rev. Neurosci. 12 (1), 31–42. doi:10.1038/nrn2946
 Brady, J. P., Claridge, J. K., Smith, P. G., and Schnell, J. R. (2015). A conserved amphipathic helix is required for membrane tubule formation by Yop1p. Proc. Natl. Acad. Sci. U.S.A. 112, E639–E648. doi:10.1073/pnas.1415882112
 Brandl, K., Tomisato, W., Li, X., Neppl, C., Pirie, E., Falk, W., et al. (2012). Yip1 domain family, member 6 (Yipf6) mutation induces spontaneous intestinal inflammation in mice. Proc. Natl. Acad. Sci. U.S.A. 109 (31), 12650–12655. doi:10.1073/pnas.1210366109
 Brands, A., and Ho, T.-h. D. (2002). Function of a plant stress-induced gene, HVA22. Synthetic enhancement screen with its yeast homolog reveals its role in vesicular traffic. Plant Physiol. 130 (3), 1121–1131. doi:10.1104/pp.007716
 Breeze, E., Dzimitrowicz, N., Kriechbaumer, V., Brooks, R., Botchway, S. W., Brady, J. P., et al. (2016). A C-terminal amphipathic helix is necessary for the in vivo tubule-shaping function of a plant reticulon. Proc. Natl. Acad. Sci. U.S.A. 113 (39), 10902–10907. doi:10.1073/pnas.1605434113
 Brothers, S. P., Janovick, J. A., and Conn, P. M. (2006). Calnexin regulated gonadotropin-releasing hormone receptor plasma membrane expression. J. Mol. Endocrinol. 37 (3), 479–488. doi:10.1677/jme.1.02142
 Bucci, C., Chiariello, M., Lattero, D., Maiorano, M., and Bruni, C. B. (1999). Interaction cloning and characterization of the cDNA encoding the human prenylated rab acceptor (PRA1). Biochem. Biophysical Res. Commun. 258 (3), 657–662. doi:10.1006/bbrc.1999.0651
 Butchbach, M. E., Lai, L., and Lin, C. L. (2002). Molecular cloning, gene structure, expression profile and functional characterization of the mouse glutamate transporter (EAAT3) interacting protein GTRAP3-18. Gene 292 (1-2), 81–90. doi:10.1016/s0378-1119(02)00669-8
 Calero, M., Winand, N. J., and Collins, R. N. (2002). Identification of the novel proteins Yip4p and Yip5p as Rab GTPase interacting factors. FEBS Lett. 515 (1-3), 89–98. doi:10.1016/s0014-5793(02)02442-0
 Calero, M., Chen, C. Z., Zhu, W., Winand, N., Havas, K. A., Gilbert, P. M., et al. (2003). Dual prenylation is required for Rab protein localization and function. MBoC 14 (5), 1852–1867. doi:10.1091/mbc.E02-11-0707
 Calero, M., and Collins, R. N. (2002). Saccharomyces cerevisiae pra1p/yip3p interacts with Yip1p and rab proteins. Biochem. Biophysical Res. Commun. 290 (2), 676–681. doi:10.1006/bbrc.2001.6242
 Calero, M., Whittaker, G. R., and Collins, R. N. (2001). Yop1p, the yeast homolog of the polyposis locus protein 1, interacts with Yip1p and negatively regulates cell growth. J. Biol. Chem. 276 (15), 12100–12112. doi:10.1074/jbc.M008439200
 Carrel, D., Hamon, M., and Darmon, M. (2006). Role of the C-terminal di-leucine motif of 5-HT1A and 5-HT1B serotonin receptors in plasma membrane targeting. J. Cell Sci. 119 (Pt 20), 4276–4284. doi:10.1242/jcs.03189
 Carrel, D., Masson, J., Al Awabdh, S., Capra, C. B., Lenkei, Z., Hamon, M., et al. (2008). Targeting of the 5-HT1A serotonin receptor to neuronal dendrites is mediated by Yif1B. J. Neurosci. 28 (32), 8063–8073. doi:10.1523/jneurosci.4487-07.2008
 Carrel, D., Simon, A., Emerit, M. B., Rivals, I., Leterrier, C., Biard, M., et al. (2011). Axonal targeting of the 5-HT1B serotonin receptor relies on structure-specific constitutive activation. Traffic 12 (11), 1501–1520. doi:10.1111/j.1600-0854.2011.01260.x
 Castermans, D., Vermeesch, J. R., Fryns, J.-P., Steyaert, J. G., Van de Ven, W. J. M., Creemers, J. W. M., et al. (2007). Identification and characterization of the TRIP8 and REEP3 genes on chromosome 10q21.3 as novel candidate genes for autism. Eur. J. Hum. Genet. 15 (4), 422–431. doi:10.1038/sj.ejhg.5201785
 Chang, J., Lee, S., and Blackstone, C. (2013). Protrudin binds atlastins and endoplasmic reticulum-shaping proteins and regulates network formation. Proc. Natl. Acad. Sci. U.S.A. 110 (37), 14954–14959. doi:10.1073/pnas.1307391110
 Chen, C.-N. N., Chen, H.-R., Yeh, S.-Y., Vittore, G., and Ho, T.-H. D. (2009). Autophagy is enhanced and floral development is impaired in AtHVA22d RNA interference Arabidopsis. Plant Physiol. 149 (4), 1679–1689. doi:10.1104/pp.108.131490
 Chen, C. Z., Calero, M., DeRegis, C. J., Heidtman, M., Barlowe, C., and Collins, R. N. (2004). Genetic analysis of yeast Yip1p function reveals a requirement for Golgi-localized rab proteins and rab-Guanine nucleotide dissociation inhibitor. Genetics 168 (4), 1827–1841. doi:10.1534/genetics.104.032888
 Das, K., Lewis, R. Y., Scherer, P. E., and Lisanti, M. P. (1999). The membrane-spanning domains of caveolins-1 and -2 mediate the formation of caveolin hetero-oligomers. J. Biol. Chem. 274 (26), 18721–18728. doi:10.1074/jbc.274.26.18721
 Das, S., Dawson, N. L., and Orengo, C. A. (2015). Diversity in protein domain superfamilies. Curr. Opin. Genet. Dev. 35, 40–49. doi:10.1016/j.gde.2015.09.005
 Daunt, D. A., Hurt, C., Hein, L., Kallio, J., Feng, F., and Kobilka, B. K. (1997). Subtype-specific intracellular trafficking of α2-adrenergic receptors. Mol. Pharmacol. 51 (5), 711–720. doi:10.1124/mol.51.5.711
 De Matteis, M. A., and Luini, A. (2011). Mendelian disorders of membrane trafficking. N. Engl. J. Med. 365 (10), 927–938. doi:10.1056/NEJMra0910494
 Dhers, L., Ducassou, L., Boucher, J. L., and Mansuy, D. (2017). Cytochrome P450 2U1, a very peculiar member of the human P450s family.Cell Mol. Life Sci. 74 (10), 1859–1869. doi:10.1007/s00018-016-2443-3
 Diaz, J., Gérard, X., Emerit, M.-B., Areias, J., Geny, D., Dégardin, J., et al. (2020). YIF1B mutations cause a post-natal neurodevelopmental syndrome associated with Golgi and primary cilium alterations. Brain 143 (10), 2911–2928. doi:10.1093/brain/awaa235
 Dirac-Svejstrup, A. B., Soldati, T., Shapiro, A. D., and Pfeffer, S. R. (1994). Rab-GDI presents functional Rab9 to the intracellular transport machinery and contributes selectivity to Rab9 membrane recruitment. J. Biol. Chem. 269 (22), 15427–15430. doi:10.1016/s0021-9258(17)40696-x
 Dlugosz, P. J., Billen, L. P., Annis, M. G., Zhu, W., Zhang, Z., Lin, J., et al. (2006). Bcl-2 changes conformation to inhibit Bax oligomerization. EMBO J. 25 (11), 2287–2296. doi:10.1038/sj.emboj.7601126
 Doly, S., and Marullo, S. (2015). Gatekeepers controlling GPCR export and function. Trends Pharmacol. Sci. 36 (10), 636–644. doi:10.1016/j.tips.2015.06.007
 Doly, S., Shirvani, H., Gäta, G., Meye, F. J., Emerit, M.-B., Enslen, H., et al. (2016). GABAB receptor cell-surface export is controlled by an endoplasmic reticulum gatekeeper. Mol. Psychiatry 21 (4), 480–490. doi:10.1038/mp.2015.72
 Dong, C., Filipeanu, C. M., Duvernay, M. T., and Wu, G. (2007). Regulation of G protein-coupled receptor export trafficking. Biochimica Biophysica Acta (BBA) - Biomembr. 1768 (4), 853–870. doi:10.1016/j.bbamem.2006.09.008
 Drin, G., Casella, J.-F., Gautier, R., Boehmer, T., Schwartz, T. U., and Antonny, B. (2007). A general amphipathic α-helical motif for sensing membrane curvature. Nat. Struct. Mol. Biol. 14 (2), 138–146. doi:10.1038/nsmb1194
 Duvernay, M. T., Dong, C., Zhang, X., Robitaille, M., Hébert, T. E., and Wu, G. (2009). A single conserved leucine residue on the first intracellular loop regulates ER export of G protein-coupled receptors. Traffic 10, 552–566. doi:10.1111/j.1600-0854.2009.00890.x
 Duvernay, M. T., Filipeanu, C. M., and Wu, G. (2005). The regulatory mechanisms of export trafficking of G protein-coupled receptors. Cell. Signal. 17 (12), 1457–1465. doi:10.1016/j.cellsig.2005.05.020
 Dykstra, K. M., Pokusa, J. E., Suhan, J., and Lee, T. H. (2010). Yip1A structures the mammalian endoplasmic reticulum. MBoC 21 (9), 1556–1568. doi:10.1091/mbc.e09-12-1002
 Dykstra, K. M., Ulengin, I., Delrose, N., and Lee, T. H. (2013). Identification of discrete sites in Yip1A necessary for regulation of endoplasmic reticulum structure. PLoS One 8 (1), e54413. doi:10.1371/journal.pone.0054413
 Elbaz-Alon, Y., Guo, Y., Segev, N., Harel, M., Quinnell, D. E., Geiger, T., et al. (2020). PDZD8 interacts with Protrudin and Rab7 at ER-late endosome membrane contact sites associated with mitochondria. Nat. Commun. 11 (1), 3645. doi:10.1038/s41467-020-17451-7
 Ellgaard, L., and Helenius, A. (2003). Quality control in the endoplasmic reticulum. Nat. Rev. Mol. Cell Biol. 4 (3), 181–191. doi:10.1038/nrm1052
 Esteves, T., Durr, A., Mundwiller, E., Loureiro, J. L., Boutry, M., Gonzalez, M. A., et al. (2014). Loss of association of REEP2 with membranes leads to hereditary spastic paraplegia. Am. J. Hum. Genet. 94 (2), 268–277. doi:10.1016/j.ajhg.2013.12.005
 Falk, J., Rohde, M., Bekhite, M. M., Neugebauer, S., Hemmerich, P., Kiehntopf, M., et al. (2014). Functional mutation analysis provides evidence for a role of REEP1 in lipid droplet biology. Hum. Mutat. 35 (4), 497–504. doi:10.1002/humu.22521
 Faust, J. E., Desai, T., Verma, A., Ulengin, I., Sun, T.-L., Moss, T. J., et al. (2015). The atlastin C-terminal tail is an amphipathic helix that perturbs the bilayer structure during endoplasmic reticulum homotypic fusion. J. Biol. Chem. 290 (8), 4772–4783. doi:10.1074/jbc.M114.601823
 Fenster, S. D., Chung, W. J., Zhai, R., Cases-Langhoff, C., Voss, B., Garner, A. M., et al. (2000). Piccolo, a presynaptic zinc finger protein structurally related to bassoon. Neuron 25 (1), 203–214. doi:10.1016/s0896-6273(00)80883-1
 Fernandez, I., Ying, Y., Albanesi, J., and Anderson, R. G. W. (2002). Mechanism of caveolin filament assembly. Proc. Natl. Acad. Sci. U.S.A. 99 (17), 11193–11198. doi:10.1073/pnas.172196599
 Fo, C. S., Coleman, C. S., Wallick, C. J., Vine, A. L., and Bachmann, A. S. (2006). Genomic organization, expression profile, and characterization of the new protein PRA1 domain family, member 2 (PRAF2). Gene 371 (1), 154–165. doi:10.1016/j.gene.2005.12.009
 Gautier, R., Douguet, D., Antonny, B., and Drin, G. (2008). Heliquest: A web server to screen sequences with specific -helical properties. Bioinformatics 24 (18), 2101–2102. doi:10.1093/bioinformatics/btn392
 Geng, J., Shin, M. E., Gilbert, P. M., Collins, R. N., and Burd, C. G. (2005). Saccharomyces cerevisiae Rab-GDI displacement factor ortholog Yip3p forms distinct complexes with the Ypt1 Rab GTPase and the reticulon Rtn1p. Eukaryot. Cell 4 (7), 1166–1174. doi:10.1128/ec.4.7.1166-1174.2005
 Gil, J.-E., Kim, E., Kim, I.-S., Ku, B., Park, W. S., Oh, B.-H., et al. (2012). Phosphoinositides differentially regulate protrudin localization through the FYVE domain. J. Biol. Chem. 287 (49), 41268–41276. doi:10.1074/jbc.M112.419127
 Giménez-Andrés, M., Čopič, A., and Antonny, B. (2018). The many faces of amphipathic helices. Biomolecules 8 (3), 45. doi:10.3390/biom8030045
 Glenney, J. R. (1992). The sequence of human caveolin reveals identity with VIP21, a component of transport vesicles. FEBS Lett. 314 (1), 45–48. doi:10.1016/0014-5793(92)81458-x
 Gonzalez, M., Nampoothiri, S., Kornblum, C., Oteyza, A. C., Walter, J., Konidari, I., et al. (2013). Mutations in phospholipase DDHD2 cause autosomal recessive hereditary spastic paraplegia (SPG54). Eur. J. Hum. Genet. 21 (11), 1214–1218. doi:10.1038/ejhg.2013.29
 Groden, J., Thliveris, A., Samowitz, W., Carlson, M., Gelbert, L., Albertsen, H., et al. (1991). Identification and characterization of the familial adenomatous polyposis coli gene. Cell 66 (3), 589–600. doi:10.1016/0092-8674(81)90021-0
 Grosshans, B. L., Ortiz, D., and Novick, P. (2006). Rabs and their effectors: Achieving specificity in membrane traffic. Proc. Natl. Acad. Sci. U.S.A. 103 (32), 11821–11827. doi:10.1073/pnas.0601617103
 Gurkan, C., Koulov, A. V., and Balch, W. E. (2007). An evolutionary perspective on eukaryotic membrane trafficking. Adv. Exp. Med. Biol. 607, 73–83. doi:10.1007/978-0-387-74021-8_6
 Gurkan, C., Lapp, H., Alory, C., Su, A. I., Hogenesch, J. B., and Balch, W. E. (2005). Large-scale profiling of rab GTPase trafficking networks: The membrome. MBoC 16 (8), 3847–3864. doi:10.1091/mbc.e05-01-0062
 Haas, A. K., Yoshimura, S.-i., Stephens, D. J., Preisinger, C., Fuchs, E., and Barr, F. A. (2007). Analysis of GTPase-activating proteins: Rab1 and Rab43 are key Rabs required to maintain a functional Golgi complex in human cells. J. Cell Sci. 120 (Pt 17), 2997–3010. doi:10.1242/jcs.014225
 Hague, C., Chen, Z., Pupo, A. S., Schulte, N. A., Toews, M. L., and Minneman, K. P. (2004). The N terminus of the human α1d-adrenergic receptor prevents cell surface expression. J. Pharmacol. Exp. Ther. 309 (1), 388–397. doi:10.1124/jpet.103.060509
 Hashimoto, Y., Shirane, M., Matsuzaki, F., Saita, S., Ohnishi, T., and Nakayama, K. I. (2014). Protrudin regulates endoplasmic reticulum morphology and function associated with the pathogenesis of hereditary spastic paraplegia. J. Biol. Chem. 289, 12946–12961. doi:10.1074/jbc.M113.528687
 He, W., Lu, Y., Qahwash, I., Hu, X.-Y., Chang, A., and Yan, R. (2004). Reticulon family members modulate BACE1 activity and amyloid-β peptide generation. Nat. Med. 10 (9), 959–965. doi:10.1038/nm1088
 Heidtman, M., Chen, C. Z., Collins, R. N., and Barlowe, C. (2003). A role for Yip1p in COPII vesicle biogenesis. J. Cell Biol. 163 (1), 57–69. doi:10.1083/jcb.200306118
 Heidtman, M., Chen, C. Z., Collins, R. N., and Barlowe, C. (2005). Yos1p is a novel subunit of the Yip1p-Yif1p complex and is required for transport between the endoplasmic reticulum and the Golgi complex. MBoC 16 (4), 1673–1683. doi:10.1091/mbc.e04-10-0873
 Hermosilla, R., and Schülein, R. (2001). Sorting functions of the individual cytoplasmic domains of the G protein-coupled vasopressin V2 receptor in madin darby canine kidney epithelial cells. Mol. Pharmacol. 60 (5), 1031–1039. doi:10.1124/mol.60.5.1031
 Hu, J., Shibata, Y., Voss, C., Shemesh, T., Li, Z., Coughlin, M., et al. (2008). Membrane proteins of the endoplasmic reticulum induce high-curvature tubules. Science 319 (5867), 1247–1250. doi:10.1126/science.1153634
 Hu, J., Shibata, Y., Zhu, P.-P., Voss, C., Rismanchi, N., Prinz, W. A., et al. (2009). A class of dynamin-like GTPases involved in the generation of the tubular ER network. Cell 138 (3), 549–561. doi:10.1016/j.cell.2009.05.025
 Hurt, C. M., Björk, S., Ho, V. K., Gilsbach, R., Hein, L., and Angelotti, T. (2014). REEP1 and REEP2 proteins are preferentially expressed in neuronal and neuronal-like exocytotic tissues. Brain Res. 1545, 12–22. doi:10.1016/j.brainres.2013.12.008
 Hurt, C. M., Ho, V. K., and Angelotti, T. (2013). Systematic and quantitative analysis of G protein-coupled receptor trafficking motifs. Methods Enzymol. 521, 171–187. doi:10.1016/B978-0-12-391862-8.00009-0
 Hutt, D. M., Da-Silva, L. F., Chang, L.-H., Prosser, D. C., and Ngsee, J. K. (2000). PRA1 inhibits the extraction of membrane-bound rab GTPase by GDI1. J. Biol. Chem. 275 (24), 18511–18519. doi:10.1074/jbc.M909309199
 Ilegems, E., Iwatsuki, K., Kokrashvili, Z., Benard, O., Ninomiya, Y., and Margolskee, R. F. (2010). REEP2 enhances sweet receptor function by recruitment to lipid rafts. J. Neurosci. 30 (41), 13774–13783. doi:10.1523/jneurosci.0091-10.2010
 Ingley, E., Williams, J. H., Walker, C. E., Tsai, S., Colley, S., Sayer, M. S., et al. (1999). A novel ADP-ribosylation like factor (ARL-6), interacts with the protein-conducting channel SEC61β subunit. FEBS Lett. 459 (1), 69–74. doi:10.1016/s0014-5793(99)01188-6
 Inloes, J. M., Hsu, K.-L., Dix, M. M., Viader, A., Masuda, K., Takei, T., et al. (2014). The hereditary spastic paraplegia-related enzyme DDHD2 is a principal brain triglyceride lipase. Proc. Natl. Acad. Sci. U.S.A. 111 (41), 14924–14929. doi:10.1073/pnas.1413706111
 Inloes, J. M., Kiosses, W. B., Wang, H., Walther, T. C., Farese, R. V., and Cravatt, B. F. (2018). Functional contribution of the spastic paraplegia-related triglyceride hydrolase DDHD2 to the formation and content of lipid droplets. Biochemistry 57 (5), 827–838. doi:10.1021/acs.biochem.7b01028
 Inoue, K., Akiduki, S., and Ikemoto, M. J. (2005). Expression profile of addicsin/GTRAP3-18 mRNA in mouse brain. Neurosci. Lett. 386 (3), 184–188. doi:10.1016/j.neulet.2005.06.013
 Ito, T., Chiba, T., Ozawa, R., Yoshida, M., Hattori, M., and Sakaki, Y. (2001). A comprehensive two-hybrid analysis to explore the yeast protein interactome. Proc. Natl. Acad. Sci. U.S.A. 98 (8), 4569–4574. doi:10.1073/pnas.061034498
 Iwahashi, J., and Hamada, N. (2003). Human reticulon 1-A and 1-B interact with a medium chain of the AP-2 adaptor complex. Cell Mol. Biol. (Noisy-le-grand) 49, OL467–71.
 Jiang, X., Wang, X., Ding, X., Du, M., Li, B., Weng, X., et al. (2020). FAM 134B oligomerization drives endoplasmic reticulum membrane scission for ER ‐phagy. EMBO J. 39 (5), e102608. doi:10.15252/embj.2019102608
 Jin, C., Zhang, Y., Zhu, H., Ahmed, K., Fu, C., and Yao, X. (2005). Human Yip1A specifies the localization of Yif1 to the Golgi apparatus. Biochem. Biophysical Res. Commun. 334 (1), 16–22. doi:10.1016/j.bbrc.2005.06.051
 Johnson, C., Tinti, M., Wood, N. T., Campbell, D. G., Toth, R., Dubois, F., et al. (2011). Visualization and biochemical analyses of the emerging mammalian 14-3-3-phosphoproteome. Mol. Cell Proteomics 10 (10), M110–M005751. doi:10.1074/mcp.M110.005751
 Johnson, C., Crowther, S., Stafford, M. J., Campbell, D. G., Toth, R., and MacKintosh, C. (2010). Bioinformatic and experimental survey of 14-3-3-binding sites. Biochem. J. 427 (1), 69–78. doi:10.1042/BJ20091834
 Joslyn, G., Carlson, M., Thliveris, A., Albertsen, H., Gelbert, L., Samowitz, W., et al. (1991). Identification of deletion mutations and three new genes at the familial polyposis locus. Cell 66 (3), 601–613. doi:10.1016/0092-8674(81)90022-2
 Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O., et al. (2021). Highly accurate protein structure prediction with AlphaFold. Nature 596 (7873), 583–589. doi:10.1038/s41586-021-03819-2
 Jung, C. J., Hui Lee, M., Ki Min, M., and Hwang, I. (2011). Localization and trafficking of an isoform of the AtPRA1 family to the Golgi apparatus depend on both N- and C-terminal sequence motifs. Traffic 12 (2), 185–200. doi:10.1111/j.1600-0854.2010.01140.x
 Jung, N., Wienisch, M., Gu, M., Rand, J. B., Müller, S. L., Krause, G., et al. (2007). Molecular basis of synaptic vesicle cargo recognition by the endocytic sorting adaptor stonin 2. J. Cell Biol. 179 (7), 1497–1510. doi:10.1083/jcb.200708107
 Kano, F., Yamauchi, S., Yoshida, Y., Watanabe-Takahashi, M., Nishikawa, K., Nakamura, N., et al. (2009). Yip1A regulates the COPI-independent retrograde transport from the Golgi complex to the ER. J. Cell Sci. 122 (Pt 13), 2218–2227. doi:10.1242/jcs.043414
 Khaminets, A., Heinrich, T., Mari, M., Grumati, P., Huebner, A. K., Akutsu, M., et al. (2015). Regulation of endoplasmic reticulum turnover by selective autophagy. Nature 522 (7556), 354–358. doi:10.1038/nature14498
 Kim, J.-T., Cho, H. J., Cho, M.-Y., Lim, J., Park, E. S., Lim, J.-S., et al. (2019). Prenylated Rab acceptor RABAC1 inhibits anti-apoptotic protein BCL2A1 and induces apoptosis. Biochem. Biophysical Res. Commun. 513 (4), 940–946. doi:10.1016/j.bbrc.2019.04.080
 Kinzler, K. W., Nilbert, M. C., Su, L.-K., Vogelstein, B., Bryan, T. M., Levy, D. B., et al. (1991). Identification of FAP locus genes from chromosome 5q21. Science 253 (5020), 661–665. doi:10.1126/science.1651562
 Koomoa, D.-L. T., Go, R. C. V., Wester, K., and Bachmann, A. S. (2008). Expression profile of PRAF2 in the human brain and enrichment in synaptic vesicles. Neurosci. Lett. 436 (2), 171–176. doi:10.1016/j.neulet.2008.03.030
 Kranjc, T., Dempsey, E., Cagney, G., Nakamura, N., Shields, D. C., and Simpson, J. C. (2017). Functional characterisation of the YIPF protein family in mammalian cells. Histochem Cell Biol. 147 (4), 439–451. doi:10.1007/s00418-016-1527-3
 Kuijpers, M., Yu, K. L., Teuling, E., Akhmanova, A., Jaarsma, D., and Hoogenraad, C. C. (2013). The ALS8 protein VAPB interacts with the ER-Golgi recycling protein YIF1A and regulates membrane delivery into dendrites. EMBO J. 32 (14), 2056–2072. doi:10.1038/emboj.2013.131
 Lee, H.-J., and Zheng, J. J. (2010). PDZ domains and their binding partners: Structure, specificity, and modification. Cell Commun. Signal 8, 8. doi:10.1186/1478-811X-8-8
 Lee, M. H., Jung, C., Lee, J., Kim, S. Y., Lee, Y., and Hwang, I. (2011). An Arabidopsis prenylated rab acceptor 1 isoform, AtPRA1.B6, displays differential inhibitory effects on anterograde trafficking of proteins at the endoplasmic reticulum. Plant Physiol. 157 (2), 645–658. doi:10.1104/pp.111.180810
 Liang, Q., Wu, N., Zaneveld, S., Liu, H., Fu, S., Wang, K., et al. (2021). Transcript isoforms of Reep6 have distinct functions in the retina. Hum. Mol. Genet. 30, 1907–1918. doi:10.1093/hmg/ddab157
 Liang, Z., and Li, G. (2000). Mouse prenylated Rab acceptor is a novel Golgi membrane protein. Biochem. Biophysical Res. Commun. 275 (2), 509–516. doi:10.1006/bbrc.2000.3316
 Liang, Z., Veeraprame, H., Bayan, N., and Li, G. (2004). The C-terminus of prenylin is important in forming a dimer conformation necessary for endoplasmic-reticulum-to-Golgi transport. Biochem. J. 380 (Pt 1), 43–49. doi:10.1042/BJ20031788
 Lim, Y., Cho, I.-T., Schoel, L. J., Cho, G., and Golden, J. A. (2015). Hereditary spastic paraplegia-linked REEP1 modulates endoplasmic reticulum/mitochondria contacts. Ann. Neurol. 78 (5), 679–696. doi:10.1002/ana.24488
 Lin, C.-l. G., Orlov, I., Ruggiero, A. M., Dykes-Hoberg, M., Lee, A., Jackson, M., et al. (2001a). Modulation of the neuronal glutamate transporter EAAC1 by the interacting protein GTRAP3-18. Nature 410 (6824), 84–88. doi:10.1038/35065084
 Lin, J., Liang, Z., Zhang, Z., and Li, G. (2001b). Membrane topography and topogenesis of prenylated Rab acceptor (PRA1). J. Biol. Chem. 276 (45), 41733–41741. doi:10.1074/jbc.M103475200
 Lipatova, Z., Hain, A. U., Nazarko, V. Y., and Segev, N. (2015). Ypt/Rab GTPases: Principles learned from yeast. Crit. Rev. Biochem. Mol. Biol. 50 (3), 203–211. doi:10.3109/10409238.2015.1014023
 Lisauskas, T., Matula, P., Claas, C., Reusing, S., Wiemann, S., Erfle, H., et al. (2012). Live-cell assays to identify regulators of ER-to-Golgi trafficking. Traffic 13 (3), 416–432. doi:10.1111/j.1600-0854.2011.01318.x
 Liu, S. G., Che, F. Y., Heng, X. Y., Li, F. F., Huang, S. Z., Lu, D. G., et al. (2009). Clinical and genetic study of a novel mutation in theREEP1gene. Synapse 63 (3), 201–205. doi:10.1002/syn.20602
 Liu, T. Y., Bian, X., Sun, S., Hu, X., Klemm, R. W., Prinz, W. A., et al. (2012). Lipid interaction of the C terminus and association of the transmembrane segments facilitate atlastin-mediated homotypic endoplasmic reticulum fusion. Proc. Natl. Acad. Sci. U. S. A. 109 (32), E2146–E2154. doi:10.1073/pnas.1208385109
 Liu, Y., Vidensky, S., Ruggiero, A. M., Maier, S., Sitte, H. H., and Rothstein, J. D. (2008). Reticulon RTN2B regulates trafficking and function of neuronal glutamate transporter EAAC1. J. Biol. Chem. 283 (10), 6561–6571. doi:10.1074/jbc.M708096200
 Madeira, F., Pearce, M., Tivey, A. R. N., Basutkar, P., Lee, J., Edbali, O., et al. (2022). Search and sequence analysis tools services from EMBL-EBI in 2022. Nucleic Acids Res. 1, gkac240. doi:10.1093/nar/gkac240
 Mannan, A. U., Boehm, J., Sauter, S. M., Rauber, A., Byrne, P. C., Neesen, J., et al. (2006). Spastin, the most commonly mutated protein in hereditary spastic paraplegia interacts with Reticulon 1 an endoplasmic reticulum protein. Neurogenetics 7 (2), 93–103. doi:10.1007/s10048-006-0034-4
 Martin, V., Mathieu, L., Diaz, J., Salman, H., Alterio, J., Chevarin, C., et al. (2020). Key role of the 5-HT1A receptor addressing protein Yif1B in serotonin neurotransmission and SSRI treatment. jpn 45 (5), 344–355. doi:10.1503/jpn.190134
 Martincic, I., Peralta, M. E., and Ngsee, J. K. (1997). Isolation and characterization of a dual prenylated Rab and VAMP2 receptor. J. Biol. Chem. 272 (43), 26991–26998. doi:10.1074/jbc.272.43.26991
 Matern, H., Yang, X., Andrulis, E., Sternglanz, R., Trepte, H. H., and Gallwitz, D. (2000). A novel Golgi membrane protein is part of a GTPase-binding protein complex involved in vesicle targeting. EMBO J. 19 (17), 4485–4492. doi:10.1093/emboj/19.17.4485
 Matsuzaki, F., Shirane, M., Matsumoto, M., and Nakayama, K. I. (2011). Protrudin serves as an adaptor molecule that connects KIF5 and its cargoes in vesicular transport during process formation. MBoC 22 (23), 4602–4620. doi:10.1091/mbc.E11-01-0068
 Mochida, K., Oikawa, Y., Kimura, Y., Kirisako, H., Hirano, H., Ohsumi, Y., et al. (2015). Receptor-mediated selective autophagy degrades the endoplasmic reticulum and the nucleus. Nature 522 (7556), 359–362. doi:10.1038/nature14506
 Moreira, E. F., Jaworski, C. J., and Rodriguez, I. R. (1999). Cloning of a novel member of the reticulon gene family (RTN3): Gene structure and chromosomal localization to 11q13. Genomics 58 (1), 73–81. doi:10.1006/geno.1999.5807
 Morikawa, R. K., Aoki, J., Kano, F., Murata, M., Yamamoto, A., Tsujimoto, M., et al. (2009). Intracellular phospholipase A1γ (iPLA1γ) is a novel factor involved in coat protein complex I- and rab6-independent retrograde transport between the endoplasmic reticulum and the Golgi complex. J. Biol. Chem. 284 (39), 26620–26630. doi:10.1074/jbc.M109.038869
 Morrison, D. K. (2009). The 14-3-3 proteins: Integrators of diverse signaling cues that impact cell fate and cancer development. Trends Cell Biol. 19 (1), 16–23. doi:10.1016/j.tcb.2008.10.003
 Morrow, I. C., and Parton, R. G. (2005). Flotillins and the PHB domain protein family: Rafts, worms and anaesthetics. Traffic 6 (9), 725–740. doi:10.1111/j.1600-0854.2005.00318.x
 Morrow, I. C., Rea, S., Martin, S., Prior, I. A., Prohaska, R., Hancock, J. F., et al. (2002). Flotillin-1/Reggie-2 traffics to surface raft domains via a novel golgi-independent pathway. J. Biol. Chem. 277 (50), 48834–48841. doi:10.1074/jbc.M209082200
 Moss, T. J., Andreazza, C., Verma, A., Daga, A., and McNew, J. A. (2011). Membrane fusion by the GTPase atlastin requires a conserved C-terminal cytoplasmic tail and dimerization through the middle domain. Proc. Natl. Acad. Sci. U.S.A. 108 (27), 11133–11138. doi:10.1073/pnas.1105056108
 Napoli, B., Gumeni, S., Forgiarini, A., Fantin, M., De Filippis, C., Panzeri, E., et al. (2019). Naringenin ameliorates Drosophila ReepA hereditary spastic paraplegia-linked phenotypes. Front. Neurosci. 13, 1202. doi:10.3389/fnins.2019.01202
 Nevins, A. K., and Thurmond, D. C. (2006). Caveolin-1 functions as a novel Cdc42 guanine nucleotide dissociation inhibitor in pancreatic β-cells. J. Biol. Chem. 281 (28), 18961–18972. doi:10.1074/jbc.m603604200
 Nishisho, I., Nakamura, Y., Miyoshi, Y., Miki, Y., Ando, H., Horii, A., et al. (1991). Mutations of chromosome 5q21 genes in FAP and colorectal cancer patients. Science 253 (5020), 665–669. doi:10.1126/science.1651563
 Okamoto, T., Schlegel, A., Scherer, P. E., and Lisanti, M. P. (1998). Caveolins, a family of scaffolding proteins for organizing "preassembled signaling complexes" at the plasma membrane. J. Biol. Chem. 273 (10), 5419–5422. doi:10.1074/jbc.273.10.5419
 Ormond, S. J., Barrera, N. P., Qureshi, O. S., Henderson, R. M., Edwardson, J. M., and Murrell-Lagnado, R. D. (2006). An uncharged region within the N terminus of the P2X6 receptor inhibits its assembly and exit from the endoplasmic reticulum. Mol. Pharmacol. 69 (5), 1692–1700. doi:10.1124/mol.105.020404
 Otte, S., Belden, W. J., Heidtman, M., Liu, J., Jensen, O. N., and Barlowe, C. (2001). Erv41p and Erv46p. J. Cell Biol. 152 (3), 503–518. doi:10.1083/jcb.152.3.503
 Otto, G. P., and Nichols, B. J. (2011). The roles of flotillin microdomains - Endocytosis and beyond. J. Cell Sci. 124 (Pt 23), 3933–3940. doi:10.1242/jcs.092015
 Pagano, A., Letourneur, F., Garcia-Estefania, D., Carpentier, J.-L., Orci, L., and Paccaud, J.-P. (1999). Sec24 proteins and sorting at the endoplasmic reticulum. J. Biol. Chem. 274 (12), 7833–7840. doi:10.1074/jbc.274.12.7833
 Park, S. H., and Blackstone, C. (2010). Further assembly required: Construction and dynamics of the endoplasmic reticulum network. EMBO Rep. 11 (7), 515–521. doi:10.1038/embor.2010.92
 Park, S. H., Zhu, P.-P., Parker, R. L., and Blackstone, C. (2010). Hereditary spastic paraplegia proteins REEP1, spastin, and atlastin-1 coordinate microtubule interactions with the tubular ER network. J. Clin. Invest. 120 (4), 1097–1110. doi:10.1172/jci40979
 Petaja-Repo, U. E., Hogue, M., Bhalla, S., Laperriere, A., Morello, J. P., and Bouvier, M. (2002). Ligands act as pharmacological chaperones and increase the efficiency of delta opioid receptor maturation. Embo J. 21 (7), 1628–1637. doi:10.1093/emboj/21.7.1628
 Pfeffer, S., and Aivazian, D. (2004). Targeting Rab GTPases to distinct membrane compartments. Nat. Rev. Mol. Cell Biol. 5 (11), 886–896. doi:10.1038/nrm1500
 Pfeffer, S. R. (2011). Entry at the trans-face of the Golgi. Cold Spring Harb. Perspect. Biol. 3 (3), a005272. doi:10.1101/cshperspect.a005272
 Pfeffer, S. R. (2017). Rab GTPases: Master regulators that establish the secretory and endocytic pathways. MBoC 28 (6), 712–715. doi:10.1091/mbc.E16-10-0737
 Prost, S., LeDiscorde, M., Haddad, R., Gluckman, J.-C., Canque, B., and Kirszenbaum, M. (2002). Characterization of a novel hematopoietic marker expressed from early embryonic hematopoietic stem cells to adult mature lineages. Blood Cells, Mol. Dis. 29 (2), 236–248. doi:10.1006/bcmd.2002.0563
 Qi, S., Su, L., Li, J., Zhao, P., Zhang, Q., Niu, X., et al. (2019). YIPF2 is a novel Rab-GDF that enhances HCC malignant phenotypes by facilitating CD147 endocytic recycle. Cell Death Dis. 10 (6), 462. doi:10.1038/s41419-019-1709-8
 Renvoisé, B., Malone, B., Falgairolle, M., Munasinghe, J., Stadler, J., Sibilla, C., et al. (2016). Reep1null mice reveal a converging role for hereditary spastic paraplegia proteins in lipid droplet regulation. Hum. Mol. Genet. 25 (23), ddw315–5125. doi:10.1093/hmg/ddw315
 Roebroek, A. J., van de Velde, H. J., Van Bokhoven, A., Broers, J. L., Ramaekers, F. C., and Van de Ven, W. J. (1993). Cloning and expression of alternative transcripts of a novel neuroendocrine-specific gene and identification of its 135-kDa translational product. J. Biol. Chem. 268 (18), 13439–13447. doi:10.1016/s0021-9258(19)38669-7
 Ruggiero, A. M., Liu, Y., Vidensky, S., Maier, S., Jung, E., Farhan, H., et al. (2008). The endoplasmic reticulum exit of glutamate transporter is regulated by the inducible mammalian Yip6b/GTRAP3-18 protein. J. Biol. Chem. 283 (10), 6175–6183. doi:10.1074/jbc.m701008200
 Saita, S., Shirane, M., Natume, T., Iemura, S.-i., and Nakayama, K. I. (2009). Promotion of neurite extension by protrudin requires its interaction with vesicle-associated membrane protein-associated protein. J. Biol. Chem. 284 (20), 13766–13777. doi:10.1074/jbc.M807938200
 Saito, H., Kubota, M., Roberts, R. W., Chi, Q., and Matsunami, H. (2004). RTP family members induce functional expression of mammalian odorant receptors. Cell 119 (5), 679–691. doi:10.1016/j.cell.2004.11.021
 Sato, H., Tomita, H., Nakazawa, T., Wakana, S., and Tamai, M. (2005). Deleted in polyposis 1-like 1 gene (Dp1l1): A novel gene richly expressed in retinal ganglion cells. Invest. Ophthalmol. Vis. Sci. 46 (3), 791–796. doi:10.1167/iovs.04-0867
 Sato, S.-i., Inoue, H., Kogure, T., Tagaya, M., and Tani, K. (2010). Golgi-localized KIAA0725p regulates membrane trafficking from the Golgi apparatus to the plasma membrane in mammalian cells. FEBS Lett. 584 (21), 4389–4395. doi:10.1016/j.febslet.2010.09.047
 Sato, T., Kawasaki, T., Mine, S., and Matsumura, H. (2016). Functional role of the C-terminal amphipathic helix 8 of olfactory receptors and other G protein-coupled receptors. Ijms 17 (11), 1930. doi:10.3390/ijms17111930
 Scherer, P. E., Okamoto, T., Chun, M., Nishimoto, I., Lodish, H. F., and Lisanti, M. P. (1996). Identification, sequence, and expression of caveolin-2 defines a caveolin gene family. Proc. Natl. Acad. Sci. U.S.A. 93 (1), 131–135. doi:10.1073/pnas.93.1.131
 Schlaitz, A.-L., Thompson, J., Wong, C. C. L., Yates, J. R., and Heald, R. (2013). REEP3/4 ensure endoplasmic reticulum clearance from metaphase chromatin and proper nuclear envelope architecture. Dev. Cell 26 (3), 315–323. doi:10.1016/j.devcel.2013.06.016
 Schlang, K. J., Arning, L., Epplen, J. T., and Stemmler, S. (2008). Autosomal dominant hereditary spastic paraplegia: Novel mutations in the REEP1 gene (SPG31). BMC Med. Genet. 9, 71. doi:10.1186/1471-2350-9-71
 Schülein, R., Hermosilla, R., Oksche, A., Dehe, M., Wiesner, B., Krause, G., et al. (1998). A dileucine sequence and an upstream glutamate residue in the intracellular carboxyl terminus of the vasopressin V2Receptor are essential for cell surface transport in COS.M6 cells. Mol. Pharmacol. 54 (3), 525–535. doi:10.1124/mol.54.3.525
 Schweneker, M., Bachmann, A. S., and Moelling, K. (2005). JM4 is a four-transmembrane protein binding to the CCR5 receptor. FEBS Lett. 579 (7), 1751–1758. doi:10.1016/j.febslet.2005.02.037
 Segev, N. (2001). Ypt/rab gtpases: Regulators of protein trafficking. Sci. Signal. 2001 (100), re11. doi:10.1126/stke.2001.100.re11
 Shaik, S., Pandey, H., Thirumalasetti, S. K., and Nakamura, N. (2019). Characteristics and functions of the Yip1 domain family (YIPF), multi-span transmembrane proteins mainly localized to the Golgi apparatus. Front. Cell Dev. Biol. 7, 130. doi:10.3389/fcell.2019.00130
 Shakoori, A., Fujii, G., Yoshimura, S.-i., Kitamura, M., Nakayama, K., Ito, T., et al. (2003). Identification of a five-pass transmembrane protein family localizing in the Golgi apparatus and the ER. Biochem. Biophysical Res. Commun. 312 (3), 850–857. doi:10.1016/j.bbrc.2003.10.197
 Sharpe, H. J., Stevens, T. J., and Munro, S. (2010). A comprehensive comparison of transmembrane domains reveals organelle-specific properties. Cell 142 (1), 158–169. doi:10.1016/j.cell.2010.05.037
 Shibata, Y., Voss, C., Rist, J. M., Hu, J., Rapoport, T. A., Prinz, W. A., et al. (2008). The reticulon and DP1/Yop1p proteins form immobile oligomers in the tubular endoplasmic reticulum. J. Biol. Chem. 283 (27), 18892–18904. doi:10.1074/jbc.m800986200
 Shirane, M., and Nakayama, K. I. (2006). Protrudin induces neurite formation by directional membrane trafficking. Science 314 (5800), 818–821. doi:10.1126/science.1134027
 Sivars, U., Aivazian, D., and Pfeffer, S. R. (2003). Yip3 catalyses the dissociation of endosomal Rab-GDI complexes. Nature 425 (6960), 856–859. doi:10.1038/nature02057
 Solis, G. P., Hoegg, M., Munderloh, C., Schrock, Y., Malaga-Trillo, E., Rivera-Milla, E., et al. (2007). Reggie/flotillin proteins are organized into stable tetramers in membrane microdomains. Biochem. J. 403 (2), 313–322. doi:10.1042/BJ20061686
 Solis, G. P., Hülsbusch, N., Radon, Y., Katanaev, V. L., Plattner, H., and Stuermer, C. A. O. (2013). Reggies/flotillins interact with Rab11a and SNX4 at the tubulovesicular recycling compartment and function in transferrin receptor and E-cadherin trafficking. MBoC 24 (17), 2689–2702. doi:10.1091/mbc.E12-12-0854
 Soonthornsit, J., Sakai, N., Sasaki, Y., Watanabe, R., Osako, S., and Nakamura, N. (2017). YIPF1, YIPF2, and YIPF6 are medial -/trans -Golgi and trans -Golgi network-localized Yip domain family proteins, which play a role in the Golgi reassembly and glycan synthesis. Exp. Cell Res. 353 (2), 100–108. doi:10.1016/j.yexcr.2017.03.011
 Spisni, E., Tomasi, V., Cestaro, A., and Tosatto, S. C. E. (2005). Structural insights into the function of human caveolin 1. Biochem. Biophysical Res. Commun. 338 (3), 1383–1390. doi:10.1016/j.bbrc.2005.10.099
 Steiner, P., Kulangara, K., Sarria, J. C. F., Glauser, L., Regazzi, R., and Hirling, H. (2004). Reticulon 1-C/neuroendocrine-specific protein-C interacts with SNARE proteins. J. Neurochem. 89 (3), 569–580. doi:10.1111/j.1471-4159.2004.02345.x
 Stenmark, H. (2009). Rab GTPases as coordinators of vesicle traffic. Nat. Rev. Mol. Cell Biol. 10 (8), 513–525. doi:10.1038/nrm2728
 Stolle, K., Schnoor, M., Fuellen, G., Spitzer, M., Engel, T., Spener, F., et al. (2005). Cloning, cellular localization, genomic organization, and tissue-specific expression of the TGFβ1-inducible SMAP-5 gene. Gene 351, 119–130. doi:10.1016/j.gene.2005.03.012
 Tagami, S., Eguchi, Y., Kinoshita, M., Takeda, M., and Tsujimoto, Y. (2000). A novel protein, RTN-XS, interacts with both Bcl-XL and Bcl-2 on endoplasmic reticulum and reduces their anti-apoptotic activity. Oncogene 19 (50), 5736–5746. doi:10.1038/sj.onc.1203948
 Tang, B. L., Ong, Y. S., Huang, B., Wei, S., Wong, E. T., Qi, R., et al. (2001). A membrane protein enriched in endoplasmic reticulum exit sites interacts with COPII. J. Biol. Chem. 276 (43), 40008–40017. doi:10.1074/jbc.M106189200
 Tang, Y.-Q., Liang, P., Zhou, J., Lu, Y., Lei, L., Bian, X., et al. (2013). Auxiliary KChIP4a suppresses A-type K+ current through endoplasmic reticulum (ER) retention and promoting closed-state inactivation of Kv4 channels. J. Biol. Chem. 288 (21), 14727–14741. doi:10.1074/jbc.M113.466052
 Tani, K., Kogure, T., and Inoue, H. (2012). The intracellular phospholipase A1 protein family. Biomol. Concepts 3 (5), 471–478. doi:10.1515/bmc-2012-0014
 Tanimoto, K., Suzuki, K., Jokitalo, E., Sakai, N., Sakaguchi, T., Tamura, D., et al. (2011). Characterization of YIPF3 and YIPF4, cis-Golgi Localizing Yip domain family proteins. Cell Struct. Funct. 36 (2), 171–185. doi:10.1247/csf.11002
 Thielen, A., Oueslati, M., Hermosilla, R., Krause, G., Oksche, A., Rosenthal, W., et al. (2005). The hydrophobic amino acid residues in the membrane-proximal C tail of the G protein-coupled vasopressin V2 receptor are necessary for transport-competent receptor folding. FEBS Lett. 579 (23), 5227–5235. doi:10.1016/j.febslet.2005.08.043
 Tinti, M., Johnson, C., Toth, R., Ferrier, D. E. K., and Mackintosh, C. (2012). Evolution of signal multiplexing by 14-3-3-binding 2R-ohnologue protein families in the vertebrates. Open Biol. 2 (7), 120103. doi:10.1098/rsob.120103
 Tomás-Roca, L., Pérez-Aytés, A., Puelles, L., and Marín, F. (2011). In silico identification of new candidate genes for hereditary congenital facial paresis. Int. J. Dev. Neurosci. 29 (11), 451–460. doi:10.1016/j.ijdevneu.2011.02.007
 Tsaousidou, M. K., Ouahchi, K., Warner, T. T., Yang, Y., Simpson, M. A., and Laing, N. G (2008). Sequence alterations within CYP7B1 implicate defective cholesterol homeostasis in motor-neuron degeneration.. Am. J. Hum. Genet. 82 (2), 50–5. doi:10.1016/j.ajhg.2007.10.001
 Van Hilten, N., Stroh, K. S., and Risselada, H. J. (2020). Membrane thinning induces sorting of lipids and the amphipathic lipid packing sensor (ALPS) protein motif. Front. Physiol. 11, 250. doi:10.3389/fphys.2020.00250
 Varadi, M., Anyango, S., Deshpande, M., Nair, S., Natassia, C., Yordanova, G., et al. (2022). AlphaFold protein structure database: Massively expanding the structural coverage of protein-sequence space with high-accuracy models. Nucleic Acids Res. 50 (D1), D439–D444. doi:10.1093/nar/gkab1061
 Veleri, S., Nellissery, J., Mishra, B., Manjunath, S. H., Brooks, M. J., Dong, L., et al. (2017). REEP6 mediates trafficking of a subset of Clathrin-coated vesicles and is critical for rod photoreceptor function and survival. Hum. Mol. Genet. 26 (12), 2218–2230. doi:10.1093/hmg/ddx111
 Voeltz, G. K., Prinz, W. A., Shibata, Y., Rist, J. M., and Rapoport, T. A. (2006). A class of membrane proteins shaping the tubular endoplasmic reticulum. Cell 124 (3), 573–586. doi:10.1016/j.cell.2005.11.047
 Wang, Y., Guo, S., Li, D., Tang, Y., Li, L., Su, L., et al. (2020). YIPF2 promotes chemotherapeutic agent-mediated apoptosis via enhancing TNFRSF10B recycling to plasma membrane in non-small cell lung cancer cells. Cell Death Dis. 11 (4), 242. doi:10.1038/s41419-020-2436-x
 Waterhouse, A. M., Procter, J. B., Martin, D. M. A., Clamp, M., and Barton, G. J. (2009). Jalview Version 2--a multiple sequence alignment editor and analysis workbench. Bioinformatics 25 (9), 1189–1191. doi:10.1093/bioinformatics/btp033
 Wortmann, S. B., Espeel, M., Almeida, L., Reimer, A., Bosboom, D., Roels, F., et al. (2015). Inborn errors of metabolism in the biosynthesis and remodelling of phospholipids. J. Inherit. Metab. Dis. 38 (1), 99–110. doi:10.1007/s10545-014-9759-7
 Wu, Y., Chen, R., Zhao, X., Li, A., Li, G., and Zhou, J. (2011). JWA regulates chronic morphine dependence via the delta opioid receptor. Biochem. Biophysical Res. Commun. 409 (3), 520–525. doi:10.1016/j.bbrc.2011.05.037
 Yalçın, B., Zhao, L., Stofanko, M., O'Sullivan, N. C., Kang, Z. H., Roost, A., et al. (2017). Modeling of axonal endoplasmic reticulum network by spastic paraplegia proteins. Elife 6, e23882. doi:10.7554/eLife.23882
 Yamamoto, Y., Yoshida, A., Miyazaki, N., Iwasaki, K., and Sakisaka, T. (2014). Arl6IP1 has the ability to shape the mammalian ER membrane in a reticulon-like fashion. Biochem. J. 458 (1), 69–79. doi:10.1042/BJ20131186
 Yang, X., Matern, H. T., and Gallwitz, D. (1998). Specific binding to a novel and essential Golgi membrane protein (Yip1p) functionally links the transport GTPases Ypt1p and Ypt31p. EMBO J. 17 (17), 4954–4963. doi:10.1093/emboj/17.17.4954
 Yoshida, Y., Suzuki, K., Yamamoto, A., Sakai, N., Bando, M., Tanimoto, K., et al. (2008). YIPF5 and YIF1A recycle between the ER and the Golgi apparatus and are involved in the maintenance of the Golgi structure. Exp. Cell Res. 314 (19), 3427–3443. doi:10.1016/j.yexcr.2008.07.023
 Youle, R. J., and Strasser, A. (2008). The BCL-2 protein family: Opposing activities that mediate cell death. Nat. Rev. Mol. Cell Biol. 9 (1), 47–59. doi:10.1038/nrm2308
 Zaarour, N., Demaretz, S., Defontaine, N., Mordasini, D., and Laghmani, K. (2009). A highly conserved motif at the COOH terminus dictates endoplasmic reticulum exit and cell surface expression of NKCC2. J. Biol. Chem. 284 (32), 21752–21764. doi:10.1074/jbc.m109.000679
 Zheng, P., Chen, Q., Tian, X., Qian, N., Chai, P., Liu, B., et al. (2018). DNA damage triggers tubular endoplasmic reticulum extension to promote apoptosis by facilitating ER-mitochondria signaling. Cell Res. 28 (8), 833–854. doi:10.1038/s41422-018-0065-z
 Züchner, S., Wang, G., Tran-Viet, K.-N., Nance, M. A., Gaskell, P. C., Vance, J. M., et al. (2006). Mutations in the novel mitochondrial protein REEP1 cause hereditary spastic paraplegia type 31. Am. J. Hum. Genet. 79 (2), 365–369. doi:10.1086/505361
 Zurek, N., Sparks, L., and Voeltz, G. (2011). Reticulon short hairpin transmembrane domains are used to shape ER tubules. Traffic 12 (1), 28–41. doi:10.1111/j.1600-0854.2010.01134.x
Conflict of interest: The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Angelotti. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fmolb-09-912848-t006.jpg
Mammalian Mammalian interacting proteins Yeast Yeast interacting proteins

YiflA - Yiflp Ypt1/31p (Matern et al,, 2000)
- Yiplp (Matern et al., 2000)
Yipf5 (Shakoori et al, 2003; Jin et al., 2005) Yoslp (Heidtman et al, 2005)
VAMB (Kuijpers et al,, 2013) Secdp/VPS21 (Matern et al., 2000)

= COPII Vesicles (Otte et al.,, 2001)
YiflB Yipf5 (Al Awabdh et al, 2012) - -

Rab6 (Al Awabdh et al., 2012)

Kif5B (Al Awabdh et al,, 2012) dynein (Al Awabdh et al., 2012)

a2/p2 tubulin (Al Awabdh et al, 2012)

PRAFL Rab4B/5A/5C (Bucci et al, 1999) Yip3p -
Rabl/3A (Martincic et al.,, 1997; Hutt et al.,, 2000) =
Rab5/7/9 (Sivars et al., 2003) Yptlp (Geng et al., 2005)
VAMP2 (Martincic et al., 1997) Yiplp (Calero and Collins, 2002)
{1-COP (Abu Irgeba and Ogilvie, 2019) Rtnlp (Geng et al., 2005)
y-COP (Lee et al., 2011) COP 11 Vesicles (Otte et al,, 2001)

Piccolo (Fenster et al, 2000) -

BCL2A1 (Kim et al,, 2019) -
PRAF2 PRAF3 (Schweneker et al., 2005) - -
PRAF3 PRAF2 (Schweneker et al., 2005) - -

Arl6IP1 (Yamamoto et al,, 2014)

Rtn2B (Liu et al,, 2008)





OPS/xhtml/nav.xhtml
Contents

		Cover

		Exploring the eukaryotic Yip and REEP/Yop superfamily of membrane-shaping adapter proteins (MSAPs): A cacophony or harmony of structure and function?		1 Introduction		1.1 Ypt/rab GTPases and vesicle trafficking

		1.2 Identification of yeast ypt-interacting proteins (yip family)





		2 Yeast Yip/Mammalian Yipf family		2.1 Yeast Yip family

		2.2 Mammalian Yipf family

		2.3 Yip/Yipf family summary





		3 Yeast Yop1p/Mammalian REEP family		3.1 Yeast Yop1p

		3.2 Mammalian REEP family

		3.3 Yop1p/REEP family summary





		4 Yeast/mammalian Yif family		4.1 Yeast Yif1p

		4.2 Mammalian Yif family

		4.3 Yif1p/Yif family summary





		5 Yeast Yip3p/mammalian PRAF family		5.1 Yeast Yip3p

		5.2 Mammalian PRAF family

		5.3 Yip3p/PRAF family summary





		6 Comparison of yip subfamilies		6.1 Cellular and biochemical function

		6.2 Membrane localization and the role of APH domains

		6.3 APH domains and hereditary spastic paraplegia

		6.4 Yip family comparison with other hairpin containing proteins





		7 Membrane-shaping adapter proteins

		8 Future research directions		8.1 Do all yip family members have similar structure as REEPs/Yop1p?

		8.2 Do other yip family members play a role in rab cycling beyond PRAF1?

		8.3 Do other yip family members function as adapters for cargo protein transport?

		8.4 Do all yips function as membrane-shaping adapter proteins?





		9 Concluding remarks

		Author contributions

		Publisher’s note

		Acknowledgments

		Supplementary material

		References









OPS/images/fmolb-09-912848-t005.jpg
HGNC Alternative Alternative Yeast Localization Cargo
nomenclature (Shaik names homolog domains
et al., 2019)
YiflA YIPFBIA HuYifl (Jin et al, Yiflp (Matern 5 Golgi (Shakoori et al,
(Yoshida et al., 2005) et al, 2000) 2003)
2008) FinGER? (Shakoori ER-Golgi Tx (Kuijpers
et al, 2003) et al, 2013)
- ERGIC (Yoshida et al.,
2008; Kuijpers et al,, 2013)
YifiB YIPEBIB FinGERS (Shakoori ~ — 5 Golgi (Shakoori et al., SHTzR (Carrel et al,,
(Yoshida et al., et al, 2003) 2003) 2008)
2008) ER-Golgi T (Carrel et al,
2008)
ERGIC (Carrel etal, 2011;
Alterio et al., 2015)
PRAFI (Fo - Yip3 (Sivars etal,  — 4 -
et al,, 2006) 2003)
PRAI (Pfeffer and  Yip3p (Calero and Golgi (Abdul-Ghani et al,,
Avazian, 2004) Collins, 2002) 2001)
RABACI PRAIp (Calero Endosome (Sivars et al.,
(Abdul-Ghani etal.,  and Collins, 2002) 2003; Geng et al., 2005)
2001)
Prenylin (Liang et al, — -
2004)
PRAF2 (Fo - Yip6a (Ruggieroetal, — 4 ER (Abdul-Ghani et al,  CCRS (Schweneker et al,
et al,, 2006) 2008) 2001; Fo et al,, 2006) 2005)
PRA3 (Pfeffer and GABAg R (Doly et al.,
Aivazian, 2004) 2016)
M4 (Schweneker
et al,, 2005)
PRAF3 (Fo - Yip6b (Ruggieroetal, — 4 ER (Abdul-Ghani et al,  EAACI (Lin et al, 2001a;
et al,, 2006) 2008) 2001; Ruggieroetal, 2008)  Ruggiero et al., 2008)

PRA2 (Pfeffer and
Aivazian, 2004)

JWA (Wu etal, 2011)

GTRAP3-18
(Butchbach et al,,
2002)

Arl6-1PS (Ingley et al.,
1999)

Addicsin (Inoue et al.,
2005)

EAAT1-4 (Butchbach
et al,, 2002; Ruggiero
et al,, 2008)

P2AR, a;3AR, DR
(Ruggiero et al., 2008)

DOR (Wu et al., 2011)

CCR7, SHT:R, CCR2
(Doly and Marullo, 2015)





OPS/images/fmolb-09-912848-t008.jpg
HGNC Yeast homolog Localization Interacting proteins
domains
Caveolin 1 (Glenney, 1992) - 1 PM/Caveola (Ariotti et al,  —
2015)
Caveolin 2 (Scherer et al., 1996) - 1 PM/Caveola (Ariotti et al,  —
2015)
Caveolin 3 (Biederer et al,, 1998)  — 1 PM/Caveola (Ariotti et al,  —
2015)
Rtnl (Roebroek et al,, 1993) Rtnlp (Geng et al, 2005) 2 ER (Voeltz et al., 2006) =
Rtn2 (Roebroek et al,, 1993) - 2 ER (Voeltz et al., 2006) =
Rtn3 (Moreira et al, 1999) - 2 ER (Voeltz et al., 2006) -
Rtn4 (Roebroek et al., 1993) - 2 ER (Voeltz et al,, 2006) —
Protrudin (Shirane and Nakayama, ~— 3 ER (Saita et al,, 2009) KifSa-c (Chang et al., 2013; Hashimoto et al,
2006) 2014)
Alastin-1 (Hashimoto et al., 2014)
REEP1/5 (Hashimoto et al, 2014)
VAP-A (Saita et al., 2009)
Rabl11 (Saita et al,, 2009)
FAMI34B (Khaminets et al,, 2015)  Atg40p (Mochida etal, 4 ER (Khaminets et al, 2015)  LC3 (Khaminets et al., 2015)

2015)

GABARAP (Khaminets et al,, 2015)





OPS/images/fmolb-09-912848-t007.jpg
Membrane

topology
Yipf 4/~
REEP  ++
Yif 4
PRAF  +

SNARE/Rab interacting
proteins

++
+
%

++

Tubulin/Motor interacting
proteins

++

++

Adapter
function

++

++

Cargo
effects

++
+

++

Rab
effects

++

- = not described to date in the literature.
+/- = conflicting data in the lterature.

P

o s e e

the literature.





OPS/images/fmolb-09-912848-t004.jpg
Mammalian

REEP1

REEP2

REEP3

REEP4

REEPS

REEP6

Mammalian interacting proteins

Atlastin 1-3 (Hu et al., 2009; Park et al,, 2010)

MI-Spastin (Park et al,, 2010)

Protrudin (Hashimoto et al,, 2014)
Tubulin (Park et al,, 2010)

14-3-3 Protein Family (Tinti et al,, 2012)
Seipin (Renvoise et al, 2016)

Seyl (Hu et al,, 2009) (Arabidopsis)
Rablb/3a (Gurkan et al,, 2005)

Tubulin (Park et al., 2010)

14-3-3 Protein Family (Tinti et al., 2012)
Tubulin (Park et al,, 2010)

14-3-3 Protein Family (Tinti et al,, 2012)
Rablb/3a (Gurkan et al,, 2005)
RAB3GAP-1/2 (Tinti et al, 2012)
Tubulin (Park et al., 2010)

14-3-3 Protein Family (Tinti et al,, 2012)

Yipf5 (Dykstra et al,, 2010)

Protrudin (Chang et al, 2013; Hashimoto et al,, 2014)

Rtn3c (Shibata et al, 2008)

Rtnda/b (Voeltz et al., 2006)

Clathrin (Veleri et al,, 2017)
SNARE/Syntaxin3 (Veleri et al., 2017)

Yeast

Yoplp

Yeast interacting proteins

YpI6/7/52p (Calero et al., 2001)

Yiplp (Calero et al., 2001)

Yiflp (Heidtman et al,, 2003; Shibata et al., 2008)
Secdp (Calero and Collins, 2002)

Rtnlp (Voeltz et al., 2006)

Rtn2p (Voeltz et al, 2006)





OPS/images/fmolb-09-912848-t003.jpg
HGNC

REEP1

REEP2

REEP3
REEP4
REEPS

REEP6

Alternative names

Yip2a (Pfeffer and Aivazian, 2004)

ReepA (Napoli et al., 2019)
(Drosophila)

Yip2d (Pfeffer and Aivazian, 2004)

Yip2b (Pfeffer and Aivazian, 2004)
Yip2c (Pfeffer and Aivazian, 2004)
Yip2e (Pfeffer and Aivazian, 2004)

TB2 (Kinzler et al,, 1991; Nishisho
etal,, 1991)

DPI (Joslyn et al., 1991)
Yip2f (Pfeffer and Aivazian, 2004)

TBI (Nishisho etal., 1991; Sato et al,
2005)

DPILI (Sato et al., 2005)

Yeast homolog

Yoplp (Calero et al,
2001)

domains

Localization

ER (Voeltz et al., 2006; Park et al., 2010; Bjork
et al, 2013)

ER (Bjork et al., 2013)

ER (Bjork et al., 2013)

Cargo

ORs (Saito et al., 2004)

TAS2R (Behrens et al.,
2006)

Q2CAR (Bjork et al.,
2013)

ORs (Saito et al., 2004)

TIR2/TIR3 (Ilegems
etal, 2010)

A2AR (Bjork et al.,
2013)

A2CAR (Bjork et al.,
2013)









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Molecular Biosciences





OPS/images/fmolb-09-912848-g005.gif





OPS/images/fmolb-09-912848-g006.gif





OPS/images/fmolb-09-912848-g003.gif





OPS/images/fmolb-09-912848-g004.gif





OPS/images/fmolb-09-912848-t002.jpg
Mammalian Mammalian interacting proteins Yeast Yeast interacting proteins

Yipfl Yipf6 (Shakoori et al., 2003) Yipsp Ypt1/7/10/11/31/32/52/53p (Calero et al., 2002)
Yipf2 (Shakoori et al, 2003) Yipdp (Calero et al., 2002)
Secdp (Calero et al,, 2002)
Yipf2 Yipf6 (Shakoori et al., 2003) - -
Yipf1 (Shakoori et al,, 2003)
Rab5, Rab22a (Qi et al, 2019)
Rab8 (Wang et al., 2020)
CD147 (Qi et al, 2019)
TNFRF10B (Wang et al., 2020)

Yipf Yipf4 (Tanimoto et al., 2011) - -
Yipf4 Yipf3 (Tanimoto et al., 2011) — =
Yipfs - Yiplp Yptl/31p (Yang et al, 1998; Matern et al,, 2000; Chen et al., 2004)
- Yipdp (Calero et al, 2002)
YiflA (Jin et al,, 2005) Yifla (Matern et al., 2000)
Sec23/24 (COPII) (Tang et al., 2001) Yoplp (Calero et al,, 2001)
REEP5 (Dykstra et al, 2010) Yos1p (Heidtman et al, 2005)
- Bos1p/Sec22p (Barrowman et al,, 2003)
- COPII vesicles (Otte et al., 2001; Heidtman et al., 2003)
. SNC2p/TLGIp (Ito et al., 2001)
Yipfe - Yipdp Ypt1/6/7/10/11/31/32/52/53p (Calero et al., 2002)
Yipfl (Shakoori et al., 2003) Yiplp (Calero et al, 2002)
Yipf2 (Shakoori et al,, 2003) YipSp (Calero et al,, 2002)

- Secdp (Calero et al.,, 2002)
Yipf7 - - -





OPS/images/fmolb-09-912848-g007.gif





OPS/images/fmolb-09-912848-t001.jpg
HGNC Alternative Alternative Yeast Localization
nomenclature (Shaik names homolog domains
et al., 2019)
Yipfl (Soonthornsit et al,  YIPFB3A Yipsa (Pefferand  YipSp (Calero 5 trans-Golgi (Shakoori et al., 2003; Kranjc
2017) Aivazian, 2004) et al, 2002) et al,, 2017; Soonthornsit et al,, 2017)
FinGERI (Shakoori
et al,, 2003)
Yipf2 (Soonthornsit et al,  YIPEB3B Yipsc (Pfeffer and - 5 trans-Golgi (Shakoori et al., 2003; Lisauskas
2017) Aivazian, 2004) etal, 2012; Kranjc et al,, 2017; Soonthornsit
FinGER2 (Shakoori etl,2017)
et al,, 2003)
Yipf3 (Tanimoto et al,  YIPFB2 Yipsb (Pfeffer and  — 5 cis-Golgi (Shakoori et al,, 2003; Tanimoto
2011) Aivazian, 2004) et al,, 2011; Lisauskas et al, 2012; Kranjc
FinGER3 (Shakoori etal, 2017)
et al,, 2003)
KLIP1 (Prost et al.,
2002)
Yipf4 (Tanimoto etal,  YIPFa2 FinGER4 (Shakoori ~ — 5 cis-Golgi (Shakoori et al,, 2003; Tanimoto
2011) etal, 2003) et al,, 2011; Lisauskas et al, 2012; Kranjc
etal, 2017)
Yipf5 (Yoshida etal, 2008)  YIPFalA Yipla (Tangetal,  Yiplp (Yang 5 cis-Golgi (Shakoori et al,, 2003; Tanimoto
2001) et al, 1998) et al, 2011; Kranjc et al., 2017)
FinGERS5 (Shakoori ER Exit Site (Tang et al., 2001; Heidtman
et al,, 2003) et al,, 2003)
SMAP-5 (Stolle et al., ERGIC (Yoshida et al., 2008; Kano et al.,
2005) 2009)
Yipf6 (Brandl et al,, 2012;  YIPFa3 Yip4 (Pfeffer and Yipdp (Calero 5 Golgi (Shakoori et al, 2003; Kranjc et al.,
Soonthornsit et al,, 2017) Aivazian, 2004) et al, 2002) 2017; Soonthornsit et al, 2017)
FinGERS (Shakoori
et al., 2003)
Yipf7 (Yoshida etal, 2008) ~ YIPFalB Yiplb (Tang etal,  — 5 Golgi (Tanimoto et al., 2011; Barone et al,

2001)

FinGER9 (Stolle et al.,
2005)

2015; Kranjc et al., 2017)
ERGIC (Barone et al., 2015)





OPS/images/cover.jpg
, frontiers ‘ Frontiers in Molecular Biosciences

Exploring the eukaryotic Yip and
REEP/Yop superfamily of
membrane-shaping adapter
proteins (MSAPs): A cacophony
or harmony of structure and

function?





OPS/images/fmolb-09-912848-g001.gif
" ]
]

Ve
o

®

~
P
>





OPS/images/fmolb-09-912848-g002.gif





