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Abstract

The physiological functions of the rhomboid-related protein 4 (RHBDL4) are emerging, but their molecular details remain
unclear. Because increased expression of RHBDL4 has been clinically linked to poorer outcomes in cancer patients, this
association urgently demands a better understanding of RHBDL4. To elucidate the molecular interactions and pathways that
RHBDL4 may be involved in, we conducted proximity-dependent biotin identification (BiolD) assays. Our analyses
corroborated several of the expected protein interactors such as the transitional endoplasmic reticulum ATPase VCP/p97
(TERA), but they also described novel putative interactors including IRS4, PGAMS and GORS2. Using proximity-ligation
assays, we validated VCP/p97, COPB and VRK2 as proteins that are in proximity to RHBDL4. Overall, our results support
the emerging functions of RHBDL4 in endoplasmic reticulum quality control, but also point towards putative RHBDL4

functions in protein membrane insertion and membrane organisation and trafficking.

Introduction

Intramembrane rhomboid proteases are conserved throughout evolution, suggesting that they carry out fundamental biological
functions /. The rhomboid-related protein 4 (RHBDL4, Uniprot accession number Q8TEBY) is one of five catalytically active
mammalian thomboid family members and is clinically linked to cancer: patients with a higher expression of RHBDL4 in the
tumour-surrounding tissues showed a lower overall survival rate in colorectal and breast cancer ? 3. As a potential molecular
mechanism, it was proposed that RHBDL4 facilitates the proteolytic release of TGFa’. However, this idea was challenged by
Wunderle et al.; they instead suggested that RHBDL4 promotes the transport of TGFa to the cell surface “. In addition, cancer-
relevant signalling pathways including AKT and B-catenin were found to be altered when RHBDL4 expression was increased
356 RHBDL4 has been shown to play a role in the endoplasmic reticulum (ER)-associated degradation (ERAD), where it
facilitates the retro-translocation process of misfolded proteins 7. The globular C-terminus of RHBDL4 contains a ubiquitin-
interacting motif and an interaction site for the transitional endoplasmic reticulum ATPase, VCP/p97, which is known to pull
misfolded proteins out of the ER to subsequently direct them to the proteasome &, Thus, it was proposed that RHBDL4 may
cleave misfolded or aggregation-prone proteins that are stalled in the retro-translocation process °. A number of substrates
have been identified for RHBDL4, including Bcl-2-interacting killer (BIK), oligosaccharyl transferase (OST), pre T-cell
receptor substrate alpha (pTa), sterol regulatory element-binding protein 1 (SREBP1), and tumour suppressor activated
pathway-6 (TSAP6) > 7 1012 A recent paper identified dozens more RHBDL4 substrates, and amongst many of them, RHBDL4
appears to control the removal of C-terminal ER-retention motifs of ER chaperones °. Previously, we have shown that
RHBDLA4 cleaves the amyloid precursor protein (APP) that bypasses APP from its amyloidogenic processing, suggesting that
RHBDL4 could play a modulatory role in Alzheimer’s disease /. To gain further insight into its potential regulation in this
neurodegenerative disease, we hypothesised that a comprehensive putative protein interactome map of RHBDL4 could serve
as the basis to understand its physiological roles since it is likely that interacting proteins modulate its functions. Proximity-

dependent biotin identification (BioID) is a powerful proteomics tool; it screens for all protein-protein interactions, albeit



weak, transient, or indirect, within a 10-nanometer interaction range /> /. Here, we analysed the putative protein interactome

of RHBDL4 using BiolD assays and validated several of the hits using proximity ligation assays (PLA).

Results

To account for potentially different interaction partners at the cytosolic termini, we generated two RHBDL4 constructs with a
mutated biotin ligase (BirA R118G) that were either fused at the N- or C-terminus of RHBDL4 (Figure 1A). Hereon, these
constructs will be referred to as N-BirA-RHBDL4 or RHBDL4-BirA-C. These fusion constructs were stably integrated into

Flp-In T-REx-293 cells and expressed under a tetracycline-inducible promoter.
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Figure 1: Optimization of RHBDL4 fusion protein expression. A: Schematic of the RHBDL4 and control fusion proteins,
created with BioRender.com. B, C: Control (ctr) cells were treated with vehicle control (methanol). Upper band at around 60
kDa represents the intact fusion proteins, whereas signals at 37 kDa represent endogenous RHBDL4. Note that N-BirA-
RHBDLA4 generates an RHBDL4 signal at 42 kDa containing the Flag tag as a cleavage fragment from the fusion protein.
Shown are representative Western blots of independent replicates that covered a larger range of concentrations and durations
(n=3). D: Each independent replicate of N-BirA-RHBDL4 was quantified from the western blots and normalised to B-actin.

Error bar denotes mean £SEM (n=2).



To avoid detecting unspecific proximity partners of RHBDLA4, we aimed to express RHBDL4 fusion protein levels as close to
the endogenous RHBDLA4 protein levels for BiolD. Therefore, the expression levels of the RHBDL4 fusion proteins were first
optimised to those of endogenous RHBDL4. We tested several concentrations and durations of tetracycline treatments to yield
different fusion protein levels relative to endogenous RHBDL4, which is seen in the non-tetracycline-treated vehicle controls
(Figure 1B-D). We observed that the fusion construct expressing N-BirA-RHBDL4 was cleaved and thereby released the
exogenous RHBDL4 moiety, which migrated at a slightly higher molecular weight than endogenous RHBDL4 (Figure 1C).
We thus took this exogenous higher RHBDLA4 signal to optimise the expression of the fusion constructs, since the exogenous
RHBDLA4 cleavage fragment allowed for a direct comparison to endogenous RHBDL4 due to their similar size in the western
blot. We determined that 10 ng/mL of tetracycline induction for four hours allowed the expression of the N-BirA-RHBDL4
fusion protein level to be approximately at the endogenous RHBDL4 protein level. Thus, this condition was used for all

subsequent experiments.

We utilised the ER-resident transmembrane proteins, TMCO1 and TMEM214, as BiolD negative controls with BirA fused to
their C-termini, which are located in the cytosol and thus correspond to the localisation and orientation of the RHBDL4 fusion
constructs. Assuming that unspecific protein interaction partners of RHBDL4 fusion proteins would also bind to the negative
control fusion proteins when expressed at comparable levels, we matched the expression of the control fusion proteins,
TMCOI1-BirA and TMEM214-BirA, to the fusion protein levels of N-BirA-RHBDL4. Accordingly, the expressions of the
TMCO1 and TMEM214 fusion constructs were induced with different concentrations and durations of tetracycline and
subsequently compared to N-BirA-RHBDL4 (Figure 2). When both negative control fusion proteins were induced with 50
ng/mL tetracycline for a duration of four hours, their expressions were comparable to that of N-BirA-RHBDL4 fusion protein

(Figure 2A, B). Thus, this condition for the negative control fusion proteins was used for all subsequent experiments.
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Figure 2: Optimization of control fusion proteins expression and stability assessment of fusion constructs. Lysates from

Flp-In T-REx-293 cells stably expressing A: TMEM214-BirA or B: TMCO1-BirA was induced with different concentrations



and durations of tetracycline and compared to N-BirA-RHBDL4. Shown are representative Western blots of independent
replicates (n=3). C: Fusion proteins were induced for 4 h with tetracycline. Cells were then either lysed or washed with PBS
and incubated with medium for an additional 20 h, indicated as 24. Shown is a representative Western blot of independent

replicates (n=3). D: As in A, but the additional incubation period was 4 h, indicated as 8 (n=1).

Optimization of fusion proteins for stability and biotin labelling.

The original protocol for BiolD utilises a 24-hour incubation of biotin for the labelling of vicinal proteins /% /7. However, we
observed that the TMEM214 and TMCO1 fusion proteins were unstable at 20 hours following the removal of the inducer
tetracycline (Figure 2). Conversely, it was previously shown that biotinylation reactions reach saturation between six to 24
hours and yielded comparable results /7. We therefore analysed the stability of each fusion protein at shorter time points and
found that all proteins were optimally stable for an additional four hours after the removal of tetracycline (Figure 2C, D),
allowing for a total biotin incubation of eight hours. Furthermore, in pilot experiments, we compared the resulting interactome
of RHBDLA4 and the negative controls from an eight-hour biotin incubation to a 24-hour biotin incubation and determined that
there were no major differences (data not shown). Thus, we conducted all BioID assays by inducing the expression of fusion
proteins and their biotinylation for four hours with tetracycline plus biotin, followed by another four-hour incubation with

biotin alone.
Stringent analysis of RHBDL4 BiolD hits

Putative vicinal proteins of RHBDL4 were identified by mass spectrometry. Potential interactors that were shared with the
negative controls as well as proteins characteristic of the BiolD Contaminant Repository for Affinity Purification (CRAPome)
were excluded /4. Results were analysed in two ways: first, we performed a relatively stringent analysis where proteins were
only identified as a unique potential interactor of RHBDLA4 if the following criteria were met: one, the total spectral counts
(TSCs) from the mass spectrometry raw data were at least five; and two, the TSCs were at least five-fold greater for the
RHBDLA4 fusion protein than in both controls in at least two of the three independent pull-downs. This stringent set of criteria
allowed for the generation of a robust list of potential interactors that we are reporting with high confidence. A total of 16
proteins were identified as potential unique interactors of RHBDL4, of which only three proteins were found to be common
interactors between the N- and C-termini of RHBDL4 (Figure 3A). Within these hits, we identified VCP/p97 (TERA) as a
putative interactor of the RHBDL4 C-terminus, which we anticipated based on the VCP/p97 interacting motif located at the

C-terminus of the protease . Thus, this finding serves as an intrinsic positive control.
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Figure 3: Analysis of RHBDL4 interactors and putative phosphorylation site from mass spectrometry data. A: Venn
diagram of stringent RHDBL4 interactome analysis. Using N-BirA-RHBDL4 and RHBDLA4-BirA-C fusion proteins, a total
of 16 proteins were identified and of which only 3 are in common. GORS2: golgi reassembly-stacking protein 2. EMC4: ER
membrane protein complex subunit 4. PGAMS: serine/threonine-protein phosphatase. IRS4: insulin receptor substrate 4.
MANI: inner nuclear membrane protein Manl. CLCC1: chloride channel CLIC-like protein 1. COPG2: coatomer subunit
gamma-2. COPD: coatomer subunit delta. COPA: coatomer subunit alpha. COPB2: coatomer subunit beta’. COPB: coatomer
subunit beta. NDC1: nucleoporin NDC1. ESYT1: extended synaptotagmin-1. SNP29: synaptosomal-associated protein-29.
AAAS: aladin. TERA: transitional endoplasmic reticulum ATPase (VCP). B-D: Analysis of broader RHBDL4 interactome
using ShinyGO software. Fold enrichment of GO terms stratified by biological process (B), cellular component (C) and
molecular function (D). Enrichment data was obtained using HEK293T transcriptome as the reference expression set. FDR
cut-off for analysis is 0.05, and only the most significant groups are shown. The number of genes per group is shown by circle
size while FDR significance is shown as a colour gradient from blue (least) to red (most). STMA: stop transfer membrane-
anchor; TAM: tail anchored membrane; DDOST: dolichyl-diphosphooligosaccharide-protein glycoltransferase; OST:
oligosaccharyl transferase. E: MS/MS spectrum with ion annotation of the phosphorylated RHBDL4 parent peptide (789.89

m/z + 3H"; deconvoluted 2,366.04 Da) showing a phosphorylation at serine residue 291 (S+80).

Pathway analysis of RHBDL4 BiolD hits

We then conducted a second, less stringent approach in analysing the mass spectrometry data to identify relevant pathways
that RHBDL4 may be involved in. In this analysis, we identified proteins as potential interactors if the TSCs were at least one
and were observed in at least two out of the three independent pull-downs. This resulted in a large overlap between the BiolD
hits derived from the RHBDL4 N- and C-terminal fusion proteins; thus, we combined the data from both termini (see
supplemental information 1). The resulting list of potential interactors was compared to a HEK293T gene expression set

19

(available in the Human Protein Atlas from

https://www.proteinatlas.org/search/NOT+celline_category rma%3AHEK+293%3BNot+detected) using ShinyGO 0-76.1

annotations *’. Gene Ontology (GO) assigns genes to functional categories, which allows the identification of an enrichment
in such groupings within a given gene or protein set. The RHBDL4 BiolD putative interactome revealed GO Biological
Processes on protein insertion into the ER and membrane organisation with at least a 10-fold enrichment from the HEK293T
gene expression set (Figure 3B). A list comprising the proteins assigned to each GO category can be found in the supplemental
information. GO Cellular Components identified a more than 100-fold enrichment for the EMC complex, which is an ER
protein complex that facilitates the insertion of tail-anchored and polytopic membrane proteins (Figure 3C) 2. Amongst the
GO Molecular Functions, OST-related activities were more than 90-fold enriched, which is likely related to the nature of OST
acting as a substrate of RHBDL4 “. Functions relating to GTP binding and hydrolysis were found to be approximately 9-fold

enriched as well (Figure 3D). One kinase that frequently appeared in these analyses was the serine/threonine protein kinase



(VRK2, also Vaccinia-related kinase 2), which plays a role in stress, membrane association, and signalling. As an incidental
observation, we discovered several phosphorylated RHBDL4 peptides by mass spectrometry (without the use of phosphatase
inhibitors, Figure 3E) with a prominent phosphorylation site at S291. To evaluate the potential kinases that could phosphorylate
this site, we utilized GPS 5.0, which is a kinase prediction software®*, and VRK2 was proposed to be one of several kinases.

Thus, we included VRK2 in our interaction validation assays.
BiolD validation

To validate some of the BiolD hits with an alternative method, we used PLA. This technique utilizes antibody stains with
DNA-tag amplification and validates the close proximity between two proteins in a cell. As a negative control, we utilised
HEK293T cells expressing an inducible shRNA against RHBDL4 7 (Figure 4B). Our PLA analyses indeed support the
interactions of RHBDL4 with VCP/p97 and COPB, which are hits from the stringent analysis (Figure 4C). Additionally, we
validated the proximity of RHBDL4 and VRK2 (Figure 4C). The quantifications of PLA signals per nucleus reveal a statistical

significant difference between PLA signals in wild type cells versus RHBDL4 knockdown cells (Figure 4C).
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Figure 4: Validation of BioID hits using PLA. A: Confirmation of in-house RHBDLA4 rabbit polyclonal antibody specificity
in RHBDL4 WT and KO MEFs. The nucleus is stained with DAPI (blue) while RHBDL4 is represented by the green signal
in the merged images. Black and white images show RHBDLA4 signal intensity only. The scale bar is 20 pm. B: RHBDL4
protein expression in HEK293T RHBDL4 knockdown cells in comparison to WT after 4-day doxycycline treatment by
Western blot. C: PLA experiments in wild type HEK293T and doxycycline-inducible RHBDL4 knockdown cells. The nucleus
is in blue (DAPI) while the red dots indicate one proximity ligation of RHBDL4 with a putative interactor. Black and white
images show the PLA signal intensity only. The reliability of the technique is tested by either using only the in-house rabbit

RHBDLA4 antibody or combining it with a rabbit antibody against an interacting protein (IRS4), since two rabbit antibodies



should not produce a PLA signal (top two rows). Shown are representative images of at least two biological replicates. The
scale bar is 20 um. Each data point of the quantification represents the number of PLA signals per nucleus per one image;

significance was tested with the unpaired student t-test.

Discussion

The rhomboid protease RHBDL4 is an intriguing protein since its increased expression is clinically associated with several
types of cancer » /> 2, In addition, we identified that RHBDL4 cleaves APP /4 within the cell, which alludes to a potential
implication in Alzheimer’s disease. In fact, cancer and Alzheimer’s disease appear to affect similar pathways because it has
been shown that cancer patients have an 11% decreased risk of getting Alzheimer’s disease »°. While its function in these
potentially shared pathways is speculative, understanding the exact biological mechanisms of RHBDL4 should be a priority
for both diseases. As such, we conducted BiolD experiments to identify proteins putatively in proximity to RHBDLA4. In our
assays, we profoundly controlled the expression levels and stabilities of all our fusion proteins to minimize false positive
interactions. We also conducted the proteomics assays with two negative control proteins and, not only one, but two distinct
RHBDLA4 fusion proteins with BirA attached to either the N- or C-terminus and thus identified novel interactors of RHBDL4.
With these critical steps that allowed for the production of high-quality experimental data, a putative list of RHBDL4 protein
interactors was thus identified. The resulting proteins were then analyzed via a stringent method as well as a pathway analysis

carried out by ShinyGO.

Thus far, RHBDL4 has mostly been discussed in the context of ERAD. Interestingly, the results of our study as analyzed by
ShinyGO suggests a novel role of RHBDL4 in general membrane and vesicle trafficking, as well as protein membrane insertion
(see supplemental information). Moreover, we validated some of the identified interaction partners of RHBDL4 using PLA,
which increases the confidence of these interactions. For example, while the VCP/p97 binding site of RHBDL4 was already
identified in 2012 and supported by co-immunoprecipitations’, we herein provide the first experimental data confirming their
physical interaction and subcellular localization using PLA. VCP/p97 has been implicated in several functions, such as the
clearance of stress granules, regulation in response to DNA double-stranded breaks, and mediating endolysosomal sorting of
ubiquitylated cargo; however, it is predominantly known to be involved in the complex that participates in the retro-
translocation of proteins from the ER to the cytoplasm for clearance by ERAD?% 27, We also validated the interaction of VRK2
and RHBDLA4 by PLA, since VRK2 is of interest for two reasons: First, it is implicated in membrane biology as per ShinyGO
annotations. Second, serine residue at S291 of RHBDL4 was found phosphorylated in our BioID analyses (Fig. 3E), which is
potentially being carried out by VRK2 according to the kinase-specific prediction software GPS 5.0. S291 lies between the
ubiquitin and VCP/p97 binding motifs of RHBDLA4, so that S291 phosphorylation could potentially modulate the interaction
of RHBDL4 with ubiquitin and/or VCP/p97. Lastly, we validated the interaction of RHBDL4 and COPB by PLA. Amongst

the hits of the stringent analysis were several COPI coatomer subunits. These proteins mediate the retrograde vesicle transport
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from the cis-Golgi to the ER and the trafficking of proteins between the Golgi cisternae. Thus, their functions may explain the

prominence of protein and membrane trafficking pathways from the ShinyGO pathway analysis.

It should be noted that RHBDL4 BiolD analyses have been previously published by Ikeda et. al ?%. Because our interactome
is congruent with many of their hits,’® this correspondence further supports the validity of the interactors. For example, our
analysis determined PTP1B as an interactor of RHBDL4, and Ikeda et al.’® suggested that this protein may mediate
dephosphorylation of tyrosine residues in RHBDL4 and thereby influence the ability of RHBDLA4 to bind to ubiquitin. Further
overlap between our data sets exists for VCP/p97 (TERA), VRK2, MAN1, and COPG?2 in relation to our stringent analysis. In
addition, protein interactors were investigated with pull down assays by the Lemberg lab, who discovered, for example, protein
disulfide isomerases (PDI) °, which we could confirm in our BioID assay as well (PDIA6, S1). Conversely, there are also
remarkable differences between our BiolD analyses and those of Ikeda et al.. For example, IRS4 was a hit in our stringent
analysis, but not identified by Ikeda et al’®. IRS4, in contrast to the related proteins IRS1 and IRS2, is silent in adult tissues
but is transcribed in some forms of breast cancer, suggesting a mechanism of interest for the involvement of RHBDL4 in
cancer . Further, we found PGAMS as a putative RHBDL4 interactor. This protein partner is a mitochondrial serine/threonine

phosphatase that regulates mitochondrial biogenesis 3% 3/

, suggesting the involvement of RHBDL4 at ER-mitochondria contact
sites and in mitochondrial integrity. The Golgi reassembly-stacking protein 2 (GORS2/GRASPSS5) regulates the intracellular
trafficking of certain transmembrane proteins, including the TGFa precursor ¥, that disrupts trafficking in the absence of
RHBDL4 as previously discussed’. IRS4, PGAMS, and GORS2 were identified in the pull-downs of our N-BirA-RHBDL4
fusion protein, which may explain some of the differences in our BioID analyses as compared to the interactors identified by
Tkeda et al. %%, who solely used a C-terminal RHBDL4 fusion protein. We also identified several subunits of the EMC complex,

which are putative novel RHBDL4 interactors. The EMC physically interacts with several ERAD components, such as derlin-

2 3, suggesting that RHBDL4 could be involved in ERAD through these protein interactions.

It has been suggested that the EMC is required to promote the biogenesis of sterol-sensing enzymes and was thus implicated
in cellular cholesterol homeostasis *. Similarly, the EMC is involved in the maturation of proteins required for the biogenesis
of lipid droplets *. Interestingly, we previously found that RHBDL4 binds to cholesterol, and this event affects its catalytic
activity . Together, this suggests that RHBDL4 and the EMC may coordinate in lipid dynamics. However, it should be noted
that the EMC facilitates the protein membrane insertion of tail-anchored and multi-pass proteins, and because RHBDL4 is
such a protein, the putative interaction with the EMC could be derived from the nascent RHBDLA4 fusion proteins. Conversely,
in line with the potential role of RHBDL4 in protein membrane insertion, an unbiased approach identified several dozens of
new RHBDLA4 substrates, including CCDC47, which is part of the ER membrane insertion complex for the biogenesis of multi-
pass membrane complexes **. Overall, we did not identify many substrates of RHBDL4 using the BioID approach, except for
OST subunits. This observation may be related to RHBDL4 possessing both catalytic and non-catalytic functions ¥/, and

perhaps its catalytic activity is relatively low under standard cell conditions and may increase when cells are challenged.
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Materials and Methods

Plasmids: C-terminal pcDNAS5-TMEM214-BirA-FLAG, C-terminal pcDNAS-TMCO1-BirA-FLAG, pDONR223-RHBDLA4,
and N-terminal and C-terminal tagged pcDNAS5-pDEST-BirA-FLAG Gateway vectors (kindly provided by Dr. David Y.
Thomas, McGill University) and pOG44 Flp-Recombinase expression vector (Invitrogen) and pcDNA3.1 empty vector for
mock control were used. pPDONR223-RHBDL4 was used with the Gateway cloning system to insert the RHBDL4 sequence
into N-terminal and C-terminal tagged pcDNAS-pDEST-BirA-FLAG plasmids to generate N-terminal tagged pcDNAS5-BirA-
FLAG-RHBDL4 (N-BirA-RHBDL4) and C-terminal tagged pcDNAS5-RHBDL4-BirA-FLAG (RHBDL4-BirA-C) constructs.
Expression vector inserts were verified by DNA sequencing (McGill University and Génome Québec Sequencing Center).

Antibodies: Mouse anti-B-actin (§H10D10, Cell Signaling), rabbit anti-RHBDD1 (HPA013972, Sigma-Aldrich) for western
blots, and rabbit anti-FLAG (D6W5B, Cell Signaling) were used. Horseradish peroxidase-coupled secondary antibodies
against mouse or rabbit IgG (Promega) were used for chemiluminescent detection using the ImageQuant LAS 500 or 600

system (GE Healthcare). Blots were quantified using ImageJ and Image Studio Lite (Licor).

Cell culture and lysis: Flp-In T-REx-293 wild type or Flp-In T-REx-293 cells with stably genome-integrated N-BirA-
RHBDL4, RHBDL4-BirA-C, TMCO1-BirA-FLAG, or TMEM214-BirA-FLAG, were generated using the Flp-In system. 8
x10° Flp-In T-Rex-293 cells per 6-well were seeded 24 hours prior to transfection. The Flp recombinase, pOG44 (Invitrogen)
and pcDNAS-Gene Of Interest (GOI)-BirA-FLAG were co-transfected with a total of 3 pg DNA with a ratio of 2:1 of pOG44
to pcDNAS-GOI-BirA-FLAG with 8 pLL Lipofectamine 2000 (Invitrogen) in 1 mL Opti-MEM (Gibco) per well. Five hours
post- transfection, the cell culture media was replaced with DMEM (Wisent: 4.5 g/L glucose, 0.584 g/L L-glutamine, 0.11 g/L
sodium pyruvate) supplemented with 10% FBS (Wisent). 24 hours after transfection, the cells were re-seeded in 10 cm dishes.
48 hours after transfection, 200 pg/mL hygromycin B (Invitrogen) was used for selection. Stable Flp-In T-REx cells were
cultured in DMEM supplemented with 10% FBS , 5 pg/mL blasticidin S, HCI (Bioshop), and 100 pg/mL hygromycin B at
37°C and 5% COx. 2 x 10° cells per 12-well or 5 x 10 cells per 6-well were seeded 48 hours prior to treatments and before
lysis with TNE lysis buffer (50 mM Tris-HC1 pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% Nonidet P-40, and cOmplete protease
inhibitor (Roche)). 6X SDS sample buffer (300 mM Tris-HCI pH 6.8, 6% SDS, 24% glycerol, and bromophenol blue) was

added to samples for a final concentration of 1X. Samples were analysed by standard SDS-PAGE and western blot procedures.

For PLA assays, HEK293T cells with doxycycline-inducible expression of a shRNA against RHBDL4 were kindly provided
by Dr. Marius Lemberg, University of Cologne 7. Cells were maintained in DMEM + 10% FCS at 37°C and 5% CO,. The
medium was supplemented with doxycycline or a vehicle control for at least 4 days before cells were seeded for PLA assays.
Wild type or RHBDL4-knockout mouse embryonic fibroblasts (MEFs) were kindly provided by Dr. Matthew Freeman,
University of Oxford. MEFs were maintained in DMEM supplemented with 10% FBS at 5% CO,. Cells were fixed,
permeabilized, stained with an in-house generated rabbit polyclonal serum against the N terminus of RHBDL4 (amino acids

4-14 RRSRGINTGL), and imaged using an Axiovert epifluorescent microscope.
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BioID and LC-MS: BiolD experiments were modified based on published procedures’’. 2 x 10° Flp- In T-REx-293 cells
expressing inducible N-BirA-RHBDL4, RHBDLA4-BirA-C, or TMCO1-BirA-FLAG and TMEM214-BirA-FLAG were seeded
onto two 10 cm dishes. 72 hours later, a four-hour induction of tetracycline at 10 ng/mL or 50 ng/mL plus 50 uM biotin was
used to express and biotinylate the fusion proteins. Cells were washed twice with D-PBS and then incubated with 50 uM biotin
(Sigma-Aldrich) alone for an additional four hours. The plates were washed with D-PBS, scraped in pre-chilled D-PBS, and
centrifuged at 1000 x g for 10 minutes at 4°C. The pellet was lysed with RIPA lysis buffer (10 mM Tris-HCI pH 8.0, 140 mM
NaCl, 1% Triton X- 100, 0.1% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 1 mM PMSF) for 10 minutes on ice. The
lysate was centrifuged at 20,000 x g for 10 minutes. The supernatant was collected, and the protein concentration was diluted
to 1-2 mg/mL using a wash buffer (10 mM Tris-HCI pH 8.0, 150 mM NaCl). The sample was pre-cleared with Sephadex G-
25 Coarse beads (Amersham Pharmacia Biotech), rotating for 30 minutes at 4°C, prior to incubation with 15 pL of packed
neutravidin agarose resin (Thermo Fisher) that was washed twice with RIPA buffer prior to their use, for two hours at 4°C.
The resin was washed three times with wash buffer before being completely drained. 6 pL of Trypsin Gold, Mass Spectrometry
Grade (Promega) was added overnight at 30°C. The digested peptides were washed from the resin with a 50:50 ratio of water
to acetonitrile. The digest supernatant was collected through a C-18 ZipTip, dried in a SpeedVac and resolubilized in 20 pL
water with 0.1% formic acid (Fluka Analytical). Using a nanoflow liquid chromatography system (nLC1000, Thermo
Scientific) 10 pL of the digests were injected onto a 2 cm 2um C18 trapping column (PepMap, Thermo Scientific) and
separated by reverse phase chromatography through a 25 cm reverse phase column (2 pm C18, Thermo Scientific) running an
acetonitrile (ACN) gradient of 0-40% ACN in 100 minutes at a flow rate of 350 nL per minute into an Orbitrap mass
spectrometer (Q-Exactive HF, Thermo Scientific). The mass spectrometer was set to the following data acquisition duty cycle
parameters: MS scan at 240,000 resolution, followed by 25 MSMS isolations and fragmentations at 8000 resolution, with a

dynamic time exclusion of 4 seconds.
BiolID bioinformatics and databases for protein identification

All MS/MS raw data files were converted into peak lists using Mascot Peak Distiller (Matrix Science). Mgf files were searched
against the curated Human Proteome database (Uniprot: Homo Sapiens) using the Mascot search engine (Matrix Science) with
the following parameters: Enzyme: Trypsin. Missed cleavages: 1. #C13:1. Fixed modifications: none. Variable modifications:
oxM (and, when expected, phospho-T and phospho-S). Precursor mass accuracy: 6 ppm. MSMS mass accuracy: 50 mmu.
Instrument type ICRFT. Mascot files were imported into Scaffold v3.4 (Proteome Software Inc), and a second search engine
(X!Tandem) was requested to search the data again, after which the combined data was validated through the trans proteomics

pipeline. Data were visualized as total spectral counts, passing peptide and protein thresholds of 95%.

In the first analysis, the identified proteins and peptides from Scaffold were simultaneously filtered to identify unique BiolD
hits for the N-terminus and C-terminus of RHBDLA4, independently, which were only accepted if the TSC from the MS/MS
raw data were at least five for RHBDL4-containing samples and simultaneously at least five-fold higher than both the TSCs

from TMCOI1- and TMEM214-containing samples in at least two independent pull-downs. In the second analysis, the
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identified proteins and peptides from Scaffold were simultaneously filtered to identify general BioID hits for RHBDL4 C-
terminus or N-terminus, which were only accepted if the TSC from the MS/MS raw data was at least one in at least two

independent pull-down replicates for each terminus.

Proximity ligation assays: 8x10* cells/24-well were seeded on coverslips. Cells were fixed with 4% paraformaldehyde,
quenched with ammonium chloride, and permeabilized using 0.1% triton-X100 in PBS for 10 minutes. Following the
manufacturer’s instructions (Sigma-Aldrich), cells were blocked for 1 hour in a humidity chamber and then incubated with the
primary antibodies overnight at 4°C. Detection antibodies were incubated for 1 hour at 37°C in a humidity chamber, followed
by the ligation reaction for 30 minutes, and then the amplification reaction for 100 minutes. Slips were mounted on slides and
imaged with an Axiovert 3 fluorescent microscope (ABIF core facility). The antibodies used in PLA are in-house generated
rabbit polyclonal serum against the N terminus of RHBDL4 amino acids 4-14 (RRSRGINTGL), mouse monoclonal anti-VCP
antibody (MA3-004 Invitrogen), rabbit polyclonal anti-IRS4 antibody (PA5-53596 Invitrogen), mouse monoclonal anti-COPB
antibody (M3AS5 Millipore Sigma), and mouse monoclonal anti-VRK2 antibody (WH0007444M1 Millipore Sigma). For
quantifications, fluorescent intensities were adjusted between WT and RHBDL4 knockdown cells and PLA signals per nucleus
counted using Image J. Each data point represents the quantification from one image. Statistical significance was analyzed

using the GraphPadPrism software using the unpaired student t-test.

Conclusions

In conclusion, we have identified a putative proteome map of RHBDL4 that not only confirms previously reported protein
interaction partners, but more importantly, our analyses revealed several novel interactors, some of which we further validated.
Our results indicate that the cellular functions of RHBDL4 include ER quality control, protein membrane insertion, and

membrane organisation.
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