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Abstract

Prenylated Rab Acceptor 1 (PRA1/Rabac1) is a four-pass transmembrane protein that has

been found to localize to the Golgi and promiscuously associate with a diverse array of Rab

GTPases. We have previously identified PRA1 to be among the earliest significantly down-

regulated genes in the rd1 mouse model of retinitis pigmentosa, a retinal degenerative dis-

ease. Here, we show that an endogenous subpopulation of PRA1 resides within the endo-

plasmic reticulum (ER) at ER-mitochondria membrane contact sites in cultured mammalian

cells. We also demonstrate that PRA1 contains two previously unidentified ER retention/

retrieval amino acid sequences on its cytosolic N-terminal region: a membrane distal di-argi-

nine motif and a novel membrane proximal FFAT-like motif. Using a truncation construct

that lacks complete Golgi targeting information, we show that mutation of either motif leads

to an increase in cell surface localization, while mutation of both motifs exhibits an additive

effect. We also present evidence that illustrates that N- or C- terminal addition of a tag to full-

length PRA1 leads to differential localization to either the Golgi or reticular ER, phenotypes

that do not completely mirror endogenous protein localization. The presence of multiple ER

retention motifs on the PRA1 N-terminal region further suggests that it has a functional role

within the ER.

Introduction

The rd1 mouse is an animal model of retinitis pigmentosa, a disease that affects nearly one in

four thousand, leading to degeneration of photoreceptors and eventual blindness of affected

individuals [1,2]. We have previously identified Prenylated Rab Acceptor 1 (PRA1) as a gene

that is significantly down-regulated at postnatal day 2 (P2) in the rd1 mouse retina [3], particu-

larly notable since cell death begins around P10. We have also shown that PRA1 is enriched in

normal photoreceptors, is not trafficked to the outer segment, and is mis-localized in rd1 pho-

toreceptors prior to the onset of degeneration [3].

PRA1 is highly conserved in eukaryotes and ubiquitously expressed in mammalian tissues

[4]. Previous work has suggested that it plays an important role in protein trafficking, specifi-

cally in recycling Rab GTPases back to donor membranes [5,6]. Rabs are members of the Ras
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superfamily that regulate vesicular targeting and trafficking within eukaryotic cells. The recy-

cling of Rabs back to their donor membrane requires a GDP dissociation inhibitor (GDI) to

mask the prenyl tail from the aqueous environment after extraction from the target membrane.

Rabs are known to strongly associate with GDIs to form a complex, which has led some to pos-

tulate that there must be an effector, a GDI displacement factor (GDF), on the donor mem-

brane that participates in the dissociation process and re-insertion of the Rab prenyl tail into

the donor membrane [7–10]. The only proposed eukaryotic Rab GDF thus far is PRA1 [11,12].

PRA1 promiscuously associates with many Rabs, although it seems to have a preference for

those that are endosomally localized [6,9,13–16]. While previous studies have alluded to a role

for PRA1 in Rab trafficking, in-vivo evidence that supports this proposed function has been

lacking [6,9]. In fact, knock-out of the PRA1 homolog in yeast demonstrates that it is non-

essential, with no evident phenotype in the endosomal system and no change in Rab GTPase

localization [17,18]. Furthermore, in-vivo evidence points to a more structural role within the

early secretory pathway as knock-down or knock-out of PRA1 leads to abnormal ER and

Golgi phenotypes [18–21]. We recently used an unbiased approach that takes into account the

membrane association of PRA1 to screen for novel binding partners and failed to identify any

Rab GTPases [22]. Together, this suggests that PRA1 may have other roles that have not been

elucidated.

To gain insight into the functional role that PRA1 plays in photoreceptors and mammalian

cells in general, we studied the localization of endogenous PRA1 and the minimal trafficking

motifs responsible for its retention within the early secretory pathway. Previously, others have

demonstrated that PRA1 is a Golgi resident [11,12]. Here, we show that endogenous PRA1 does

not strictly localize to the Golgi. In NIH3T3 cells, a large population also resides at ER-mito-

chondria membrane contact sites. We present evidence that a novel, but highly conserved

FFAT-like motif and a di-arginine ER retrieval motif on the PRA1 cytosolic N-terminal region

each play a role in the retention of a subpopulation within the ER. Mutation of these motifs in

PRA1 constructs with incomplete Golgi targeting information leads to an increase in cell surface

localization within epithelial cells. We further demonstrate that the addition of tags to the full

length PRA1 open reading frame obfuscates its true endogenous localization. To our knowl-

edge, this is the first time that endogenous mammalian PRA1 has been localized to the ER.

Materials and methods

Animals

C57Bl/6J mice were used for all retinal image acquisition experiments. Animals were housed in

12hr/12hr light/dark conditions with food and water ad lib. All experiments conformed to the

National Institutes of Health Guidelines on Laboratory Animal Welfare using procedures that

were approved by the Saint Louis University Institutional Animal Care and Use Committee.

Plasmids and cloning

All cloning reagents were purchased from New England Biolabs (Ipswich, MA, USA). All oli-

gonucleotides used were ordered from Integrated DNA Technologies (Coralville, IA, USA).

See S1 Table for primer sequences. The pCAGIG vector was made available by Connie

Cepko via Addgene (Cambridge, MA, USA; plasmid #11159) [23]. To generate the mCherry-

sec61b construct, mCherry was amplified from Addgene plasmid #49155 with primers con-

taining an EcoRI site upstream and Kpni, MluI, and BglII sites downstream of the PCR prod-

uct and subsequently cloned into the EcoRI/BglII sites on the pCAGIG vector. Sec61b was

amplified from mouse retinal cDNA and cloned downstream of mCherry using the KpnI/

MluI restriction enzyme sites. To generate mMannII-mCherry, mCherry was cloned within
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the pCAGIG vector EcoRI/BglII sites after amplification with a forward primer that has an

EcoRI and MluI restriction enzyme sites and reverse primer with a BglII restriction enzyme

site. Mouse Mannosidase II amino acids 1–116 was amplified from Addgene plasmid #65261

using a forward primer that contains an XbaI site and a reverse primer with an MluI site and

further subcloned upstream of the mCherry open reading frame.

Overlap-extension PCR was used to generate the EGFPA206K mutant that was fused N/C-

terminally to all PRA1-GFP/GFP-PRA1 constructs. Mouse PRA1 cDNA was obtained from

Origene (Rockville, MD, USA; Cat# MC200290). The PRA1-GFP construct was made by

amplification and cloning of the PRA1 ORF into the pCAGIG vector using the XhoI/MscI

restriction sites. To generate the GFP-PRA1 construct, EGFPA206K was amplified with a for-

ward primer that contains an XhoI site and a reverse primer that contains both MluI and BglII

sites and cloned into the PCAGIG vector using the XhoI/BglII sites. PRA1 was then subcloned

downstream of GFP using the MluI and BglII sites.

For the cell surface assay, the Snorkel-Tag open reading frame was re-constructed using

overlapping oligos with a second FLAG tag added to its C-terminus to increase anti-FLAG

antigenicity [24]. The Snorkel-Tag was cloned into the XhoI and BglII sites on the pCAGIG

vector with a KpnI site added between the XhoI site and the Snorkel-Tag open reading frame.

PRA1 constructs were then subcloned into the XhoI/KpnI sites in-frame with the downstream

Snorkel-Tag. All PRA1 mutations described in this manuscript were introduced via overlap-

extension PCR [25].

All constructs used in this study were verified via Sanger sequencing at either the Washing-

ton University School of Medicine Protein and Nucleic Acid Chemistry Laboratory (St. Louis,

MO, USA) or Eurofins Sequencing (Louisville, KY, USA).

Cell culture

COS-7 cells [ATCC CRL-1651] and NIH3T3-L1 cells [ATCC CL-173] were acquired from

American Type Culture Collection (ATCC, Manassas, VA). Cell lines were validated via mor-

phology and growth curve analysis prior to use. Cells were cultured in DMEM with 10% fetal

bovine serum (Sigma-Aldrich, St. Louis, MO) and 1X antibiotic/antimycotic solution (Gibco,

Waltham, MA). Transfections were carried out using Lipofectamine 2000 (ThermoFisher Sci-

entific, Waltham, MA) in 12 and 24 well plates according to manufacturer’s instructions.

Immunochemical staining

Eyecups were harvested at P21, fixed in 4% paraformaldehyde, washed in 0.1 M phosphate

buffer, cryoprotected in 30% sucrose overnight, and embedded in OCT (Sakura, Torrance,

CA, USA), as described previously [3]. Eyecups were cut into twelve-micron sections using a

Leica CM 1850 cryostat. Cell cultures were grown on coverslips. For labeling with the 3F3A

antibody, cell cultures were fixed using -80˚C super-cooled 80/20% v/v methanol/acetone mix-

ture and then placed at -20˚C for 20 minutes. Cells were then rehydrated with a PBS rinse

every 10 minutes for 60 minutes total. For all other cell culture labeling, a standard 4% parafor-

maldehyde fixation protocol was used. No immunofluorescence was observed in control

experiments omitting primary antibodies.

The following antibodies (diluted in blocking solution) were used in this study: rabbit anti-

PRA1 (1:100, Abgent, San Diego, CA, Cat #AP9049a; polyclonal generated against amino

acids 1–30; validated in S1 Fig), rabbit anti-PRA1 (1:100, Proteintech, Rosemont, IL, Cat

#10542-1-AP; polyclonal generated against full length protein; validated in S2 Fig), mouse

anti-GM130 (1:1000, BD Biosciences, San Jose, CA, Cat #610822), mouse anti-KDEL (1:200,

Abcam, Cambridge, UK, Cat #ab12223), goat anti-Calnexin (1:50, Santa Cruz, Dallas, TX, Cat
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#sc-6465), mouse anti-Ctbp2/Ribeye (1:100, BD Biosciences, San Jose, CA, Cat #612044), and

rat anti-Gp78/AMFR (1:50, EMD Millipore, St. Louis, MO, Cat #MABC949). The mitochon-

dria were labeled with MitoTracker DeepRed FM according to manufacturer’s instructions

(Cat #M22426 ThermoFisher Scientific). All secondary antibodies used were Alexa Fluor (488/

555/647) dyes from ThermoFisher Scientific.

For retinal sections, after the application of secondary antibodies, the nucleus was stained

with TO-PRO-3 iodide (1:500 in phosphate buffered saline (PBS), ThermoFisher Scientific Cat

#T3605) for 15 minutes. Sections were then washed in PBS for 15 minutes. Cell cultures were

stained according to previously described procedures [26]. Vectashield mounting medium

with or without DAPI (VWR, Radnor, PA) was applied to each retinal section or cultured cells

prior to the application of coverslips.

Confocal microscopy and data analysis

Retinal images were acquired using a Zeiss LSM 510 Meta Pascal confocal microscope (63x oil

objective). All cultured cell line images were acquired using an Olympus FV1000 confocal micro-

scope (60x oil objective). All settings were used consistently for experiments stained with the same

antibodies. Image processing was completed using ImageJ software (National Institutes of

Health). All immunohistochemical data is representative of three non-adjacent sections from each

of four different retinas or, for cell cultures, of four different transfections in four separate wells.

Pearson’s correlation and linescan analysis of colocalization was performed with ImageJ.

Cell surface assay

The cell surface assay protocol was carried out in 24 well plates. COS-7 cells were plated at 104

cells per well 24 hours prior to transfection. PRA11-131-Snorkel-Tag fusions were used to quan-

tify ER retention efficacy. The protocol for colorimetric quantification of cell surface protein

localization was carried out as described previously [27,28]. 0.3 μg of each construct was mixed

with 0.6 μl of Lipofectamine 2000 in Opti-MEM, incubated for 30 minutes, then added to cells.

Six hours after transfection, fresh media was added to each well. Twenty-four hours after trans-

fection, cells were washed twice with room temperature PBS and new media was added. Forty-

eight hours after transfection, cells were washed with PBS. A blocking solution (1% milk in

PBS) was then added to cells for 20 minutes and subsequently replaced with an anti-FLAG

antibody (1:1000 in blocking solution) (Cat #F3165, Sigma-Aldrich) for one hour. Cells were

then washed 8X with PBS, fixed for 10 minutes with 4% paraformaldehyde, washed once with

PBS, and the fixative was quenched with 1 mM glycine in PBS for 10 minutes. Cells were

blocked for 15 minutes in blocking solution followed by incubation in an anti-mouse HRP sec-

ondary antibody diluted in blocking solution (1:750) for one hour. Cells were then washed 6X

with PBS. PBS was then removed and OPD assay solution (Cat # P9187, Sigma-Aldrich) was

added for 30 minutes in the dark, the reaction was then halted using 125 μl of 3 N HCl. Absor-

bance was read at 492nm using a Bio-Tek Synergy H1 plate reader (n = 9 for each construct).

GFP transfected and non-transfected wells were used as a control. No difference in back-

ground signal between the two controls was observed. The GFP open reading frame was

expressed using the same vector backbone as the Snorkel-Tag fusion constructs.

Statistical analysis

After all absorbance data was averaged for each condition, the average for non-transfection

control wells was subtracted from all readings to remove background. In order to determine

the relative fold-change of each construct compared to the wild-type, the resulting averages

were divided by the average for the wild-type construct. Statistical significance was determined
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using one-way ANOVA followed by a least significant difference (LSD) Post-Hoc test. A p

value < 0.05 was considered significant.

Results

Endogenous PRA1 does not strictly localize to the Golgi

We have previously identified PRA1 as a gene that is significantly down-regulated prior to the

onset of photoreceptor degeneration in the rd1 retina [3]. We sought to replicate previous

results that established PRA1 as a Golgi resident [11,12]. PRA1 is known to be a multi-pass

transmembrane protein (Fig 1A) [29]. Consistent with our previous report, endogenous PRA1

labeling in photoreceptors confirmed co-localization with the Golgi marker GM130 (Fig 1B)

[3,30]. We also found that PRA1 partially co-localizes with the photoreceptor synapse marker

Ribeye (Fig 1C) [31]. In photoreceptors, the Golgi lies within the inner segment distal to the

outer nuclear layer; yet staining for PRA1 demonstrates a localization pattern spread through-

out the cell (Fig 1B). The distinct morphology and small diameter of mouse photoreceptors

makes it difficult to discern among the subcellular compartments. To better characterize the

subcellular localization, we turned to cultured NIH3T3 cells.

Consistent with observations in photoreceptors, endogenous PRA1 co-localizes with the

Golgi marker GM130, but much of the protein lies outside of this organelle in NIH3T3 cells

(Figs 2A and S3A). Previous studies have localized PRA1 to the ER in both Saccharomyces cere-
visiae and Arabidopsis thaliana [18,32]. In addition, PRA1 mRNA has been reported to co-frac-

tionate with the ER in yeast, suggesting that the protein is translated across the ER membrane

[33]. We stained cells with both KDEL and Calnexin specific antibodies, and found that

although some PRA1 does co-localize with these ER markers, much of it does not (Figs 2B, 2C,

S3B and S3C). We observed that PRA1 staining is characterized by a “string-like” pattern that

radiates throughout the cell, which is reminiscent of mitochondrial localization. A specific and

structurally distinct sub-region of the smooth ER is known to make contact with the mitochon-

dria. This region of the ER only partially co-localizes with the reticular ER, and is distinct in its

close apposition to the mitochondria [34]. Double labeling with PRA1 and MitoTracker, a mito-

chondrial marker, shows that PRA1 co-localizes extensively with mitochondria in NIH3T3 cells

(Figs 2D and S3D). This co-localization is not one-to-one in nature; it is evident that flanking

regions of PRA1 immunoreactivity within these string-like domains does not completely lie at

the interface with the mitochondria. This phenotype was confirmed using a second commer-

cially available polyclonal antibody made against the full length protein (Proteintech), which

also shows that PRA1 co-localizes with mitochondria in NIH3T3 cells (S2 Fig).

The 3F3A antibody to Gp78/AMFR has previously been found to label a subpopulation of

this protein that is localized to the smooth ER tubules that lie at the interface with the mito-

chondria [34,35]. Co-localization of Gp78/AMFR (3F3A) and PRA1 further confirms that a

subpopulation of PRA1 resides at ER-mitochondria membrane contact sites (Figs 2E and

S3E). Together, this data demonstrates that endogenous PRA1 localization extends beyond the

Golgi in both photoreceptors and NIH3T3 cells. Specifically, within NIH3T3 cells, a sub-popu-

lation of endogenous PRA1 localizes to ER-mitochondria membrane contact sites.

Mutation of di-arginine and FFAT-like motifs on the PRA1 cytosolic N-

terminal region leads to a significant increase in cell surface localization of

constructs with incomplete Golgi targeting information

The topology of PRA1 has previously been characterized using in-depth biochemical studies

(Fig 1A) [29]. The four-pass transmembrane structure is interrupted by an 18 amino acid
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central cytosolic stretch. Both N- and C-terminal regions are cytosolic, 78 and 20 amino acids

in length, respectively. Two highly hydrophobic domains facilitate the association of PRA1

with the membrane: HD1 and HD2, each made up of two predicted membrane-spanning

alpha helices.

Previously, it has been demonstrated that the short cytosolic C-terminal region contains a

di-acidic motif that facilitates ER exit and delivery to the Golgi [5,11,12,36]. Furthermore, the

Fig 1. Endogenous PRA1 does not strictly localize to the Golgi in mature C57Bl/6J photoreceptor cells. (A) Schematic showing PRA1

topology. (B) PRA1 partially co-localizes with both the Golgi marker GM130, and the ribbon synapse marker Ribeye (C) as indicated by solid

arrowheads. Images are representative of three non-adjacent sections from four retinas and are compiled from a single 1 μm z-section. Insets

are nine-fold magnifications of an area within the displayed images, highlighted with a dashed-line. Scale bar: 10 μm. Green: PRA1, Magenta:

Organelle markers, Blue: Nuclear labeling via TO-PRO-3, White: Co-localization, OS: Outer segment, IS: Inner segment, ONL: Outer

nuclear layer, OPL: Outer plexiform layer.

https://doi.org/10.1371/journal.pone.0243075.g001
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Fig 2. A subpopulation of endogenous PRA1 is localized to Gp78/AMFR positive ER-mitochondria membrane contact sites in NIH3T3 cells.

PRA1 was co-stained with (A) GM130, (B) KDEL, (C) Calnexin, (D) MitoTracker, and (E) Gp78/AMFR (3F3A antibody). Solid arrowheads denote

regions of co-localization; empty arrowheads denote regions of independent PRA1 localization. Images are representative of at least three acquisitions

and are compiled from a 1 μm z-section. Insets are ten-fold magnifications of an area within the displayed images, highlighted with a solid-line. Scale

bar: 10 μm. Green: PRA1, Magenta: Organelle specific marker, Blue: Nuclear labeling via DAPI, White: Co-localization.

https://doi.org/10.1371/journal.pone.0243075.g002
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C-terminal valine is known to be important for dimerization of PRA1, which is also required

for ER exit [37]. Deletion of the cytosolic C-terminal region leads to ER retention, suggesting

that the ER localization we observed is mediated by amino acid sequence information on the

78 amino acid long cytosolic N-terminal region, which has not been extensively studied [12].

To screen for the possible existence of ER retention motifs on the PRA1 N-terminal

domain, we used an ELISA-based cell surface assay approach. Targeted mutation of amino

acid sequences responsible for retention to the ER should lead to an increase in the cell surface

localization of PRA1 truncation constructs, as these mutants will be pushed out to the plasma

membrane at a higher rate. This assay requires an extracellular epitope that becomes detectable

upon PRA1 cell surface localization. The Snorkel-Tag (Fig 3C), a single pass transmembrane

protein, was designed as a tool to survey cell surface localization for membrane proteins that

have a cytosolic C-terminus [24], such as PRA1. We fused the Snorkel-Tag to PRA11-131, spe-

cifically selecting this construct because it does not have the Golgi targeting sequences that lie

on the cytosolic C-terminal domain. These Golgi targeting sequences would lead to Golgi

retention and hinder movement through the secretory pathway to the plasma membrane. Fur-

thermore, this truncation construct has previously been shown to reside within the ER by

default [12]. We have also found that regions within both PRA1 transmembrane domains play

an important role in facilitating Golgi delivery and retention (unpublished data). Omission the

HD2 domain and the cytosolic C-terminal region allows the PRA11-131 truncation construct to

pass through the Golgi, while inherently disrupting the Golgi retention mechanism. This leads

to a more efficient passage through the secretory pathway to the cell surface without changing

the topology of the HD1 domain or modifying cytosolic N-terminal region trafficking motif

distance from the membrane. Thus, this de-coupling strategy further optimizes the cell surface

assay for analysis of the N-terminal sequence and supports better output resolution without

introducing other confounding variables.

Examination of the PRA1 cytosolic N-terminal amino acid sequence shows that there is

one potential di-arginine ER retention motif that is both highly conserved, and lies within a

functional distance from the membrane (Fig 3A) [38,39]. Upon mutation of the sequence to

alanine (R37,38,39A), we observed an increase in cell surface localization (Fig 3D and 3E).

After further examination of the N-terminal amino acid sequence, we identified a highly con-

served string of residues that comprise a potential FFAT-like motif preceding the first pre-

dicted membrane insertion site (Fig 3A). Although the FFAT motif was initially described as

two phenylalanines (FF) in an Acidic Tract, strong deviations from this sequence have been

identified [40–42]. The initial FFAT motif consensus sequence was posited to be EFFDAxE,

where x can be any amino acid. Subsequently, other aromatic residues have been found to sub-

stitute for phenylalanines and it has also been demonstrated that the acidic tract does not need

to be completely intact [42]. The putative PRA1 FFAT-like motif contains an initial acidic

amino acid (E), two aromatic residues (YY), a polar amino acid (Q), and SNY (Fig 3A).

Amino acid alignment shows that this motif is conserved in lower organisms including the

budding yeast (Fig 3A). Mutation of the seven amino acids that comprise the FFAT-like motif

to alanine (72-78A) led to an increase in cell surface localization (Fig 3D and 3E). Combining

this mutation with the di-arginine to alanine mutant led to a strong and additive effect on the

cell surface localization of the resulting construct (R37,38,39A/72-78A) (Fig 3D and 3E). We

found that deletion of the FFAT-like motif is much more effective at abrogating ER retention

(72–78Δ and R37,38,39A/72-78Δ) (Fig 3D and 3E). Amino acid alignment of PRA1 with the

two other mammalian prenylated rab acceptor family members PRAF2 (JM4) and PRAF3

(Arl6ip5/Gtrap3-18) shows that the FFAT-like motif lies within the most conserved region

(Fig 3B). The alignment also shows that there is a conserved hydrophobic amino acid immedi-

ately downstream of the FFAT-like motif. Deletion of this amino acid along with the FFAT-
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Fig 3. Targeted mutation of the PRA1 cytosolic N-terminal region reveals that di-arginine and FFAT-like motifs retain PRA1 constructs

intracellularly. A cell surface assay carried out using COS-7 cells demonstrates that ER retention of a PRA1 construct with incomplete Golgi targeting

information (amino acids 1–131) is driven by both di-arginine and FFAT-like motifs. (A) Alignment of PRA1 homologs shows that the di-arginine motif

and the FFAT-like motif double aromatic residue signature are conserved in higher eukaryotes. (B) Alignment of all three mammalian prenylated rab
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like motif led to the largest increase in cell surface localization (72–79Δ and R37,38,39A/72-

79Δ), suggesting it plays an important role in this variant of the classic FFAT sequence (Fig 3D

and 3E).

It has previously been found that di-lysine and di-arginine motifs are often interchangeable,

as both are used as positive charges that recruit the COPI coat, which facilitates ER retrieval

[43,44]. We replaced the alanines within the di-arginine/FFAT double mutants with lysines

[(R37,38,39K/72-78A), (R37,38,39K/72-78Δ), and (R37,38,39K/72-79Δ)] and found that re-

introduction of the positive charge leads to a significant decrease in cell surface localization

compared to di-arginine/FFAT double mutants (Fig 3D and 3E). We also found that substitu-

tion of one of the originally identified classic ORP3 FFAT motifs leads to a strong rescue of the

cell surface localization phenotype (R37,38,39A/EFFDAQE) (Fig 3D and 3E) [40]. Compari-

son of the di-arginine mutant with an intact native PRA1 FFAT-like motif (R37,38,39A) and

the rescue (R37,38,39A/EFFDAQE) shows that the difference in cell surface localization

between these two constructs is not statistically significant, suggesting that the novel FFAT-

like motif described here is as effective at ER retention as the classic FFAT motif within the

context of the PRA1 amino acid sequence (Fig 3D and 3E).

Together, this data strongly suggests that the PRA1 cytosolic N-terminal region contains

both a membrane distal di-arginine ER retrieval motif and a membrane proximal FFAT-like

motif that mediate ER retention.

Reticular ER localization falls apart for PRA1 constructs with incomplete

Golgi targeting information upon mutation of both di-arginine and FFAT-

like motifs

We sought to confirm the cell surface assay data by localizing constructs fused to the Snorkel-

Tag within the cell via immunocytochemistry. Expression of the wild type PRA11-131 construct

that lacks complete Golgi targeting information in COS-7 cells leads to a reticular ER localiza-

tion phenotype (Fig 4A). Mutation of the di-arginine motif variant uncovered by the cell sur-

face assay (R37,38,39A) led to a disruption of this reticular pattern, displaying a more

particulate appearance (Fig 4B). Deletion of the FFAT-like motif (72–78Δ) also led to a devia-

tion from the wild type localization pattern, displaying a dispersed distribution (Fig 4C). After

mutation of both of these ER retention/retrieval sequences (R37,38,39A/72-78Δ), the reticular

pattern is no longer immediately apparent (compare Fig 4A–4D). This construct is distributed

diffusely throughout the cell. Together, these results further corroborate the cell surface assay

data, indicating that the PRA1 di-arginine and FFAT-like motifs within the cytosolic N-termi-

nal region are necessary for proper ER retrieval/retention.

Full length PRA1 is differentially localized when tags are added to either

the N- or C-terminus

Previously published data describing PRA1 localization in mammalian cells has illustrated that

PRA1 is a Golgi resident. Many of these studies relied on the expression of N-terminal tagged

exogenous constructs [5,11,12,45–47]. We confirmed these observations by co-expressing

GFP-PRA1 and the Golgi marker MannII-mCherry (Fig 5A). In order to determine whether

acceptor family members shows that the FFAT-like motif is conserved. (C) The PRA11-131-Snorkel-Tag construct used to identify ER retention motifs on

the cytosolic N-terminal region. (D) PRA1 amino acid sequences for constructs designed and used in the cell surface assay. (E) Cell surface assay shows that

targeted mutation of di-arginine and FFAT-like motifs leads to a statistically significant increase in cell surface localization. Substitution of the positively

charged lysine for the di-arginine motif or of the classic FFAT motif for the endogenous FFAT-like motif rescues the cell surface localization phenotype.

(n = 9 for all constructs). One-way ANOVA was completed, followed by an LSD post-hoc test. �p< .05, ��p< .01, ���p< .001, n.s. = not significant.

https://doi.org/10.1371/journal.pone.0243075.g003
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Fig 4. Reticular ER localization falls apart for PRA1 constructs with incomplete Golgi targeting information

upon mutation of both di-arginine and FFAT-like motifs. The PRA11-131 truncation construct, previously

demonstrated to be retained within the ER, was fused to the Snorkel-Tag. The following constructs were expressed in

COS-7 cells: (A) WT, (B) R37,38,39A, (C) 72–78Δ, and (D) R37,38,39A/72-78Δ. Constructs were immuno-localized

using an anti-FLAG antibody. Images are representative of at least three transfections and are compiled from a 6 μm z-

section. Insets are magnifications of an area within the displayed images, highlighted with a dashed-line. Scale bar:

10 μm. White: PRA1, Blue: Nuclear labeling via DAPI.

https://doi.org/10.1371/journal.pone.0243075.g004
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addition of GFP to the PRA1 C-terminus leads to a similar localization phenotype, we

expressed PRA1-GFP and surprisingly found that this construct displays a reticular localiza-

tion pattern that strongly co-localizes with the mCherry-Sec61b ER marker (Fig 5B).

Others have reported that the addition of the smaller HA tag to the N-terminus leads to the

same phenotype seen here for the GFP-PRA1 construct [5,45–47]. This suggests that the size

of the GFP tag is not the source of the differential trafficking observed here. Addition of the

Snorkel-Tag to the C-terminus of PRA1 produced the same reticular pattern observed for

PRA1-GFP constructs (Fig 5C). Since the Snorkel-Tag is designed to have an epitope within

the lumen, this suggests that a C-terminal cytosolic tag is not what drives reticular ER localiza-

tion. This data demonstrates that full length PRA1 localization is particularly sensitive to the

addition of tags. An N-terminal tag renders ER retention motifs on the cytosolic N-terminus

ineffective, while addition of a tag to the C-terminus results in a reticular ER localization phe-

notype. Neither of these constructs truly mirrors endogenous protein localization in both the

Fig 5. Full length PRA1 is differentially localized when tags are added to either the N- or C-terminus. GFP fusion to

the PRA1 N-terminus leads to Golgi localization and GFP fusion to the C-terminus leads to reticular ER localization. The

following constructs were expressed in COS-7 cells: (A) GFP-PRA1/MannII-mCherry (B) PRA1-GFP/mCherry-sec61b

(C) PRA1-Snorkel-Tag/mCherry-sec61b. Images are representative of at least three transfections and are compiled from

a 2 μm z-section. Scale bar: 10 μm. Green: PRA1 fusion constructs, Magenta: Organelle marker label, Blue: Nuclear

labeling via DAPI, White: Co-localization.

https://doi.org/10.1371/journal.pone.0243075.g005

PLOS ONE PRA1 retention within the ER is facilitated by di-arginine and FFAT-like motifs

PLOS ONE | https://doi.org/10.1371/journal.pone.0243075 December 1, 2020 12 / 20

https://doi.org/10.1371/journal.pone.0243075.g005
https://doi.org/10.1371/journal.pone.0243075


retina and NIH3T3 cells (Figs 1, 2 and S2). Together, these results highlight the importance of

a cautious approach to the interpretation of full-length PRA1 localization data that is depen-

dent on the expression of covalently tagged constructs.

Discussion

In the rd1 mouse model of retinitis pigmentosa, photoreceptors degenerate during maturation,

prior to the development of the outer segment. To better understand the degenerative process,

we examined changes in gene expression prior to observable cell death at postnatal day 10. We

found that PRA1 is significantly down-regulated in the rd1 retina prior to the onset of degener-

ation [3]. PRA1 had been identified as a ubiquitously expressed Golgi resident and character-

ized as a regulator of Rab GTPase trafficking. Using a novel anti-PRA1 antibody, we confirm

previous localization results and expand the cellular territory on which endogenous PRA1

resides within the secretory pathway in photoreceptors and cultured epithelial cells. To our

knowledge, this is the first time that endogenous PRA1 has been localized to the ER in mam-

malian cells and the first report that demonstrates that endogenous PRA1 is enriched at ER-

mitochondria membrane contact sites in any cell type. The latter observation has important

functional implications.

Previous experiments have demonstrated that deletion of the PRA1 cytosolic C-terminal

region, which contains Golgi targeting information, leads to extensive co-localization of the

construct with Calnexin, a well characterized ER resident [5]. Consistent with this result, the

data presented here suggest that abrogation of any amino acid sequence information known to

be required for Golgi delivery leads to ER retention by default. Golgi targeting information has

previously been found to reside on the PRA1 cytosolic C-terminal region [11,37]. Specifically,

the C-terminal domain contains a di-acidic motif, DGE, which is required for ER exit; PRA1

has been characterized as a member of COPII vesicles, suggesting that Golgi delivery is facili-

tated by the COPII coat complex [11,36,47]. We interrogated the PRA1 cytosolic N-terminal

region and found that two previously unidentified trafficking motifs facilitate ER retention, a

membrane distal di-arginine motif and a membrane proximal FFAT-like motif.

The di-arginine motif is known to facilitate ER localization by recruiting the COPI coat

[48]. We have previously completed an unbiased split-ubiquitin yeast two-hybrid screen to

identify novel PRA1 binding partners and better understand its function in-vivo [22]. Among

the new binding partners we uncovered and confirmed in mammalian cells was z1-COP, a

member of the heptameric COPI coat [49]. This result is consistent with a report that identi-

fied PRA1 to be among the proteins that reside within purified COPI vesicles [50]. Together

with our results, the data supports a model in which the COPI coat machinery plays an impor-

tant role in PRA1 retrieval to the ER.

Others have localized PRA1 to the ER in both yeast and plants, but it is important to note

that these studies relied on C-terminally tagged PRA1 constructs [18,32]. We found that

although the di-arginine motif is not conserved in homologs within yeast and Arabidopsis, the

FFAT-like motif is (Fig 6A), suggesting that the ER localization that has been previously

observed in both these organisms is mediated by this motif. Sequence alignment shows that

the FFAT-like motif, but not the di-arginine motif, is also conserved in both PRAF2 and

PRAF3 (Fig 3B), which have been found to be ER residents [51,52]. This suggests that the

FFAT-like motif described here drives ER retention of all three members of the prenylated rab

acceptor family. With the motifs identified in this study, we update the model that describes

PRA1 trafficking (Fig 6B). The amino acid sequences that facilitate ER exit and Golgi delivery

are on the PRA1 C-terminal region and the motifs that retain PRA1 within the ER are on the

cytosolic N-terminal region.
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Using an antibody specific for the N-terminal region, we found that the largest subpopula-

tion of PRA1 resides at ER-mitochondria membrane contact sites in NIH3T3 cells (Figs 2 and

S3). This observation was confirmed with a polyclonal antibody generated against the full-

length protein (S2 Fig). Our data further demonstrates that endogenous PRA1 localization

does not mirror that of full-length, tagged PRA1 constructs expressed in mammalian cells; in

fact, we specifically found that the addition of a tag to the N-terminus leads to Golgi localiza-

tion, while addition of this same tag to the C-terminus leads to reticular ER localization (Fig

5). The localization of exogenous PRA1 constructs to either the ER or Golgi depending on the

choice of which terminus a tag is added has been documented within the published literature.

As an example, in plants, AtPRA1.B6 follows the same pattern we observed in Fig 5 with

HA-AtPRA1.B6 localizing to the Golgi and AtPRA1.B6-EGFP localizing to the ER [32,47].

Previous work showing that PRA1 is only enriched in the Golgi appears to rely on either N-ter-

minally tagged constructs, or on antibodies with specificity for an epitope that may only be

accessible at this organelle [12,20,46]. Notably, a phenotypic change in localization for tagged

constructs has also been observed for Gp78/AMFR, another protein that lies at ER-mitochon-

dria membrane contact sites [53]. Large-scale studies in yeast have also led to observed changes

in localization for many proteins depending on whether a tag is added to the N- or C-terminus

[54,55]. These changes in localization of tagged proteins have been attributed to protein mis-

folding, loss of binding partners, or steric hindrance [53–55].

Although previous studies have associated PRA1 with Rab GTPase trafficking within the

secretory pathway, the first established links were based on yeast two-hybrid screens that did

not take into account the fact that PRA1 is a transmembrane protein [13–16]. Many of the

studies that suggest PRA1 is a regulator of Rab GTPase trafficking are highly reliant on in-

Fig 6. Proposed model for PRA1 trafficking in mammalian cells. (A) Sequence alignment of mouse, yeast, and Arabidopsis PRA1 family members

shows that the FFAT motif consensus double aromatic residue signature in mammals is also conserved in both fungi and plants. The amino acids

NY, which correspond to the “xE” in the classic FFAT motif are completely conserved in mammals, yeast, and Arabidopsis family members. (B)

Schematic map of the trafficking motifs superimposed onto full length PRA1. The cytosolic C-terminal region contains both a C-terminal valine and

a di-acidic motif previously demonstrated to facilitate ER exit.

https://doi.org/10.1371/journal.pone.0243075.g006
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vitro data [5,6,9]. Subsequent in-vivo studies in both yeast and mammalian cells failed to pro-

duce any changes in wild type Rab GTPase localization after knock-out/knock-down of PRA1

[17,18,56]. PRA1 association with Rab GTPases appears remarkably promiscuous and extends

to other prenylated proteins, including other members of the Ras superfamily [13,14,57]. The

simple addition of a CAAX box to the C-terminus of free GFP leads to its interaction with

PRA1, suggesting that the link between many lipidated proteins and PRA1 may hinge on the

lipid tail itself rather than the primary amino acid sequence of potential binding partners [57].

Pulldown of PRA1 from both mammalian cells and yeast leads to co-immunoprecipitation of

mostly ER localized proteins and fails to show that PRA1 associates with Rab GTPases [18,58].

Our split-ubiquitin yeast two-hybrid screen also failed to show that PRA1 interacts with Rab

GTPases [22].

Overexpression of PRA1 inhibits the anterograde movement of proteins through the secre-

tory pathway in both mammalian and plant cells [45,59]. Overexpression of the PRA1 homo-

log in yeast leads to the expansion of the ER [18]. In a report describing a screen for proteins

that regulate protein trafficking from the ER to the Golgi, knock-down of PRA1 was found to

affect both COPI and COPII coat staining in HeLa cells [21]. Knock-down of PRA1 leads to an

increase in intracellular LDLR, which facilities cholesterol uptake [60], consistent with the

observation that knock-down in NPC cells leads to intracellular cholesterol accumulation [20].

Many proteins that contain a FFAT motif have been linked to lipid transport [61]. Lipid trans-

fer proteins that contain FFAT motifs have been found to tether at ER membrane contact sites

with the plasma membrane, peroxisomes, Golgi, and endosomes [62]. Lipids are also trans-

ferred between the ER and mitochondria, but the identification of candidate proteins that

facilitate lipid transfer at these contact sites has proven to be challenging [63]. Our finding that

PRA1 resides at ER-mitochondria membrane contact sites and has a highly conserved FFAT-

like motif supports previous work suggesting that it may play a role in lipid homeostasis.

The lack of in-vivo evidence that PRA1 functions as a regulator of Rab GTPase trafficking,

its promiscuous association with proteins that are lipidated, its localization to the ER-mito-

chondria membrane contact sites, and our identification of a FFAT-like motif on its cytosolic

N-terminal region support the hypothesis that PRA1 has a role in lipid trafficking and/or

metabolism. Further studies are needed to identify and characterize lipid-binding capabilities

and to screen for changes in Golgi structure, ER-mitochondria membrane contact site dynam-

ics, and in lipid localization within the early secretory pathway following PRA1 knockdown.

Our work, combined with the observation that PRA1 knockdown results in deviations in cho-

lestesterol sequestration [20], suggest that future studies on the propensity of PRA1 to bind

cholesterol, its derivatives, and both upstream and downstream byproducts may provide criti-

cal insights into its function. Our work also provides a foundation for future studies exploring

a possible role associated with lipid homeostasis for the other mammalian prenylated rab

acceptor family members. Whether the previously documented interactions between PRA1

and lipidated proteins have any functional relevance in-vivo requires further study.

Supporting information

S1 Fig. Confirmation of Abgent rabbit anti-PRA1 antibody (Cat #AP9049a) using native-

PAGE western blots. (A) Stably transfected polyclonal Hek293T cell lines that express both an

empty and hPRA1 targeting mir30 cassettes were generated. PRA1 knock-down leads to a

depletion of bands detected by the Abgent anti-PRA1 antibody. (B) Quantification of hPRA1

knockdown [n = 3, � p<0.05] (C) An increasing amount of an untagged mouse PRA1 cDNA

construct was expressed in Hek293T cells. The bands detected using the Abgent anti-PRA1

antibody correspond in size and increase in intensity in accordance with the increasing
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amount of construct delivered to Hek293T cells.

(TIF)

S2 Fig. Proteintech anti-PRA1 antibody shows that a subpopulation of endogenous PRA1

co-localizes with Mitochondria in NIH3T3 cells. (A) A band is detected at the predicted size

by the proteintech rabbit anti-PRA1 antibody (Cat. #10542-1-AP) after standard western anal-

ysis. The detected band is depleted upon targeted knock-down in Hek293T cells. (B) Immuno-

histochemical localization of PRA1 using the Proteintech anti-PRA1 antibody and the

MitoTracker marker (C) in NIH3T3 cells shows co-localization (see D). Solid arrowheads

denote regions of co-localization. Images are representative of at least three acquisitions and

are compiled from a 1 μm z-section. The inset is a magnification of an area within the dis-

played images, highlighted with a dashed-line. Scale bar: 10 μm. Green: PRA1, Magenta: Mito-

Tracker, Blue: Nuclear labeling via DAPI, White: Co-localization.

(TIF)

S3 Fig. Quantification of endogenous PRA1-organelle marker colocalization in NIH3T3

cells. PRA1 was co-stained with (A) GM130, (B) KDEL, (C) Calnexin, (D) MitoTracker, and

(E) Gp78/AMFR (3F3A antibody) as presented in Fig 2. Line-scans are annotated within each

inset using a dashed-line in the direction of the arrow. Colocalization analysis and Pearson’s R

value was acquired using the Coloc 2 plugin within ImageJ for a square region of interest

encompassing a whole cell (dashed-line). Images are compiled from a 1 μm z-section. Insets

are ten-fold magnifications of an area within the displayed images, highlighted with a solid-

line. Scale bar: 10 μm. Green: PRA1, Magenta: Organelle specific marker, Blue: Nuclear label-

ing via DAPI, White: Co-localization.

(TIF)

S1 Table. Primer sequences used in this study.

(DOCX)

Acknowledgments

We would like to thank Angela Marie Richmond, Virginia Dickison, Ju Zhang, Jiyao Zhu,

Rebecca Girresch, Cynthia Montana, Yuqi Wang, Susan Spencer, Brian Downes, Jonathan

Fisher, Amanda Eccardt, Joseph Corbo, Grant Kolar, David Ford, Meribeth Broadway, Dana

Baum, and Shiming Chen for helpful comments, suggestions, training, lab space, and reagents.

We would also like to thank Jack Kennell for his support and the Saint Louis University

Department of Biomedical Engineering for lab space accommodations.

Author Contributions

Conceptualization: Ameair Abu Irqeba.

Data curation: Ameair Abu Irqeba.

Formal analysis: Ameair Abu Irqeba.

Funding acquisition: Ameair Abu Irqeba, Judith Mosinger Ogilvie.

Investigation: Ameair Abu Irqeba.

Methodology: Ameair Abu Irqeba.

Project administration: Ameair Abu Irqeba, Judith Mosinger Ogilvie.

Resources: Ameair Abu Irqeba, Judith Mosinger Ogilvie.

PLOS ONE PRA1 retention within the ER is facilitated by di-arginine and FFAT-like motifs

PLOS ONE | https://doi.org/10.1371/journal.pone.0243075 December 1, 2020 16 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0243075.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0243075.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0243075.s004
https://doi.org/10.1371/journal.pone.0243075


Supervision: Judith Mosinger Ogilvie.

Validation: Ameair Abu Irqeba.

Visualization: Ameair Abu Irqeba.

Writing – original draft: Ameair Abu Irqeba.

Writing – review & editing: Ameair Abu Irqeba, Judith Mosinger Ogilvie.

References
1. Farber DB, Flannery JG, Bowes-Rickman C. The rd mouse story: Seventy years of research on an ani-

mal model of inherited retinal degeneration. Progress in Retinal and Eye Research. 1994; 13(1):31–64.

https://doi.org/10.1016/1350-9462(94)90004-3

2. Hartong DT, Berson EL, Dryja TP. Retinitis pigmentosa. Lancet. 2006; 368(9549):1795–809. https://

doi.org/10.1016/S0140-6736(06)69740-7 PMID: 17113430.

3. Dickison VM, Richmond AM, Abu Irqeba A, Martak JG, Hoge SC, Brooks MJ, et al. A role for prenylated

rab acceptor 1 in vertebrate photoreceptor development. BMC Neurosci. 2012; 13:152. https://doi.org/

10.1186/1471-2202-13-152 PMID: 23241222; PubMed Central PMCID: PMC3576285.

4. Bucci C, De Gregorio L, Bruni CB. Expression analysis and chromosomal assignment of PRA1 and

RILP genes. Biochem Biophys Res Commun. 2001; 286(4):815–9. https://doi.org/10.1006/bbrc.2001.

5466 PMID: 11520070.

5. Hutt DM, Da-Silva LF, Chang LH, Prosser DC, Ngsee JK. PRA1 inhibits the extraction of membrane-

bound rab GTPase by GDI1. J Biol Chem. 2000; 275(24):18511–9. https://doi.org/10.1074/jbc.

M909309199 PMID: 10751420.

6. Sivars U, Aivazian D, Pfeffer SR. Yip3 catalyses the dissociation of endosomal Rab-GDI complexes.

Nature. 2003; 425(6960):856–9. https://doi.org/10.1038/nature02057 PMID: 14574414.

7. Pfeffer S, Aivazian D. Targeting Rab GTPases to distinct membrane compartments. Nat Rev Mol Cell

Biol. 2004; 5(11):886–96. https://doi.org/10.1038/nrm1500 PMID: 15520808.

8. Oesterlin LK, Goody RS, Itzen A. Posttranslational modifications of Rab proteins cause effective dis-

placement of GDP dissociation inhibitor. Proc Natl Acad Sci U S A. 2012; 109(15):5621–6. https://doi.

org/10.1073/pnas.1121161109 PMID: 22411835; PubMed Central PMCID: PMC3326473.

9. Ohya T, Miaczynska M, Coskun U, Lommer B, Runge A, Drechsel D, et al. Reconstitution of Rab- and

SNARE-dependent membrane fusion by synthetic endosomes. Nature. 2009; 459(7250):1091–7.

https://doi.org/10.1038/nature08107 PMID: 19458617.

10. Schalk I, Zeng K, Wu SK, Stura EA, Matteson J, Huang M, et al. Structure and mutational analysis of

Rab GDP-dissociation inhibitor. Nature. 1996; 381(6577):42–8. https://doi.org/10.1038/381042a0

PMID: 8609986.

11. Abdul-Ghani M, Gougeon PY, Prosser DC, Da-Silva LF, Ngsee JK. PRA isoforms are targeted to dis-

tinct membrane compartments. J Biol Chem. 2001; 276(9):6225–33. https://doi.org/10.1074/jbc.

M009073200 PMID: 11096102.

12. Liang Z, Li G. Mouse prenylated Rab acceptor is a novel Golgi membrane protein. Biochem Biophys

Res Commun. 2000; 275(2):509–16. https://doi.org/10.1006/bbrc.2000.3316 PMID: 10964695.

13. Bucci C, Chiariello M, Lattero D, Maiorano M, Bruni CB. Interaction cloning and characterization of the

cDNA encoding the human prenylated rab acceptor (PRA1). Biochem Biophys Res Commun. 1999;

258(3):657–62. https://doi.org/10.1006/bbrc.1999.0651 PMID: 10329441.

14. Calero M, Collins RN. Saccharomyces cerevisiae Pra1p/Yip3p interacts with Yip1p and Rab proteins.

Biochem Biophys Res Commun. 2002; 290(2):676–81. https://doi.org/10.1006/bbrc.2001.6242 PMID:

11785952.

15. Janoueix-Lerosey I, Jollivet F, Camonis J, Marche PN, Goud B. Two-hybrid system screen with the

small GTP-binding protein Rab6. Identification of a novel mouse GDP dissociation inhibitor isoform and

two other potential partners of Rab6. J Biol Chem. 1995; 270(24):14801–8. https://doi.org/10.1074/jbc.

270.24.14801 PMID: 7782346.

16. Martincic I, Peralta ME, Ngsee JK. Isolation and characterization of a dual prenylated Rab and VAMP2

receptor. J Biol Chem. 1997; 272(43):26991–8. https://doi.org/10.1074/jbc.272.43.26991 PMID:

9341137.

17. Cabrera M, Ungermann C. Guanine nucleotide exchange factors (GEFs) have a critical but not exclu-

sive role in organelle localization of Rab GTPases. J Biol Chem. 2013; 288(40):28704–12. https://doi.

org/10.1074/jbc.M113.488213 PMID: 23979137; PubMed Central PMCID: PMC3789967.

PLOS ONE PRA1 retention within the ER is facilitated by di-arginine and FFAT-like motifs

PLOS ONE | https://doi.org/10.1371/journal.pone.0243075 December 1, 2020 17 / 20

https://doi.org/10.1016/1350-9462%2894%2990004-3
https://doi.org/10.1016/S0140-6736%2806%2969740-7
https://doi.org/10.1016/S0140-6736%2806%2969740-7
http://www.ncbi.nlm.nih.gov/pubmed/17113430
https://doi.org/10.1186/1471-2202-13-152
https://doi.org/10.1186/1471-2202-13-152
http://www.ncbi.nlm.nih.gov/pubmed/23241222
https://doi.org/10.1006/bbrc.2001.5466
https://doi.org/10.1006/bbrc.2001.5466
http://www.ncbi.nlm.nih.gov/pubmed/11520070
https://doi.org/10.1074/jbc.M909309199
https://doi.org/10.1074/jbc.M909309199
http://www.ncbi.nlm.nih.gov/pubmed/10751420
https://doi.org/10.1038/nature02057
http://www.ncbi.nlm.nih.gov/pubmed/14574414
https://doi.org/10.1038/nrm1500
http://www.ncbi.nlm.nih.gov/pubmed/15520808
https://doi.org/10.1073/pnas.1121161109
https://doi.org/10.1073/pnas.1121161109
http://www.ncbi.nlm.nih.gov/pubmed/22411835
https://doi.org/10.1038/nature08107
http://www.ncbi.nlm.nih.gov/pubmed/19458617
https://doi.org/10.1038/381042a0
http://www.ncbi.nlm.nih.gov/pubmed/8609986
https://doi.org/10.1074/jbc.M009073200
https://doi.org/10.1074/jbc.M009073200
http://www.ncbi.nlm.nih.gov/pubmed/11096102
https://doi.org/10.1006/bbrc.2000.3316
http://www.ncbi.nlm.nih.gov/pubmed/10964695
https://doi.org/10.1006/bbrc.1999.0651
http://www.ncbi.nlm.nih.gov/pubmed/10329441
https://doi.org/10.1006/bbrc.2001.6242
http://www.ncbi.nlm.nih.gov/pubmed/11785952
https://doi.org/10.1074/jbc.270.24.14801
https://doi.org/10.1074/jbc.270.24.14801
http://www.ncbi.nlm.nih.gov/pubmed/7782346
https://doi.org/10.1074/jbc.272.43.26991
http://www.ncbi.nlm.nih.gov/pubmed/9341137
https://doi.org/10.1074/jbc.M113.488213
https://doi.org/10.1074/jbc.M113.488213
http://www.ncbi.nlm.nih.gov/pubmed/23979137
https://doi.org/10.1371/journal.pone.0243075


18. Geng J, Shin ME, Gilbert PM, Collins RN, Burd CG. Saccharomyces cerevisiae Rab-GDI displacement

factor ortholog Yip3p forms distinct complexes with the Ypt1 Rab GTPase and the reticulon Rtn1p.

Eukaryot Cell. 2005; 4(7):1166–74. https://doi.org/10.1128/EC.4.7.1166-1174.2005 PMID: 16002643;

PubMed Central PMCID: PMC1168965.

19. Lee MH, Yoo YJ, Kim DH, Hanh NH, Kwon Y, Hwang I. The Prenylated Rab GTPase Receptor PRA1.

F4 Contributes to Protein Exit from the Golgi Apparatus. Plant Physiol. 2017; 174(3):1576–94. https://

doi.org/10.1104/pp.17.00466 PMID: 28487479; PubMed Central PMCID: PMC5490915.

20. Liu HP, Wu CC, Kao HY, Huang YC, Liang Y, Chen CC, et al. Proteome-wide dysregulation by PRA1

depletion delineates a role of PRA1 in lipid transport and cell migration. Mol Cell Proteomics. 2011; 10

(3):M900641MCP200. https://doi.org/10.1074/mcp.M900641-MCP200 PMID: 20592422; PubMed

Central PMCID: PMC3047168.

21. Simpson JC, Joggerst B, Laketa V, Verissimo F, Cetin C, Erfle H, et al. Genome-wide RNAi screening

identifies human proteins with a regulatory function in the early secretory pathway. Nat Cell Biol. 2012;

14(7):764–74. https://doi.org/10.1038/ncb2510 PMID: 22660414.

22. Abu Irqeba A, Ogilvie JM. Novel binding partners for Prenylated Rab Acceptor 1 identified by a split-ubi-

quitin yeast two-hybrid screen. BMC Res Notes. 2019; 12(1):188. https://doi.org/10.1186/s13104-019-

4219-y PMID: 30925931; PubMed Central PMCID: PMC6441142.

23. Matsuda T, Cepko CL. Electroporation and RNA interference in the rodent retina in vivo and in vitro.

Proc Natl Acad Sci U S A. 2004; 101(1):16–22. https://doi.org/10.1073/pnas.2235688100 PMID:

14603031; PubMed Central PMCID: PMC314130.

24. Brown M, Stafford LJ, Onisk D, Joaquim T, Tobb A, Goldman L, et al. Snorkel: an epitope tagging sys-

tem for measuring the surface expression of membrane proteins. PLoS One. 2013; 8(9):e73255.

https://doi.org/10.1371/journal.pone.0073255 PMID: 24023844; PubMed Central PMCID:

PMC3759426.

25. Ho SN, Hunt HD, Horton RM, Pullen JK, Pease LR. Site-directed mutagenesis by overlap extension

using the polymerase chain reaction. Gene. 1989; 77(1):51–9. https://doi.org/10.1016/0378-1119(89)

90358-2 PMID: 2744487.

26. Harlow E, Lane D. Growing adherent cells on coverslips or multiwell slides. CSH Protoc. 2006; 2006(3).

https://doi.org/10.1101/pdb.prot4289 PMID: 22485837.

27. Ishikura S, Antonescu CN, Klip A. Documenting GLUT4 exocytosis and endocytosis in muscle cell

monolayers. Curr Protoc Cell Biol. 2010;Chapter 15:Unit 15 https://doi.org/10.1002/0471143030.

cb1515s46 PMID: 20235101.

28. Andrisse S, Patel GD, Chen JE, Webber AM, Spears LD, Koehler RM, et al. ATM and GLUT1-S490

phosphorylation regulate GLUT1 mediated transport in skeletal muscle. PLoS One. 2013; 8(6):e66027.

https://doi.org/10.1371/journal.pone.0066027 PMID: 23776597; PubMed Central PMCID:

PMC3679034.

29. Lin J, Liang Z, Zhang Z, Li G. Membrane topography and topogenesis of prenylated Rab acceptor

(PRA1). J Biol Chem. 2001; 276(45):41733–41. https://doi.org/10.1074/jbc.M103475200 PMID:

11535589; PubMed Central PMCID: PMC1350924.

30. Nakamura N, Rabouille C, Watson R, Nilsson T, Hui N, Slusarewicz P, et al. Characterization of a cis-

Golgi matrix protein, GM130. J Cell Biol. 1995; 131(6 Pt 2):1715–26. https://doi.org/10.1083/jcb.131.6.

1715 PMID: 8557739; PubMed Central PMCID: PMC2120691.

31. Fenster SD, Chung WJ, Zhai R, Cases-Langhoff C, Voss B, Garner AM, et al. Piccolo, a presynaptic

zinc finger protein structurally related to bassoon. Neuron. 2000; 25(1):203–14. https://doi.org/10.1016/

s0896-6273(00)80883-1 PMID: 10707984.

32. Alvim Kamei CL, Boruc J, Vandepoele K, Van den Daele H, Maes S, Russinova E, et al. The PRA1

gene family in Arabidopsis. Plant Physiol. 2008; 147(4):1735–49. https://doi.org/10.1104/pp.108.

122226 PMID: 18583532; PubMed Central PMCID: PMC2492607.

33. Kraut-Cohen J, Afanasieva E, Haim-Vilmovsky L, Slobodin B, Yosef I, Bibi E, et al. Translation- and

SRP-independent mRNA targeting to the endoplasmic reticulum in the yeast Saccharomyces cerevi-

siae. Mol Biol Cell. 2013; 24(19):3069–84. https://doi.org/10.1091/mbc.E13-01-0038 PMID: 23904265;

PubMed Central PMCID: PMC3784381.

34. Goetz JG, Genty H, St-Pierre P, Dang T, Joshi B, Sauve R, et al. Reversible interactions between

smooth domains of the endoplasmic reticulum and mitochondria are regulated by physiological cyto-

solic Ca2+ levels. J Cell Sci. 2007; 120(Pt 20):3553–64. https://doi.org/10.1242/jcs.03486 PMID:

17895372.

35. Nabi IR, Watanabe H, Raz A. Identification of B16-F1 melanoma autocrine motility-like factor receptor.

Cancer Res. 1990; 50(2):409–14. PMID: 2153051.

PLOS ONE PRA1 retention within the ER is facilitated by di-arginine and FFAT-like motifs

PLOS ONE | https://doi.org/10.1371/journal.pone.0243075 December 1, 2020 18 / 20

https://doi.org/10.1128/EC.4.7.1166-1174.2005
http://www.ncbi.nlm.nih.gov/pubmed/16002643
https://doi.org/10.1104/pp.17.00466
https://doi.org/10.1104/pp.17.00466
http://www.ncbi.nlm.nih.gov/pubmed/28487479
https://doi.org/10.1074/mcp.M900641-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/20592422
https://doi.org/10.1038/ncb2510
http://www.ncbi.nlm.nih.gov/pubmed/22660414
https://doi.org/10.1186/s13104-019-4219-y
https://doi.org/10.1186/s13104-019-4219-y
http://www.ncbi.nlm.nih.gov/pubmed/30925931
https://doi.org/10.1073/pnas.2235688100
http://www.ncbi.nlm.nih.gov/pubmed/14603031
https://doi.org/10.1371/journal.pone.0073255
http://www.ncbi.nlm.nih.gov/pubmed/24023844
https://doi.org/10.1016/0378-1119%2889%2990358-2
https://doi.org/10.1016/0378-1119%2889%2990358-2
http://www.ncbi.nlm.nih.gov/pubmed/2744487
https://doi.org/10.1101/pdb.prot4289
http://www.ncbi.nlm.nih.gov/pubmed/22485837
https://doi.org/10.1002/0471143030.cb1515s46
https://doi.org/10.1002/0471143030.cb1515s46
http://www.ncbi.nlm.nih.gov/pubmed/20235101
https://doi.org/10.1371/journal.pone.0066027
http://www.ncbi.nlm.nih.gov/pubmed/23776597
https://doi.org/10.1074/jbc.M103475200
http://www.ncbi.nlm.nih.gov/pubmed/11535589
https://doi.org/10.1083/jcb.131.6.1715
https://doi.org/10.1083/jcb.131.6.1715
http://www.ncbi.nlm.nih.gov/pubmed/8557739
https://doi.org/10.1016/s0896-6273%2800%2980883-1
https://doi.org/10.1016/s0896-6273%2800%2980883-1
http://www.ncbi.nlm.nih.gov/pubmed/10707984
https://doi.org/10.1104/pp.108.122226
https://doi.org/10.1104/pp.108.122226
http://www.ncbi.nlm.nih.gov/pubmed/18583532
https://doi.org/10.1091/mbc.E13-01-0038
http://www.ncbi.nlm.nih.gov/pubmed/23904265
https://doi.org/10.1242/jcs.03486
http://www.ncbi.nlm.nih.gov/pubmed/17895372
http://www.ncbi.nlm.nih.gov/pubmed/2153051
https://doi.org/10.1371/journal.pone.0243075


36. Otte S, Belden WJ, Heidtman M, Liu J, Jensen ON, Barlowe C. Erv41p and Erv46p: new components of

COPII vesicles involved in transport between the ER and Golgi complex. J Cell Biol. 2001; 152(3):503–

18. https://doi.org/10.1083/jcb.152.3.503 PMID: 11157978; PubMed Central PMCID: PMC2195992.

37. Liang Z, Veeraprame H, Bayan N, Li G. The C-terminus of prenylin is important in forming a dimer con-

formation necessary for endoplasmic-reticulum-to-Golgi transport. Biochem J. 2004; 380(Pt 1):43–9.

https://doi.org/10.1042/BJ20031788 PMID: 14979871; PubMed Central PMCID: PMC1224162.

38. Shikano S, Li M. Membrane receptor trafficking: evidence of proximal and distal zones conferred by two

independent endoplasmic reticulum localization signals. Proc Natl Acad Sci U S A. 2003; 100

(10):5783–8. https://doi.org/10.1073/pnas.1031748100 PMID: 12724521; PubMed Central PMCID:

PMC156278.

39. Schutze MP, Peterson PA, Jackson MR. An N-terminal double-arginine motif maintains type II mem-

brane proteins in the endoplasmic reticulum. EMBO J. 1994; 13(7):1696–705. PMID: 8157008; PubMed

Central PMCID: PMC395002.

40. Loewen CJ, Roy A, Levine TP. A conserved ER targeting motif in three families of lipid binding proteins

and in Opi1p binds VAP. EMBO J. 2003; 22(9):2025–35. https://doi.org/10.1093/emboj/cdg201 PMID:

12727870; PubMed Central PMCID: PMC156073.

41. Mikitova V, Levine TP. Analysis of the key elements of FFAT-like motifs identifies new proteins that

potentially bind VAP on the ER, including two AKAPs and FAPP2. PLoS One. 2012; 7(1):e30455.

https://doi.org/10.1371/journal.pone.0030455 PMID: 22276202; PubMed Central PMCID:

PMC3261905.

42. Murphy SE, Levine TP. VAP, a Versatile Access Point for the Endoplasmic Reticulum: Review and anal-

ysis of FFAT-like motifs in the VAPome. Biochim Biophys Acta. 2016; 1861(8 Pt B):952–61. https://doi.

org/10.1016/j.bbalip.2016.02.009 PMID: 26898182.

43. Zerangue N, Malan MJ, Fried SR, Dazin PF, Jan YN, Jan LY, et al. Analysis of endoplasmic reticulum

trafficking signals by combinatorial screening in mammalian cells. Proc Natl Acad Sci U S A. 2001; 98

(5):2431–6. https://doi.org/10.1073/pnas.051630198 PMID: 11226256; PubMed Central PMCID:

PMC30155.

44. Beck R, Rawet M, Wieland FT, Cassel D. The COPI system: molecular mechanisms and function.

FEBS Lett. 2009; 583(17):2701–9. https://doi.org/10.1016/j.febslet.2009.07.032 PMID: 19631211.

45. Gougeon PY, Prosser DC, Da-Silva LF, Ngsee JK. Disruption of Golgi morphology and trafficking in

cells expressing mutant prenylated rab acceptor-1. J Biol Chem. 2002; 277(39):36408–14. https://doi.

org/10.1074/jbc.M205026200 PMID: 12107180; PubMed Central PMCID: PMC2963639.

46. Liu HP, Wu CC, Chang YS. PRA1 promotes the intracellular trafficking and NF-kappaB signaling of

EBV latent membrane protein 1. EMBO J. 2006; 25(17):4120–30. https://doi.org/10.1038/sj.emboj.

7601282 PMID: 16917502; PubMed Central PMCID: PMC1560356.

47. Jung CJ, Lee MH, Min MK, Hwang I. Localization and trafficking of an isoform of the AtPRA1 family to

the Golgi apparatus depend on both N- and C-terminal sequence motifs. Traffic. 2011; 12(2):185–200.

https://doi.org/10.1111/j.1600-0854.2010.01140.x PMID: 21059161.

48. Yuan H, Michelsen K, Schwappach B. 14-3-3 dimers probe the assembly status of multimeric mem-

brane proteins. Curr Biol. 2003; 13(8):638–46. https://doi.org/10.1016/s0960-9822(03)00208-2 PMID:

12699619.

49. Kuge O, Hara-Kuge S, Orci L, Ravazzola M, Amherdt M, Tanigawa G, et al. zeta-COP, a subunit of

coatomer, is required for COP-coated vesicle assembly. J Cell Biol. 1993; 123(6 Pt 2):1727–34. https://

doi.org/10.1083/jcb.123.6.1727 PMID: 8276893; PubMed Central PMCID: PMC2290901.

50. Gilchrist A, Au CE, Hiding J, Bell AW, Fernandez-Rodriguez J, Lesimple S, et al. Quantitative proteo-

mics analysis of the secretory pathway. Cell. 2006; 127(6):1265–81. https://doi.org/10.1016/j.cell.2006.

10.036 PMID: 17174899.

51. Ruggiero AM, Liu Y, Vidensky S, Maier S, Jung E, Farhan H, et al. The endoplasmic reticulum exit of

glutamate transporter is regulated by the inducible mammalian Yip6b/GTRAP3-18 protein. J Biol

Chem. 2008; 283(10):6175–83. https://doi.org/10.1074/jbc.M701008200 PMID: 18167356; PubMed

Central PMCID: PMC4502942.

52. Doly S, Shirvani H, Gata G, Meye FJ, Emerit MB, Enslen H, et al. GABAB receptor cell-surface export is

controlled by an endoplasmic reticulum gatekeeper. Mol Psychiatry. 2016; 21(4):480–90. https://doi.

org/10.1038/mp.2015.72 PMID: 26033241; PubMed Central PMCID: PMC4828513.

53. Registre M, Goetz JG, St Pierre P, Pang H, Lagace M, Bouvier M, et al. The gene product of the gp78/

AMFR ubiquitin E3 ligase cDNA is selectively recognized by the 3F3A antibody within a subdomain of

the endoplasmic reticulum. Biochem Biophys Res Commun. 2004; 320(4):1316–22. https://doi.org/10.

1016/j.bbrc.2004.06.089 PMID: 15303277.

PLOS ONE PRA1 retention within the ER is facilitated by di-arginine and FFAT-like motifs

PLOS ONE | https://doi.org/10.1371/journal.pone.0243075 December 1, 2020 19 / 20

https://doi.org/10.1083/jcb.152.3.503
http://www.ncbi.nlm.nih.gov/pubmed/11157978
https://doi.org/10.1042/BJ20031788
http://www.ncbi.nlm.nih.gov/pubmed/14979871
https://doi.org/10.1073/pnas.1031748100
http://www.ncbi.nlm.nih.gov/pubmed/12724521
http://www.ncbi.nlm.nih.gov/pubmed/8157008
https://doi.org/10.1093/emboj/cdg201
http://www.ncbi.nlm.nih.gov/pubmed/12727870
https://doi.org/10.1371/journal.pone.0030455
http://www.ncbi.nlm.nih.gov/pubmed/22276202
https://doi.org/10.1016/j.bbalip.2016.02.009
https://doi.org/10.1016/j.bbalip.2016.02.009
http://www.ncbi.nlm.nih.gov/pubmed/26898182
https://doi.org/10.1073/pnas.051630198
http://www.ncbi.nlm.nih.gov/pubmed/11226256
https://doi.org/10.1016/j.febslet.2009.07.032
http://www.ncbi.nlm.nih.gov/pubmed/19631211
https://doi.org/10.1074/jbc.M205026200
https://doi.org/10.1074/jbc.M205026200
http://www.ncbi.nlm.nih.gov/pubmed/12107180
https://doi.org/10.1038/sj.emboj.7601282
https://doi.org/10.1038/sj.emboj.7601282
http://www.ncbi.nlm.nih.gov/pubmed/16917502
https://doi.org/10.1111/j.1600-0854.2010.01140.x
http://www.ncbi.nlm.nih.gov/pubmed/21059161
https://doi.org/10.1016/s0960-9822%2803%2900208-2
http://www.ncbi.nlm.nih.gov/pubmed/12699619
https://doi.org/10.1083/jcb.123.6.1727
https://doi.org/10.1083/jcb.123.6.1727
http://www.ncbi.nlm.nih.gov/pubmed/8276893
https://doi.org/10.1016/j.cell.2006.10.036
https://doi.org/10.1016/j.cell.2006.10.036
http://www.ncbi.nlm.nih.gov/pubmed/17174899
https://doi.org/10.1074/jbc.M701008200
http://www.ncbi.nlm.nih.gov/pubmed/18167356
https://doi.org/10.1038/mp.2015.72
https://doi.org/10.1038/mp.2015.72
http://www.ncbi.nlm.nih.gov/pubmed/26033241
https://doi.org/10.1016/j.bbrc.2004.06.089
https://doi.org/10.1016/j.bbrc.2004.06.089
http://www.ncbi.nlm.nih.gov/pubmed/15303277
https://doi.org/10.1371/journal.pone.0243075


54. Weill U, Krieger G, Avihou Z, Milo R, Schuldiner M, Davidi D. Assessment of GFP Tag Position on Pro-

tein Localization and Growth Fitness in Yeast. J Mol Biol. 2019; 431(3):636–41. https://doi.org/10.1016/

j.jmb.2018.12.004 PMID: 30550779.

55. Weill U, Yofe I, Sass E, Stynen B, Davidi D, Natarajan J, et al. Genome-wide SWAp-Tag yeast libraries

for proteome exploration. Nat Methods. 2018; 15(8):617–22. https://doi.org/10.1038/s41592-018-0044-

9 PMID: 29988094; PubMed Central PMCID: PMC6076999.

56. Voss S, Li F, Ratz A, Roger M, Wu YW. Spatial Cycling of Rab GTPase, Driven by the GTPase Cycle,

Controls Rab’s Subcellular Distribution. Biochemistry. 2019; 58(4):276–85. https://doi.org/10.1021/acs.

biochem.8b00932 PMID: 30605611.

57. Figueroa C, Taylor J, Vojtek AB. Prenylated Rab acceptor protein is a receptor for prenylated small

GTPases. J Biol Chem. 2001; 276(30):28219–25. https://doi.org/10.1074/jbc.M101763200 PMID:

11335720.

58. Huttlin EL, Ting L, Bruckner RJ, Gebreab F, Gygi MP, Szpyt J, et al. The BioPlex Network: A Systematic

Exploration of the Human Interactome. Cell. 2015; 162(2):425–40. https://doi.org/10.1016/j.cell.2015.

06.043 PMID: 26186194; PubMed Central PMCID: PMC4617211.

59. Lee MH, Jung C, Lee J, Kim SY, Lee Y, Hwang I. An Arabidopsis prenylated Rab acceptor 1 isoform,

AtPRA1.B6, displays differential inhibitory effects on anterograde trafficking of proteins at the endoplas-

mic reticulum. Plant Physiol. 2011; 157(2):645–58. https://doi.org/10.1104/pp.111.180810 PMID:

21828250; PubMed Central PMCID: PMC3192560.

60. Pietiainen V, Vassilev B, Blom T, Wang W, Nelson J, Bittman R, et al. NDRG1 functions in LDL receptor

trafficking by regulating endosomal recycling and degradation. J Cell Sci. 2013; 126(Pt 17):3961–71.

https://doi.org/10.1242/jcs.128132 PMID: 23813961.

61. Wong LH, Gatta AT, Levine TP. Lipid transfer proteins: the lipid commute via shuttles, bridges and

tubes. Nat Rev Mol Cell Biol. 2019; 20(2):85–101. https://doi.org/10.1038/s41580-018-0071-5 PMID:

30337668.

62. Levine T. Short-range intracellular trafficking of small molecules across endoplasmic reticulum junc-

tions. Trends Cell Biol. 2004; 14(9):483–90. https://doi.org/10.1016/j.tcb.2004.07.017 PMID:

15350976.

63. Wu H, Carvalho P, Voeltz GK. Here, there, and everywhere: The importance of ER membrane contact

sites. Science. 2018; 361(6401). https://doi.org/10.1126/science.aan5835 PMID: 30072511.

PLOS ONE PRA1 retention within the ER is facilitated by di-arginine and FFAT-like motifs

PLOS ONE | https://doi.org/10.1371/journal.pone.0243075 December 1, 2020 20 / 20

https://doi.org/10.1016/j.jmb.2018.12.004
https://doi.org/10.1016/j.jmb.2018.12.004
http://www.ncbi.nlm.nih.gov/pubmed/30550779
https://doi.org/10.1038/s41592-018-0044-9
https://doi.org/10.1038/s41592-018-0044-9
http://www.ncbi.nlm.nih.gov/pubmed/29988094
https://doi.org/10.1021/acs.biochem.8b00932
https://doi.org/10.1021/acs.biochem.8b00932
http://www.ncbi.nlm.nih.gov/pubmed/30605611
https://doi.org/10.1074/jbc.M101763200
http://www.ncbi.nlm.nih.gov/pubmed/11335720
https://doi.org/10.1016/j.cell.2015.06.043
https://doi.org/10.1016/j.cell.2015.06.043
http://www.ncbi.nlm.nih.gov/pubmed/26186194
https://doi.org/10.1104/pp.111.180810
http://www.ncbi.nlm.nih.gov/pubmed/21828250
https://doi.org/10.1242/jcs.128132
http://www.ncbi.nlm.nih.gov/pubmed/23813961
https://doi.org/10.1038/s41580-018-0071-5
http://www.ncbi.nlm.nih.gov/pubmed/30337668
https://doi.org/10.1016/j.tcb.2004.07.017
http://www.ncbi.nlm.nih.gov/pubmed/15350976
https://doi.org/10.1126/science.aan5835
http://www.ncbi.nlm.nih.gov/pubmed/30072511
https://doi.org/10.1371/journal.pone.0243075

