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Quantitative Proteomics Links the LRRC59
Interactome to mRNA Translation on the ER
Membrane
Molly M. Hannigan1,‡, Alyson M. Hoffman2,‡, J. Will Thompson3,4, Tianli Zheng1, and
Christopher V. Nicchitta1,2,*

Protein synthesis on the endoplasmic reticulum (ER)
requires the dynamic coordination of numerous cellular
components. Together, resident ER membrane proteins,
cytoplasmic translation factors, and both integral mem-
brane and cytosolic RNA-binding proteins operate in con-
cert with membrane-associated ribosomes to facilitate
ER-localized translation. Little is known, however, regard-
ing the spatial organization of ER-localized translation.
This question is of growing significance as it is now known
that ER-bound ribosomes contribute to secretory, integral
membrane, and cytosolic protein synthesis alike. To explore
this question, we utilized quantitative proximity proteomics
to identify neighboring protein networks for the candidate
ribosome interactors SEC61b (subunit of the protein translo-
case), RPN1 (oligosaccharyltransferase subunit), SEC62
(translocation integral membrane protein), and LRRC59
(ribosome binding integral membrane protein). Biotin label-
ing time course studies of the four BioID reporters revealed
distinct labeling patterns that intensified but only modestly
diversified as a function of labeling time, suggesting that the
ER membrane is organized into discrete protein interaction
domains. Whereas SEC61b and RPN1 reporters identified
translocon-associated networks, SEC62 and LRRC59 re-
porters revealed divergent protein interactomes. Notably,
the SEC62 interactome is enriched in redox-linked proteins
and ER luminal chaperones, with the latter likely represent-
ing proximity to an ER luminal chaperone reflux pathway. In
contrast, the LRRC59 interactome is highly enriched in SRP
pathway components, translation factors, and ER-localized
RNA-binding proteins, uncovering a functional link between
LRRC59 andmRNA translation regulation. Importantly, anal-
ysis of the LRRC59 interactome by native immunoprecipita-
tion identified similar protein and functional enrichments.
Moreover, [35S]-methionine incorporation assays revealed
that siRNA silencing of LRRC59 expression reduced steady
state translation levels on the ER by ca. 50%, and also
impacted steady state translation levels in the cytosol com-
partment. Collectively, these data reveal a functional domain
organization for the ER and identify a key role for LRRC59 in
the organization and regulation of local translation.

RNA localization and accompanying local translation serve
critical roles in the spatiotemporal regulation of post-tran-
scriptional gene expression. Reflecting the importance of
such regulation, localized mRNA translation requires the
coordinate localization of numerous proteins, including ami-
noacyl-tRNA synthetases, translation factors, RNA-binding
proteins (RBPs), molecular chaperones, enzymes/scaffolding
proteins which act to modify the nascent polypeptide chain,
as well as cis-encoded mRNA localization and trafficking in-
formation (1–14). At the endoplasmic reticulum (ER), the pri-
mary site for secretory and membrane protein synthesis,
mRNA translation becomes more complex, requiring addi-
tional protein factors including proteins that facilitate ribo-
some association with the ER membrane, namely the protein
translocation machinery, which participates in ribosome asso-
ciation, and newly discovered non-canonical integral mem-
brane RNA-binding proteins (15–30). With understanding of
the structural organization and regulation of ER-associated
translation being largely derived from the classical canine pan-
creas rough microsome system, a largely unexplored question
in the field concerns the cellular components and mechanisms
regulating ER-localized translation in intact cells. A further level
of complexity to ER-localized protein synthesis appears when
considering the multiple lines of evidence supporting a tran-
scriptome-wide role for the ER in proteome expression (17, 21,
24, 25, 28, 31–37). Notably, investigations of ER-localized
mRNA composition in human cells, tissues, yeast, and fly
revealed that all transcripts, not just those encoding secretory
and membrane proteins, are translated on the ER (17, 21, 24,
25, 28, 31, 33, 35–39). Although landmark biochemical and
structural studies have advanced our understanding of how se-
cretory/membrane protein synthesis is coupled to protein
translocation, it remains unclear how translation on the ER is
compartmentalized to accommodate the coincident translation
of both cytosolic and secretory/membrane protein-encoding
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mRNAs. One model proposes that an mRNA-wide role for the
ER in proteome expression is achieved by translocon-inde-
pendent modes of ribosome association with the ER mem-
brane (25, 40–45). In this view, the SEC61 translocon serves a
canonical role in secretory/membrane protein biogenesis by
recruiting ribosomes engaged in the translation of this mRNA
cohort, whereas other candidate ribosome interactors (e.g.,
p180, p34/LRRC59, SEC62) function as non-translocon ribo-
some binding sites. Ribosomes bound at these non-translo-
con sites may engage in the translation of both cytosolic
and secretory/membrane protein-encoding transcripts. In
the case of secretory/membrane polypeptides undergoing
early elongation on non-translocon-associated ribosomes,
signal sequence-bearing nascent chains might access
translocons via lateral diffusion (21, 25, 31, 46, 47). A pri-
mary prediction of this model is that different ribosome
interacting proteins would reside in distinct membrane pro-
tein environments, perhaps reflecting the degree to which their
bound ribosomes are dedicated to secretory/membrane pro-
tein synthesis.

Using a BioID proximity-labeling approach, we recently
reported that SEC61b, a translocon subunit, and the candi-
date ribosome-binding protein LRRC59 interact with popula-
tions of ribosomes engaged in the translation of divergent
cohorts of mRNAs (34). In this communication, we extend
these studies by investigating the proximal ER protein inter-
actomes of the four previously engineered BioID reporters
(SEC61b, RPN1, SEC62, and LRRC59) (34). In time course
labeling studies, we observed that for each reporter, proximal
interactome labeling intensified but only modestly diversified
as a function of labeling time, a finding consistent with a
functional domain organization of the ER. Unexpectedly, our
data revealed that the previously reported ribosome receptor
SEC62 interacts with functionally divergent protein networks,
including those with roles in cell proliferation, signaling path-
ways, redox homeostasis, and cytoplasmic displaced ER
luminal chaperones. In contrast, LRRC59 displays a highly
SRP pathway-, translation-, and RNA-binding protein-enriched
interactome. Both proximity proteomics and native immuno-
precipitation studies found LRRC59 to interact almost exclu-
sively with SRP machinery, non-canonical ER-RBPs, and
translation initiation factors, suggesting a previously unappreci-
ated role for LRRC59 in the organization and/or regulation of
secretory/membrane protein synthesis on the ER. Consistent
with this view, siRNA knockdown of LRRC59 expression sub-
stantially reduced protein synthesis levels in the cytosol and
ER compartments.

EXPERIMENTAL PROCEDURES

Generation of BioID Chimera and Flp-InTM T-RexTM HEK293
Cell Lines—BirA-chimera constructs are described in (34). HEK293
Flp-InTM T-RExTM cell lines were generated according to the manufac-
turer’s instructions (ThermoFisher Scientific). BirA-containing plasmids
(0.4 mg), along with the pOGG4 (4 mg) plasmid were transfected into

cells using 7.5 mL of Lipofectamine 3000 (ThermoFisher, L3000001). All
transfections were performed in 6-well culture dishes at 80% conflu-
ency. Colonies were selected for between 48 hours and two weeks
post-transfection using 100 mg/mL hygromycin (MediaTech, 30-240-
CR, Manassas, VA) and 15 mg/mL blasticidin (ThermoFisher, R21001).
A negative control cell line (“Empty Vector Control”) was generated by
recombination of an empty vector pcDNA5-FRT/TO and antibiotic
selection for an empty vector matched control.

Sequential Detergent Fractionation and Cell Lysis—Cells were
washed twice with ice-cold PBS containing 50 mg/mL of cyclohexi-
mide (CHX) (VWR, 94271, Radnor, PA) for 3 minutes. To extract the
cytosolic (C) fraction, cells were permeabilized for 5–10 minutes at
4°C in buffer containing 110 mM KOAc, 25 mM HEPES pH 7.2, 2.5
mM MgCl2, 0.03% digitonin (Calbiochem, 3004010), 1 mM DTT, 50
mg/mL CHX, 40 U/mL RNAseOUT (Invitrogen, 10777-019, Carlsbad,
CA), and protease inhibitor complex (PIC) (Sigma Aldrich, P8340).
Supernatants were collected as the cytosolic fraction, and cells were
then rinsed with wash buffer (110 mM KOAc, 25 mM HEPES pH 7.2,
2.5 mM Mg(OAc)2, 0.004% to 0.008% digitonin, 1 mM DTT, 50 mg/
mL CHX, 40 U/mL RNAseOUT, and PIC). To extract the membrane
(M) fraction, the washed cells were then lysed either for 5 minutes at
4°C in lysis buffer 1 (400 mM KOAc, 25 mM HEPES pH 7.2, 15 mM
MgCl2, 1% NP-40, 0.5% DOC, 1 mM DTT, 50 mg/mL CHX, 40 U/mL
RNAseOUT, and PIC) or for 15 minutes at 4°C in lysis buffer 2 (200
mM KCl, 25 mM HEPES pH 7.2, 15 mM MgCl2, 1 mM DTT, 2%
dodecylmaltoside (DDM), 50 mg/mL CHX, 40 U/ml RNaseOUT, and
1X protease inhibitor). Subcellular fractions were cleared by centrifu-
gation (15,300 3 g for 10 minutes). Total cell lysis was performed by
incubating cells at 4°C for 10 minutes in membrane lysis buffer 1, fol-
lowed by centrifugation at 15,300 3 g for 10 minutes.

BirA Labeling of Microsomes—Canine pancreas rough micro-
somes (RM) (48) were adjusted to a concentration of 4 mg/mL in 500
mL of BirA reaction buffer (20 mM Tris pH 8, 5 mM CaCl2, 100 mM
KCl2, 10 mM MgCl2, 3 mM ATP, 1.5 mM biotin, 5 mM phosphocre-
atine (Sigma-Aldrich, P7936), and 5 mg/mL of creatine kinase
(Sigma-Aldrich, C3755)). Purified recombinant BirA*-GST fusion pro-
tein was added at a concentration of 10 mg/mL. Following 0, 1, 3, 6,
and 18 hours, 100 mL of reaction was removed, flash frozen in a dry
ice/ethanol bath, and stored at –80°C for subsequent analysis.

Immunoblotting—Protein lysate concentrations were determined
using a Pierce BCA Protein Assay Kit (ThermoFisher, 23225). Pro-
teins were resolved by SDS-PAGE using either 10% acrylamide gels
or 12% acrylamide gels containing 0.5% trichloroethanol. Gels were
UV irradiated for 5 minutes and imaged using an Amersham Imager
600 (GE Life Sciences). Gels or membranes were then equilibrated in
Tris-glycine transfer buffer for 5-10 minutes and transferred onto
nitrocellulose membranes. Membranes were blocked in 3% BSA and
probed for BirA (Abcam, ab14002), streptavidin-RD680 (Li-Cor, P/N
925-68079; 1:20,000), TRAPa (49), GRP94 (50), or LRRC59 (Bethyl
Laboratories, A305-076A). Membranes were incubated with isotype-
matched secondary antibodies (Li-Cor, Lincoln, NE; 1:10,000), and
imaged by infrared fluorescence detection using the Odyssey Clx (Li-
Cor), where signal intensities were quantified by densitometry analy-
ses. To examine total protein levels, immunoblots were stained with
either India Ink or Ponceau S solution (Sigma-Aldrich).

Protease Protection Assay—The SEC62-BirA construct was ex-
pressed overnight as reported in (34). Cultures were then placed on
ice, permeabilized in digitonin-supplemented cytosolic buffer (as
described above), rinsed, and incubated with cytosolic buffer con-
taining 0, 25, or 50 mg/mL of Proteinase K (Bioline) for 30 minutes at
4°C. Protease digestions were quenched by addition of 0.5 mM
PMSF. Cell extracts were prepared and immunoblots performed as
above.
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siRNA Transfection—HEK293T cells were transfected at 60-80%
confluency with either a non-targeting siRNA negative control (siCtl,
ThermoFisher, 4390844) or siLRRC59 (ThermoFisher, s30851) using
Lipofectamine RNAiMAX Transfection Reagent (ThermoFisher, 13778-
150). At 72 hours post-transfection, cells were subjected to down-
stream analyses.

[35S]-Methionine Incorporation—Cells were washed twice in 1X
PBS, then starved in methionine-free media for 15 minutes at 37°C.
For experimental conditions, cells were incubated with labeling
media (methionine-free DMEM, 50 mCi/ml [35S]-methionine) for 7.5
minutes at 37°C. Cell cultures were then washed twice with serum-
free media containing 100 mg/mL CHX to inhibit translation. Cell cul-
tures were subsequently washed twice with PBS containing 100 mg/
mL CHX before proceeding to cell fractionation. For control condi-
tions, cells were incubated in media containing 100 mg/mL CHX for
10 minutes at 37°C after initial methionine starvation. Cells were then
incubated in labeling media (methionine-free DMEM, 50 mCi/mL
[35S]-methionine, 100 mg/mL CHX) for 7.5 minutes at 37°C, followed
by two washes in serum-free media containing 100 mg/mL CHX. As
above, cells were washed two additional times in 1X PBS containing
100 mg/mL CHX before proceeding to cell fractionation. Experimental
and control cells were subsequently lysed using sequential deter-
gent-based fractionation methods (described above). Proteins from
the cytosol and membrane lysates were precipitated in 10% TCA for
30 minutes on ice. Following centrifugation (14,000 rpm) for 10
minutes at 4°C, protein pellets were washed four times in ice cold
10% TCA, for 5 minutes each. Pellets were then washed two times
in ice cold 100% acetone, dried at 95°C for 5 minutes, and resus-
pended in 10 ml of buffer containing 5% SDS and 0.5 M Tris, pH
10.5. Samples were then diluted 1:10 with water and assayed for
radioactivity (CPM) using liquid scintillation counting.

TMT/Isobaric Tag Mass Spectrometry

Experimental Design and Statistical Rationale—Three biological
replicates from each reporter cell line were divided evenly among
two TMT 11-plex reporter sets. The biological replicates were split
such that two replicates of a condition were on one 11-plex set and
one replicate was on the other to avoid bias between the sets. Addi-
tionally, a Study Pool QC (SPQC) sample was created using equal
amounts of each of the 15 samples, and this SPQC was analyzed
with n = 3 on each 11-plex set. One channel was left empty as a
negative control. Additional processing details are included in the rel-
evant sections.

Sample Preparation and Proteolytic Digestion—Biological repli-
cates from each reporter cell line were affinity isolated on streptavidin
magnetic beads, eluted in 120 mL of biotin elution buffer (2% SDS,
20 mM biotin, 2 M thiourea, 0.5 M Tris unbuffered), and prepared
according to the standard S-Trap digestion protocol (Protifi, Inc.;
(51)). Briefly, each sample was loaded onto its respective S-Trap col-
umn, and washed four times with S-trap binding buffer (90% MeOH,
100 mM TEAB), and digested by adding 0.8 mg of sequencing grade
trypsin to the top of each S-trap tip with incubation for one hour at
47°C. The peptides were eluted from the S-trap tip first with 50 mM
TEAB, then with 0.2% aqueous formic acid, and finally with 50%
acetonitrile in 0.2% aqueous formic acid. The peptide elutions were
combined and dried via SpeedVac. Peptide yield from each sample
was determined to be approximately 20 mg based on BCA Protein
Assay (ThermoFisher Scientific).

TMT Labeling—Dried samples, determined to contain approxi-
mately 22 mg of digested peptide each, were brought to room tem-
perature and resuspended in 70 mL 200 mM TEAB. An aliquot (20 mL)
from each of the 15 samples was combined to make a Study Pool
QC (SPQC). TMT reagents (TMT10Plex plus TMT11-131C, Product

A37725) were dissolved in 45 mL acetonitrile for 5 minutes with vor-
texing. Labeling reagent (20 ml) was added to each sample for 2
hours at room temperature. Sample labeling was then quenched with
4 mL of 5% v/v hydroxylamine in 200 mM TEAB for 15 minutes. The
TMT samples for each set were combined into a 1.5 mL Eppendorf
tube, acidified to 1.0% formic acid, frozen, and lyophilized to dryness
overnight.

Pre-fractionation—Each TMT labeled peptide set was fractio-
nated to improve depth of proteome coverage using a Pierce High
pH Reversed-Phase Peptide Fractionation Kit (ThermoFisher Scien-
tific, Part 84868). The fractionation was performed according to the
manufacturer’s protocol and yielded 8 peptide fractions for analysis.
Water/acetonitrile mixtures with 0.1% v/v triethylamine (TEA), pH 10,
were used for reversed-phase fractionation. 5% v/v wash was used
to remove excess TMT reagent, then fractions were collected at 10,
12.5, 15, 17.5, 20, 22.25, 25, and 50% v/v MeCN. These fractions
were independently acidified to 1% formic acid and dried via Speed-
Vac. Samples were subsequently resuspended in 22 mL 1/2/97 v/v/v
TFA/MeCN/water.

Liquid Chromatography – Tandem Mass Spectrometry—Approxi-
mately 1 mg of TMT-labeled peptide from each fraction was analyzed
by nanoscale liquid chromatography – tandem mass spectrometry
(LC-MS/MS) on a nanoAquity UPLC (Waters) coupled to an Orbitrap
Fusion Lumos Tribrid mass spectrometer (ThermoFisher Scientific).
Peptides were first trapped on a column at 99.9% water and 5 mL/
min, followed by separation at 0.4 mL/min on an analytical column
(Waters Corporation) with a gradient from 3 to 30% MeCN (0.1%
formic acid) over 90 minutes. Column eluent was introduced to the
MS via electrospray ionization (12.1kV) and a source temperature of
275°C. Upon easy-IC internal mass calibration, tandem MS sequenc-
ing and quantification was performed using a full-scan spectrum at
120k resolution, followed by MS2 sequencing at 50k resolution with
HCD fragmentation at 38 V. MS/MS was performed with an isolation
width of 0.7 Da, a cycle time of 1 second until the next full scan spec-
trum, and 60 seconds dynamic exclusion. Raw data and *.mgf peaklist
files for this study have been uploaded to the MASSive data repository
and are available at: ftp://massive.ucsd.edu/MSV000085009/.

TMT-labeled MS Data Processing—Raw MS data was converted
to *.mgf format using Proteome Discoverer v2.1 (ThermoFisher Sci-
entific) and submitted to Mascot v2.5 (Matrix Sciences, Inc.) for data-
base searching. Peptide matching included 5 ppm precursor and
0.02 Da product ion tolerance, fixed carbamidomethyl (C), along with
variable modifications TMT10 (N-term, K) and deamidation (N, Q),
and full trypsin specificity with one missed cleavage. Searches were
performed against the curated human proteome (www.uniprot.org,
downloaded Sept 2016, 20206 entries), plus common contaminant
sequences such as ALBU_BOVIN, ADH1_YEAST, ENO1_YEAST, and
BIRA_ECOLI. A reverse-sequence decoy database was appended
for False Discovery Rate (FDR) determination. Scaffold Q1 v4.8.5
(Proteome Software, Inc.) was used to quantify TMT-label based
peptide and protein identifications. Peptide identifications were
accepted if they could be established at greater than 50.0% proba-
bility by the Scaffold Local FDR algorithm, whereas protein identifica-
tions were accepted if they could be established at greater than
99.9% probability and contained at least 1 identified peptide. Protein
probabilities were assigned by the Protein Prophet algorithm (52).
TMT reporter ion channels were corrected based on isotopic purity
in all samples according to the algorithm described in i-Tracker (53).
Normalization was performed iteratively (across samples and spec-
tra) on intensities, as described in (54). Spectra data were log-trans-
formed, pruned of those matched to multiple proteins and those
missing a reference value, and weighted by an adaptive intensity
weighting algorithm. Relative protein abundance across the experi-
ment was expressed as the log2 ratio to the reference (SPQC)
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channel average for all samples (supplemental File S1). Percent miss-
ing values were calculated at the protein level for the SPQC chan-
nels, as well as all channels. A p-value using a Student’s t-test was
then calculated comparing each biological group (n = 3) versus the
SPQC (n = 6).

Identification of Interaction Networks—A combination of statisti-
cal prioritization, 2D clustering, and principal components analysis
(PCA) was used to identify putative interaction networks from the
dataset. The data were curated such that proteins only quantified in
one TMT set, or missing in more than 4 of the total channels were
excluded from consideration (86 of 1263 proteins). A p-value was
then calculated using a Student’s t-test between each BirA-fusion
sample group (n = 3) and the SPQC group (n = 6) to determine
whether a protein was statistically different in each biological group
(BirA reporter) from the average of all groups (SPQC). Proteins that
did not pass a Bonferroni-corrected p-value , 0.1 (raw p-value ,
1e-4) were removed, yielding 353 proteins as putative interactors
(supplemental File S2). Finally, putative interaction networks were
identified using unbiased 2D hierarchical clustering (Robust, Ward’s
Method) in JMP 14.0 (SAS Institute, Cary NC). The clustering analysis
only included the BirA interactome samples (not the SPQC samples)
to reduce the potential for cluster mis-assignment.

Label-free Proteomic Analysis of BioID Proteomes

Sample Preparation—For single BioID reporter studies, reporter
cell culturing, reporter expression, cell fractionation, detergent lysis,
and affinity isolation of biotinylated proteins was performed as
above. Samples were subjected to one dimensional SDS-PAGE.
25 mL of sample was combined with 5 mL of 100 mM DTT and 10 mL
of NuPAGETM (ThermoFisher Scientific) 43 loading buffer, and sam-
ples were then heated to 70°C for ten minutes with shaking. SDS-
PAGE separation was performed using 1.5 mm 4–12% Bis-Tris pre-
cast polyacrylamide gels (Novex, ThermoFisher Scientific) and 13
MES SDS NuPAGETM Running Buffer (ThermoFisher Scientific),
including NuPAGETM antioxidant. SDS-PAGE separation was per-
formed at a constant 200V for five minutes, gels fixed for 10 minutes,
stained for 3 hours, and destained overnight following manufacturer
instructions.

Gel Band Isolation and Trypsin Digestion—Gel bands of interest
were isolated using a sterile scalpel, transferred to protein LoBind
tubes (Eppendorf), and minced. Gel pieces were washed with 500 mL
of 40% LCMS grade acetonitrile (MeCN, ThermoFisher Scientific) in
AmBic, with shaking at 30°C. Gel pieces were shrunk with LCMS
grade MeCN, the solution discarded, and the gel pieces dried at
50°C for 3 min. Reduction of disulfides was performed using 100 mL
of 10 mM DTT at 80°C for 30 min with shaking, followed by alkylation
with 100 mL of 55 mM IAM at room temperature for 20 min. This liq-
uid was aspirated from the samples and gel pieces were washed
twice with 500 mL AmBic. LCMS grade MeCN was added to shrink
the gel pieces in each sample, then samples were swelled in AmBic,
and this process was repeated. The gel pieces were shrunk a final
time by adding 200 mL of LCMS grade MeCN, and heating for 3 min
at 50°C to promote evaporation. Trypsin digestion was performed by
addition of 30 mL of 10 ng/mL sequencing grade trypsin (Promega,
Madison, WI) in AmBic followed by 30 mL of additional AmBic. The
samples were incubated overnight at 37°C with shaking at 750 rpm.
Following overnight digestion, 60 mL of 1/2/97 v/v/v TFA/MeCN/water
was added to each sample and incubated for 30 min at room tem-
perature and 750 rpm to extract peptides, and the combined super-
natant was transferred to an autosampler vial (Waters). Gel pieces
were shrunk in 50 mL additional MeCN for 10 min to extract the maxi-
mum number of peptides, and combined with the previous superna-

tant. The samples were dried in the Vacufuge (Eppendorf) and stored
at 280°C.

Qualitative Analysis of Gel Electrophoresis Samples—All gel
band samples were resuspended in 20 mL of 1/2/97 v/v/v TFA/
MeCN/water and analyzed by nanoLC-MS/MS using a Waters nano-
Acquity LC interfaced to a Thermo Q-Exactive Plus via a nanoelec-
trospray ionization source. One microliter of each gel band sample
was injected for analysis. Each sample was first trapped on a Sym-
metry C18, 300 mm 3 180 mm trapping column (5 mL/min at 99.9/
0.1 v/v H2O/MeCN for 5 minutes), after which the analytical separa-
tion was performed using a 1.7 mm ACQUITY HSS T3 C18 75 mm 3

250 mm column (Waters). The peptides were eluted using a gradient
of 5–40% MeCN with 0.1% formic acid at a flow rate of 400 nL/min
with a column temperature of 55°C for 90 minutes. Data collection
on the Q Exactive Plus mass spectrometer was performed with data
dependent acquisition (DDA) MS/MS, using a 70,000 resolution pre-
cursor ion (MS1) scan followed by MS/MS (MS2) of the top 10 most
abundant ions at 17,500 resolution. MS1 was performed using an
automatic gain control target of 1e6 ions and maximum ion injection
(max IT) time of 60 ms. MS2 used AGC target of 5e4 ions, 60 ms
max IT time, 2.0 m/z isolation window, 27 V normalized collision
energy, and 20 s dynamic exclusion.

Single Reporter MS Data Processing—Database searching was
performed as described by TMT-labeled MS data processing. For
single reporters, data was searched using trypsin enzyme cleavage
rules and a maximum of 4 missed cleavages, fixed modification car-
bamidomethylated cysteine, variable modifications biotinylated ly-
sine, deamidated asparagine and glutamic acid, and oxidized methi-
onine. The peptide mass tolerance was set to 1/2 5 ppm and the
fragment mass tolerance was set to 1/2 0.02 Da. False discovery
rate control for peptide and protein identifications was performed
using Scaffold v4 (Proteome Software, Inc.) (supplemental File S3).

Native LRRC59 Immunoprecipitation and Mass Spectrometry

Sample Preparation—Caco-2 cells were cultured according to
ATCC recommendations and processed at ca. 90% confluence. Cell
extracts were prepared by addition of 0.5 mL per 15 cm plate of NP-
40 lysis buffer (1% NP-40, 100 mM KOAc, 50 mM HEPES pH 7.2, 2
mM Mg(OAc)2, PIC, 1 mM DTT). Lysates were maintained on ice for
20 minutes and cleared by centrifugation (10,000 3 g, 10 minutes).
The supernatant fractions were diluted 1:1 in dilution buffer (50 mM
HEPES, 100 mM KOAc, 2 mM Mg(OAc)2, PIC, 1 mM DTT) and sup-
plemented with 5 mg/mL of LRRC59 antibody (A305-076A, Bethyl
Labs, Montgomery TX) or rabbit IgG (Sigma-Aldrich, St. Louis, MO).
Samples were incubated with end-over-end rotation overnight at
4°C. Dynabead Protein G beads (ThermoFisher, Waltham MA) were
added to a concentration of 30 mL/mL and rotated for 2 hours at
4°C. Beads were washed 33 in buffer 1 (0.1% NP-40, 100 mM
KOAc, 50 mM HEPES pH 7.2, 2 mM Mg(OAc)2, PIC, 1 mM DTT), 13
in buffer 2 (0.1% NP-40, 500 mM KOAc, 50 mM HEPES pH 7.2,
2 mM Mg(OAc)2, PIC, 1 mM DTT), and 13 in PBS. Proteins were
eluted in an equi-bead volume of 23 Laemmli buffer by heating at
70°C for 20 minutes and submitted for mass spectrometry analysis.

LRRC59-IP Data Analysis—Raw MS data (.sf3 files) were proc-
essed using Scaffold 4 Proteome Software (Proteome Software, Inc.)
to obtain total spectral counts for each sample. Protein interactors of
LRRC59 and IgG (control) were identified using CompPASS (55), an
unbiased, comparative proteomics analysis suite. Any prey in each
IP with a D-score greater than or equal to one was a high-confidence
interacting protein (supplemental File S4).
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Bioinformatic Analyses

Gene Ontology—GO analyses were performed using the Cyto-
scape application, BiNGO (56), with a Benjamini and Hochberg FDR
correction (significance level of 0.05) to enrich for terms after multiple
testing correction. A custom set of genes expressed in our multi-
plexed BioID experiment was used as background for examination of
SEC62-BirA and LRRC59-BirA interactors, whereas the entire human
annotation (provided within the application) was used as a reference
background for LRRC59 interactors determined by native IP. Addi-
tional functional information (as depicted by the heatmaps/matrices
and protein color-coding) was extracted by batch querying each set
of protein interactors against the MGI (57–59) and STRING (60, 61)
databases.

Protein-Protein Interaction Networks—Protein-protein interac-
tion analyses of SEC62-BirA (n = 50) and LRRC59-BirA (n = 25) inter-
actors were performed using the STRING database (60, 61). Only
experimentally determined interactions and those reported from a
curated database were considered.

Identification of Membrane Proteins—The list of SEC62-BirA
interactors (n = 50) was intersected with a membrane protein annota-
tion file downloaded from the MembranOME database (62, 63). Of
the 50 SEC62-interacting proteins, 21 (42%) were identified as mem-
brane proteins. Membrane protein classification was validated by
manually searching each of the 50 proteins against the Human Pro-
tein Atlas (64, 65).

RESULTS

Evidence for Domain Organization of ER Membrane Protein
Interactomes—In a recent study, we examined the spatial or-
ganization of mRNA translation on the endoplasmic reticulum
via proximity proteomics, where BioID reporters of translo-
con-associated (SEC61b, RPN1) and candidate (SEC62,
LRRC59) ribosome interacting proteins were used to biotin
label proximal ribosomes in vivo. Together with RNA-seq
analysis of mRNAs isolated from the biotin-tagged ribosome
populations (34), these studies revealed that translation on
the ER membrane is heterogeneous and that ER-bound ribo-
somes display local environment-specific enrichments in their
associated mRNAs. The mechanism(s) responsible for this
regional organization of translation, however, is unknown.
Here, we used proximity proteomics and the previously uti-
lized BioID reporters to test the hypothesis that ribosome-
binding proteins reside in distinct protein networks or func-
tional domains, as a potential mechanism to support higher
order organization of mRNA translation on the ER.

In the experiments presented below, BioID reporters of
known or proposed ribosome interacting proteins were used
to map proximal ER membrane protein interactomes at previ-
ously identified mRNA translation sites (Fig. 1A) (34). BioID
proximity labeling experiments are typically conducted over
many hours (66–68) (e.g. 16–24 hours) because of the slow
release kinetics of the reactive biotin-AMP catalytic interme-
diate from the BirA* active site (69). In context of this study,
we considered that extended labeling times coupled with re-
porter diffusion in the ER membrane would confound identifi-
cation of proximal-interacting vs. random-interacting pro-
teins. In line with this consideration, we expected that for

each reporter, the composition of biotin-tagged proteins
would diversify as a function of labeling time (70). Although it
has been previously demonstrated that neighboring interac-
tomes can be distinguished from random interactors by their
higher relative labeling over non-specific controls, we exam-
ined the biotin labeling patterns of BioID reporters as a func-
tion of labeling time (66, 70, 71). The results of these experi-
ments are shown in Fig. 1B. Depicted are streptavidin blots
of the cytosol (C) and membrane (M) protein fractions from
the four BioID reporter cell lines, sampled over a labeling
time course of 0–6 hours. Two observations are highlighted
here. One, although the BirA domains are cytosolically dis-
posed and would be expected to label both cytosolic and
membrane proteins, biotin-tagging is strongly enriched for
membrane proteins. Two, the major membrane protein biotin
labeling patterns intensified but did not substantially diversify
over the labeling time course (Fig. 1B). Densitometric analysis
of the biotin labeling patterns revealed by SDS-PAGE are
depicted in Fig. 1B, right panels, where it can be appreciated
that the biotin labeling patterns were relatively constant over
labeling time. These data suggest that the BioID interactomes
of the tested reporters include largely stable membrane pro-
tein assemblies, rather than the randomizing interactomes
expected of diffusion-based interactions (72–75). The data
presented above (Fig. 1B) are consistent with a model where
the local environments of the BioID reporters are constrained.
Such spatial restriction may reflect organization of the ER via
functional interactome networks, like the well documented
observations regarding domain organization of the plasma
membrane (73–75). We also considered that the distinctive
labeling patterns of the different reporters could be influ-
enced by ER dynamics and/or distribution biases of the
reporters (e.g. tubules vs. lamellar regions of the ER). To
examine these scenarios, we performed BirA* labeling time
course experiments in vitro, by adding soluble, recombinant
BirA*-GST fusion protein to canine pancreas rough micro-
somes (RM), which lack the native topology and dynamics of
the ER (Fig. 1C). Using this experimental system, the reactive
biotin-AMP intermediate was delivered in trans and accessi-
ble to the microsome surface by diffusion. The results of
these experiments demonstrate that when accessible to RM
proteins in trans, biotin labeling is pervasive, with RM pro-
teins being broadly labeled and labeling intensities increasing
as a function of labeling time (Fig. 1C, upper panel). A protein
loading control for this experiment is depicted in Fig. 1C,
lower panel. Combined, the distinct and temporally stable
proximity labeling patterns identified for each BioID reporter
cell line suggest that the BirA-chimeras reside in distinct pro-
tein interactome domains of the ER.

Investigation of Local Interactomes via TMT Quantitative Mass
Spectrometry—To enable quantitative measurements of the
protein interactomes depicted in Fig. 1, an isobaric-tagging
mass spectrometry analytical approach was used (TMT, tan-
dem mass tagging) (Fig. 2A). Isobaric labeling methods
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FIG. 1. Identification of ER membrane protein interactomes by proximity proteomics. A, Schematic of known (SEC61 translocon, OST
complex), and candidate (SEC62, LRRC59) ER-ribosome receptors. SEC61b (purple), a subunit of the SEC61 translocon, RPN1 (green), a subunit
of the OST complex, SEC62 (orange), and LRRC59 (blue) are expressed as BioID chimeras, labeling interacting and near-neighbor proteins (indi-
cated by starred ribosomes and proteinsW, X, Y, and Z).B, Left panel: Streptavidin blots reporting on the subcellular distribution of biotin-labeled
proteins from HEK293 cells following overnight induction of either the LRRC59-, SEC62-, SEC61b-, or RPN1-BirA reporter construct. Biotin label-
ing was performed over a time course spanning 0–6 hours and cytosol (C) and membrane (M) extracts prepared by detergent fractionation. Right
panel: Densitometric quantifications of biotin labeling intensities for cytosolic and membrane fractions. C, Canine pancreas rough microsomes
with (1BirA) or without (2BirA) the addition of recombinant, soluble BirA* in trans. Biotin labeling of proteins was conducted over 0–18 hours (top,
left). Biotin labeling intensities were quantified using densitometric analyses (top, right). As a loading control, total protein lysate was analyzed by
India ink staining (bottom, left) and quantified by densitometric analysis (bottom, right).
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FIG. 2. Proximity proteomics reveals unique interactomes for each of the four tested baits. A, Schematic of the experimental approach.
BirA-reporters for known (SEC61b (purple), RPN1 (green)) and candidate (SEC62 (orange), LRRC59 (blue)) ER-resident ribosome receptors were
expressed with biotin labeling (3 hours) conducted in biological triplicate. An empty vector negative control (red) was included. Samples were
digested, tandem mass tag (TMT) labeled, and combined for liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis. Enrich-
ment analyses of biotin-labeled proteins identify protein-protein interactions and/or functional networks for each of the five baits. B, Violin plots of
the protein abundance distributions for all biotin-labeled proteins (n = 1263) for each bait. C, Clustered heatmap showing the average log2FC
(across biological replicates) for each of 1263 identified proteins per bait (green represents enriched protein abundance; red indicates decreased
protein abundance). Boxplots depicting fold-enrichment values for high confidence prey proteins identified in the (D) SEC61b, (E) RPN1, (F)
SEC62, and (G) LRRC59 BioID reporter studies. Each dot represents the log2 FC value per biological replicate.
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provide multiplexing and assist in the quantitative analysis of
biological replicates. Two oligomeric protein complexes
known to reside near sites of translation on the ER, the
SEC61 translocon and the oligosaccharyltransferase (OST)
complex, were used as spatial reference points, where label-
ing of their associated subunits serves as a test for proximity
(Fig. 1A, 2A). Specifically, for the SEC61 translocon, a BioID
reporter of its subunit, SEC61b, was used to map the interac-
tome of this well-studied complex (15, 76–79). Similarly, ribo-
phorin I (RPN1), a subunit of the OST complex that is transi-
ently recruited to the SEC61 translocon during nascent
glycoprotein translocation, served as an additional proximity
labeling control for the local environments of ER translation
sites (Fig. 1A, 2A) (41, 80–82). To expand our analysis to less
studied ER environments, we examined LRRC59 as it was
previously reported to reside proximal to ER-bound ribosomes,
in vivo (34) and to function in ribosome binding, in vitro (45, 83)
(Fig. 1A). We also investigated a second candidate ribosome-
binding protein, SEC62 (34,66,67). Although LRRC59 and
SEC62 have been shown to interact with ribosomes, their
native protein interactomes are largely unstudied.

We established inducible Flp-InTM T-RexTM HEK293 cell
lines for each of the BioID reporters and included an empty
vector negative control for background characterization. By
the rationale detailed above, cell lines were biotin-labeled for
three hours to allow for significant labeling of intracellular
membrane proteins (Fig. 1B). Biotin-tagged protein fractions
were then affinity isolated from cell extracts, digested with
trypsin, derivatized with isobaric mass tag reagents, com-
bined, and analyzed by LC-MS/MS (Fig. 2A). To accomplish
the analysis of three biological replicates of each of the five
reporters, in addition to six study pool QC replicates, two
TMT 10-plex reagent sets were utilized. Biological groups
were divided between the TMT sets to avoid between-set
bias, and the SPQC replicates were used to normalize
between TMT sets.

Identification of ER Membrane Protein Interactomes—To iden-
tify the protein interactomes for each of the different BioID
reporters, we analyzed the raw mass spectrometry data gen-
erated from the proximity proteomics experiments described
above. Quantification and identification of TMT-labeled pep-
tides were performed with Protein Discoverer 2.3 and Scaf-
fold Q1 software. TMT signals were normalized to the total
intensity within each channel, peptides derived from each
protein summed to represent the protein abundance, and rel-
ative protein abundance was calculated as a log2 fold change
(FC) relative to the mean of the SPQC reference channels,
which represents the “biological average” of all samples in
the experiment. In total, 1,263 proteins were identified across
the entire sample set, with most proteins showing modest to
no reporter-specific enrichment (Fig. 2B, supplemental File
S1). Violin plots in Fig. 2B highlight the technical reproducibil-
ity of the approach; and for each reporter construct, a small
subset of proteins appear to be specifically enriched for bio-

tin labeling (log2FC . 1, dashed line). Despite SEC61b,
RPN1, SEC62 and LRRC59 sharing similar overall log2FC
distribution patterns (Fig. 2B), examination of the magnitude
of biotin labeling at the protein level revealed that each re-
porter is associated with a unique set of prominent near-
neighbor interactors, as summarized in the heatmap profile
(Fig. 2C), and individual reporter representations (Fig. 2D–
2G). As an example, the SEC61b reporter labeled other
members of the SEC61 translocon, as well as a nuclear pore
complex protein (Fig. 2D); the RPN1 reporter labeled subunits
of the OST complex and other glycoproteins (Fig. 2E); the
SEC62 interactome includes an array of proteins involved in
redox regulation, cytoskeleton architecture, and the cell cycle
(Fig. 2F); and the LRRC59 interactome included ribosome-
binding proteins, RNA-binding proteins, and SRP pathway
components (Fig. 2G). Importantly, all the bait proteins signif-
icantly labeled themselves, providing a quantitative index of
relative proximity (Fig. 2D–2G). Because identification and
quantification are not decoupled in isobaric tagging experi-
ments (e.g. the identification and quantification come from
the same spectrum, which is a mixture of all samples), we
also performed BirA-reporter proteomic studies using label-
free shotgun proteomics (not multiplexed). Although this
approach did not have the proteome coverage of the TMT-
tagging approach, we were able to independently verify the
high-confidence interactors for each reporter. Specifically,
we identified SEC61 subunits, members of the OST complex,
factors related to redox homeostasis and the cytoskeleton,
and an enrichment of SRP machinery, translation factors and
RBPs in the SEC61b, RPN1, SEC62, and LRRC59 interac-
tomes, respectively, using this approach (Table I, supplemen-
tal File S3). Combined, these data indicate that ER proteins
can reside in discrete protein interactomes, which is consist-
ent with a model where cohorts of functionally-related or
interacting proteins comprise stable membrane domain inter-
actomes, as previously reported for other membrane systems
(84–87).

Characterization of SEC61b and RPN1 Interactomes Using
Proximity Proteomics—To further characterize the protein
interactomes of the reporter baits, we combined statistical
prioritization, 2D clustering, and principal components analy-
sis. This integrative approach bypasses the somewhat arbi-
trary requirement of filtering against a specific fold-change
value, and instead uses protein co-expression patterns to
identify interaction networks and correct for variability in pro-
tein abundance across each of our reporter cell lines. This
analysis identified 145, 13, 50, and 25 high-confidence pro-
tein interactors of SEC61b, RPN1, SEC62, and LRRC59,
respectively (supplemental File S2). Because the interac-
tomes of SEC61b and RPN1 are at least in part character-
ized, we first examined the protein networks of these two
baits. In this analysis, SEC61b had the highest number of
high-confidence interactors (n = 145 proteins) (Fig. 3A), mak-
ing it the largest interactome captured by our study. Despite
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TABLE I
Classification of BioID-chimeras and their associated interactomes using a label-free shotgun proteomics approach. Subset of enriched, high-
confidence interactors of BioID-SEC61b, -RPN1, -SEC62, or -LRRC59, as determined by single reporter, label-free shotgun mass spectrometry

analyses

UniProt_ID Gene ID
Molecular
weight

Localization Type
Normalized
count data

Bait GO Annotation

MSPD2_HUMAN MOSPD2 60 kDa Endoplasmic
reticulum

Membrane 2.38 Sec61B chemotaxis, integral component of
membrane

TMX3_HUMAN TMX3 52 kDa Endoplasmic
reticulum

Membrane 1.19 Sec61B cell redox homeostasis, isomerase
activity, endoplasmic reticulum

PMYT1_HUMAN PKMYT1 55 kDa Cytoplasm Soluble 1.92 Sec61B endoplasmic reticulum, kinase activity
S61A1_HUMAN SEC61A1 52 kDa Endoplasmic

reticulum
Membrane 0.95 Sec61B SRP-dependent cotranslational

protein targeting to membrane,
translocation, endoplasmic
reticulum, ribosome binding

ITPR3_HUMAN ITPR3 304 kDa Endoplasmic
reticulum

Membrane 5.91 Sec61B endoplasmic reticulum, ion transport,
positive regulation of cytosolic
calcium ion concentration

GCP60_HUMAN ACBD3 61 kDa Cytoplasm Soluble 1.42 Sec61B Golgi apparatus, lipid metabolic
process

NU153_HUMAN NUP153 154 kDa Nucleus Membrane 8.91 Sec61B protein binding, negative regulation of
RNA export from nucleus, Ran
GTPase binding

SC61B_HUMAN SEC61B 10 kDa Endoplasmic
reticulum

Membrane 6.30 Sec61B SRP-dependent cotranslational
protein targeting to membrane,
translocation, endoplasmic
reticulum, ribosome binding

SSRA_HUMAN SSR1 32 kDa Endoplasmic
reticulum

Membrane 3.08 RPN1 endoplasmic reticulum

STT3B_HUMAN STT3B 94 kDa Endoplasmic
reticulum

Membrane 10.16 RPN1 co-translational protein modification,
oligosaccharyl transferase activity,
response to unfolded protein

RPN1_HUMAN RPN1 69 kDa Endoplasmic
reticulum

Membrane 101.37 RPN1 proteosome complex, protein
glycosylation, endoplasmic
reticulum

FKBP8_HUMAN FKBP8 45 kDa Mitochondrion Membrane 7.81 RPN1 isomerase activity, apoptosis,
signaling pathway

DJC16_HUMAN DNAJC16 91 kDa Endoplasmic
reticulum

Membrane 7.72 RPN1 cell redox homeostasis

SEC62_HUMAN SEC62 46 kDa Endoplasmic
reticulum

Membrane 36.53 Sec62 posttranslational protein targeting to
membrane, translocation,
endoplasmic reticulum

PRDX4_HUMAN PRDX4 31 kDa Endoplasmic
reticulum

Soluble 5.03 Sec62 oxidoreductase activity, protein
folding

PDIA3_HUMAN PDIA3 57 kDa Endoplasmic
reticulum

Soluble 4.93 Sec62 cell redox homeostasis, isomerase
activity, endoplasmic reticulum

COR1B_HUMAN CORO1B 54 kDa Cytoplasm Soluble 4.71 Sec62 cytoskeleton, protein localization
FLNA_HUMAN FLNA 281 kDa Cytoplasm Soluble 27.94 Sec62 cytoskeleton, cell adhesion, GTPase

activity
E41L3_HUMAN EPB41L3 121 kDa Nucleus Soluble 3.28 Sec62 cytoskeleton, protein localization, cell

adhesin, cell growth
ATF6A_HUMAN ATF6 75 kDa Endoplasmic

reticulum
Membrane 2.55 Sec62 unfolded protein response

SRP68_HUMAN SRP68 71 kDa Cytoplasm Membrane 14.54 LRRC59 SRP-dependent cotranslational
protein targeting to membrane,
ribosome binding, 7S RNA binding

SRP54_HUMAN SRP54 56 kDa Cytoplasm Soluble 4.39 LRRC59 SRP-dependent cotranslational
protein targeting to membrane,
ribosome binding, 7S RNA binding,
GTPase activity
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its large size, gene ontology (GO) analysis demonstrated that
nearly all of SEC61b protein partners (either direct or proxi-
mal) are membrane proteins and/or have functions related to
protein transport (Fig. 3B), which aligns with the known func-
tions of SEC61 in ER targeting, membrane insertion, and
translocation of newly synthesized polypeptides (88). More-
over, almost half (44%) of the identified protein interactors
are annotated to physically interact with one another, sug-
gesting that the SEC61b interactome is not only enriched for
membrane/secretory proteins but that these high-confidence
interactors comprise large protein-protein complexes/net-
works (Fig. 3C). Notably, our proteomics and protein-protein
interaction (PPI) analyses revealed that SEC61b interacts
with SEC61a (SEC61A1) and SEC63 (Figs. 2D, 3C), which is
consistent with previous reports (18, 76, 89, 90) and further
validates that the putative interactors identified by our
approach are likely bona fide targets.

In contrast to the large number of proteins identified as
SEC61b interactors, examination of the RPN1 interactome
yielded the smallest number of interactors (n = 13 proteins)
(Fig. 3D). Despite its small size, about one-third of the RPN1
interactome comprises members of the OST complex (Fig.
3E–3F), including STT3B, and the a and b subunits of the
TRAP complex (SSR1, SSR3), as expected (81, 91). Addition-
ally, our analysis revealed RPN1 to interact with 60S ribo-
somal proteins (RPL14, RPL23A), supporting a role for RPN1
in ribosome association (92). Collectively, our characteriza-
tions of the SEC61b and RPN1 interactomes parallel high-re-
solution structural analyses of the SEC61 translocon, which
place the OST and TRAP complexes in close physical prox-
imity to the SEC61 oligomer (81, 91).

Functional Diversity Across the BioID-SEC62 Interactome—
Following the statistical methodology described above, we
interrogated the SEC62 interactome. As mentioned earlier,
SEC62 has been demonstrated to interact with ribosomes
and to facilitate mRNA translation and protein translocation

on the ER (89, 93); however, a comprehensive understanding
of the SEC62 interactome in mammalian cells has not been
previously reported. As assessed by BioID proteomics, the
SEC62 interactome of HEK293 cells is comprised of a large
cohort of proteins (n = 50) (Fig. 4A). Consistent with our pre-
vious study (34), we did not identify significant interactions of
the SEC62 reporter with ribosomes, indicating that SEC62
may participate in ER translation independent of ribosome
binding, as postulated for the canine pancreas rough micro-
some system (94). Alternatively, the BioID reporter construct
may occlude ribosome binding activity present in the native
protein. To examine the functional significance of the BioID-
SEC62 interactome, we performed GO analysis and database
mining on the 50 identified proteins. This analysis revealed
that SEC62 interacts with a wide range of proteins involved
in biologically diverse functions, including roles in cell cycle
and proliferation, cytoskeleton architecture, protein localiza-
tion, signaling pathways, ER chaperones, and redox homeo-
stasis (Fig. 4B–4C). Because SEC62-interacting proteins
have overlapping cellular functions (Fig. 4C), we next asked if
these proteins physically interact with one another to form
protein complexes that may provide mechanistic insights into
the biological functions of the SEC62 interactome. Protein-
protein interaction analysis revealed that 54% of the SEC62
interactome physically interact with one another (Fig. 4D).
Using literature-based searches, database mining, and infor-
matic approaches, we assigned a primary function to each
protein, as indicated by the color legend in Fig. 4B. In this
depiction, the edges connecting interacting proteins were
color coded to distinguish experimentally determined (pink)
interactions (95) from those reported/curated in databases
(cyan), as annotated by the STRING database (60, 61). Like
the GO analysis, interrogation of PPI networks demon-
strated heterogeneity in the functional assignment of inter-
acting proteins. Notably, SEC62 was not reported in any of
the six PPI networks, which illustrates the current lack of

TABLE I—continued

UniProt_ID Gene ID
Molecular
weight

Localization Type
Normalized
count data

Bait GO Annotation

LYRIC_HUMAN MTDH 64 kDa Cell membrane Membrane 54.70 LRRC59 cell adhesion, signaling pathways
VIGLN_HUMAN HDLBP 141 kDa Cytoplasm Soluble 3.80 LRRC59 ipid metabolic process, RNA binding
SRP72_HUMAN SRP72 75 kDa Nucleus Soluble 5.83 LRRC59 SRP-dependent cotranslational

protein targeting to membrane,
ribosome binding, 7S RNA binding

LRC59_HUMAN LRRC59 35 kDa Endoplasmic
reticulum

Membrane 56.07 LRRC59 endoplasmic reticulum

SND1_HUMAN SND1 102 kDa Cytoplasm Soluble 16.67 LRRC59 endonuclease activity, RISC complex,
RNA binding

LSG1_HUMAN LSG1 75 kDa Cytoplasm Soluble 27.87 LRRC59 GTPase activity, protein transport
RRBP1_HUMAN RRBP1 152 kDa Endoplasmic

reticulum
Membrane 57.81 LRRC59 endoplasmic reticulum, protein

transport
KTN1_HUMAN KTN1 156 kDa Cytoplasm Membrane 78.32 LRRC59 endoplasmic reticulum, kinesin

binding
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knowledge regarding SEC62 interactions in cells. Nonethe-
less, in seemingly unexpected interactions, such as with
the ER-Golgi trafficking components STX5 and SCFD1 (Fig.
4D), an ER-centric element is evident. Thus, and for the
three Golgi-related proteins depicted (SCFD1, STX5, and
GOLGA5), all function in ER-Golgi/Golgi-Golgi vesicular
transport, have been previously identified as co-interactors,
and participate in ER-linked vesicular transport processes.
Specifically, SCFD1 functions with the SNARE protein
STX5 to regulate ER to Golgi transport (96, 97). Intriguingly,
STX5 exists in two forms, long and short, where the long
form both contains an ER retrieval sequence and is pre-
dominately localized to the ER (98).

A particularly striking finding in the SEC62-BirA interac-
tome was the presence of ER luminal-resident proteins,
including PDIA3, PRDX4, and HSP90B1/GRP94. With the
identification of ER luminal proteins limited to the SEC62-
BirA reporter line, we initially presumed that the membrane
topology of the SEC62-BirA reporter was inverted from the
native protein, whose N- and C-termini are cytoplasmic,
thereby placing the BirA domain in the ER lumen (93, 99).
Alternatively, and given that the ER luminal proteins identified
were present in biological triplicates and exceeded signifi-
cance cutoffs, these data imply that SEC62 is functionally
coupled with, or proximal to, the recently discovered ER lumi-
nal protein reflux pathway machinery (100). To distinguish

FIG. 3. Characterization of protein networks for known ribosome interactors, SEC61b and RPN1. A, Comparison of protein abundance
for the 353 identified putative interactors in SEC61b-BirA and empty vector control HEK293 cells. Purple dots represent enriched, high-confidence
interactors. Gray dots represent identified proteins whose enrichments are below cutoff, and represent less likely bona fide interactors of
SEC61b-BirA. B, Enriched Gene Ontology (GO) terms associated with high-confidence SEC61b-BirA interactors. Dark purple, purple, and light
purple bars represent membrane-, endoplasmic reticulum (ER)-, and protein transport-related GO enriched terms, respectively.C, Protein-protein
interactions (PPI) among high-confidence SEC61b-BirA interactors, based on STRING annotations. Pink and cyan edges indicate experimentally
determined and curated interactions, respectively. D, Comparison of protein abundance for the identified 353 putative interactors in RPN1-BirA
and empty vector control HEK293 cells. Green dots represent enriched, high-confidence proteins that interact with RPN1-BirA. Gray dots, as
above, represent identified proteins that are less likely bona fide interactors of RPN1-BirA. E, PPI network among high-confidence RPN1-BirA
interactors, based on STRING annotations. F, Functional comparison of all 13 high-confidence RPN1-BirA interactors, based on STRING
annotations.
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FIG. 4. BioID-SEC62 labels functionally diverse proteins. A, Comparison of protein abundance for the 353 identified putative interactors in
SEC62-BirA and empty vector control HEK293 cells. Orange dots represent enriched, high-confidence proteins that interact with SEC62-BirA.
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between these two possibilities, we examined the membrane
topology of the SEC62-BirA reporter by protease protection
assays, performed on digitonin-permeabilized SEC62-BirA
expressing cells (Fig. 4E). In this approach, cytosolic domains
of ER membrane proteins are expected to be protease acces-
sible, whereas ER lumen proteins are largely protected
against protease digestion. GRP94 and TRAPa, both ER-resi-
dent proteins, were used as proteolysis topology controls.
GRP94, an ER luminal protein was protected from proteinase
K digestion (Fig. 4E). In contrast, TRAPa is digested com-
pletely at 25 mg/ml of proteinase K (the lowest concentration
tested), with detection by a polyclonal antibody raised against
the cytosolic domain (Fig. 4E). Similar to what we observed
with TRAPa digestion, anti-BirA reactivity was lost at the low-
est proteinase K concentration tested, demonstrating that the
SEC62-BirA reporter assumes the membrane topology of the
native protein (Fig. 4E). To further examine if there was an
over-representation of ER luminal proteins in our SEC62-
BioID dataset, we assessed the membrane vs. soluble distri-
bution of all 50 interacting proteins using the membranOME
database (62, 63) (Fig. 4F). Using this approach, we deter-
mined that only 42% of the SEC62 interactome is made up of
membrane proteins (Fig. 4F). This suggests that although
we did observe an enrichment of ER luminal proteins, the ma-
jority of the unique SEC62 interactors are indeed soluble
proteins. Notably, this distribution between membrane vs.
soluble protein interactors was mirrored in the set of high-
confidence SEC62 interactors identified by the single BioID-
reporter experiments, which also include ER luminal proteins
(Table I, “Type” column). Together, these data further suggest
that SEC62 may be proximal to and/or an interactor with an
ER luminal protein reflux pathway. Further studies are needed
to establish this putative functional link.

The LRRC59 Interactome is Enriched in the SRP Pathway, ER-
resident RNA-binding Proteins, and Translation Factors—Previ-
ous in vitro studies have shown LRRC59 to interact with the
60S ribosomal subunit, however the biological importance
of this interaction and the local LRRC59 membrane environ-
ment remains unknown. Following the methodology detailed
above, we examined the BioID-LRRC59 interactome. As
noted, our analysis identified 25 high-confidence LRRC59
interacting proteins (Fig. 5A). Unlike the SEC62-BirA interac-

tome which is enriched for ER functions other than mRNA
translation/protein biogenesis, proteins identified in the
LRRC59-BirA dataset were highly enriched for functions
related to mRNA translation (e.g. eIF2A, eIF5), the SRP
pathway (e.g. SRP54, SRP72), and RNA binding (e.g.
MTDH, SND1) (Fig. 5B–5D). Notably, the proteins that had
the highest quantitative enrichments for LRRC59-BirA
labeling include LRRC59, RRBP1 (p180, ribosome-binding
protein), MTDH (AEG-1, an RNA-binding protein), SERBP1
(RNA-binding protein), and SRP72 (SRP protein) (Fig. 5C,
leftmost heatmap).

Similar to our previous interactome analyses, we generated
a PPI network for the 25 LRRC59-interacting proteins, using
STRING (60, 61) (Fig. 5C–5D). This analysis revealed three
primary protein networks within the LRRC59 interactome: the
RNA-binding proteins MTDH/AEG-1 and SND1 (101), the stress
granule proteins UBAP2L and PRRC2A (102), and importantly
the SRP subunit proteins SRP54, SRP68 and SRP72, indicating
broad coverage of SRP (Fig. 5C–5D, depicted as pink and
cyan edges linking interacting proteins). Recently, we
reported that MTDH/AEG-1 is an ER-resident integral mem-
brane RBP whose interactome is highly enriched for integral
membrane protein-encoding transcripts (19). Importantly,
our previous study implicated MTDH/AEG-1 in the localiza-
tion of secretory and membrane protein-encoding mRNAs to
the ER, suggesting that LRRC59 may also bind functionally-
related mRNAs. SND1, which has been shown to interact
with MTDH during overexpression studies in cancer models,
is a tudor domain-containing protein that modulates the
transcription, splicing, and stability of mRNAs related to cell
proliferation, signaling pathways, and tumorigenesis (103,
104). These functional annotations are consistent with mod-
els where LRRC59 functions in a complex with MTDH/AEG-
1 and SND1 to recruit/regulate mRNAs for translation on the
ER membrane. In a similar vein, the BioID data identified
LRRC59 as an SRP interactor. SRP is best characterized for
its role in the signal sequence-dependent trafficking of ribo-
somes engaged in the translation of secretory/membrane
proteins. Intriguingly, the C-terminus of LRRC59 (located in
the ER lumen) shares overlapping sequence structure with
the SR receptor (105), further implicating LRRC59 function
in the SRP pathway and/or translation of secretory/membrane

Gray dots represent identified proteins that are less likely bona fide interactors of SEC62-BirA. B, Hierarchical view of relationships for GO terms
associated with SEC62 high-confidence protein interactors. GO term circles are outlined to match the colors assigned to each enriched GO cate-
gory, as indicated beneath the panel. Circle sizes represent the number of genes in each enriched term, whereas circle color indicates the GO
enrichment p-value. C, Clustering of SEC62 high-confidence interactors based on co-occurrence of functional annotations. The left-most heat-
map represents protein abundance values across biological replicates in control and SEC62-BirA HEK293 cells. D, Protein-protein interactions
(PPI) among high-confidence SEC62-BirA interactors, based on STRING annotations. Proteins are color-coded to match their functional assign-
ment, as indicated above the panel. E, Topology analysis of SEC62-BirA reporter line. SEC62-BirA expressing cells were chilled on ice, permeabil-
ized with a digitonin-supplemented cytosol buffer, and subjected to digestion with the indicated concentrations of Proteinase K for 30 min on ice.
Cells were subsequently lysed and total protein was resolved via SDS-PAGE (top panel). Following transfer, membranes were probed for GRP94
(ER-luminal protein), TRAPa (ER-resident protein with cytosolically-disposed antibody epitope), and BirA (BioID-SEC62 reporter). Lanes 1, 2, and
3 represent digestions with 0, 25, and 50 mg/ml proteinase K, respectively. F, Distribution of membrane proteins identified within the SEC62-BirA
interactome, based onmembranOMEannotations.
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FIG. 5. BioID-LRRC59 interacts with SRP pathway, translation machinery, and RNA-binding proteins. A, Comparison of protein abun-
dance for the 353 identified putative interactors in LRRC59-BirA and empty vector control HEK293 cells. Blue dots represent enriched, high-confi-
dence proteins that interact with LRRC59-BirA. Gray dots represent identified proteins that are less likely bona fide interactors of LRRC59-BirA.B,
Enriched Gene Ontology (GO) terms associated with high-confidence LRRC59-BirA interactors. Genes assigned to each enriched GO term are
listed on the right.C, Clustering of LRRC59 high-confidence interactors based on co-occurrence of functional annotations. The left-most heatmap
represents protein abundance values across biological replicates in control and LRRC59-BirA HEK293 cells. Protein-protein interaction (PPI) net-
works among LRRC59 interacting proteins, as annotated by STRING, are visualized by pink and/or cyan edges. D, Alternative view of PPI net-
works among LRRC59 high-confidence interacting proteins, based on STRING annotations.
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protein mRNAs on the ER. Additionally, the interaction of
LRRC59 with the protein-protein network pair, UBAP2L-
PRRC2C, may relate to mRNA regulation via stress granule
assembly. Stress granules are membrane-less structures
formed from non-translating mRNPs during stress (106, 107).
Stress granules are typically composed of several RNA-bind-
ing proteins, along with factors involved in translation initiation
and mRNA decay. Interestingly, the LRRC59 interactome is
enriched for all three classes of factors. We also report
PRRC2C, a known paralog of PRRC2A which is required for
the efficient formation of stress granules (102), as an LRRC59
interacting protein, indicating that stress granule proteins may
associate with ER-compartmentalized translation centers (e.g.
LRRC59 interactome). Combined with our previous study,
these data demonstrate that LRRC59 associates with ER-
bound ribosomes and scaffolds a protein interactome highly
enriched in SRP pathway machinery and RNA-binding pro-
teins, suggesting a relationship between LRRC59 and stress
granule formation. Experiments to test these hypotheses are
currently ongoing.

Orthogonal Validation Confirms the Direct Interaction of
LRRC59 with mRNA Translation-related Factors—One limitation
to a proximity proteomics approach is that the identified pro-
tein interactors cannot be distinguished as stable vs. tran-
sient interactors. To determine if LRRC59 stably interacts
with SRP machinery, translation factors, and/or RNA-binding
proteins, we performed LRRC59 native co-immunoprecipita-
tion (co-IP) studies followed by mass spectrometry. In brief,
Caco-2 cells were cultured, detergent extracts prepared, and
LRRC59 captured via indirect immunoprecipitation, using an
affinity purified anti-LRRC59 antisera. Following mass spec-
trometric analysis, raw data files were processed with Protein
Discoverer and Scaffold to perform semi-quantitative analysis
via total spectral counts for the identified proteins. High-con-
fidence interacting proteins of LRRC59 were subsequently
identified using CompPASS (55), which is an unbiased, com-
parative proteomics software platform. In total, 2,678 prey
within each IP were identified (Fig. 6A), and of these proteins,
102 were determined to be high-confidence interacting pro-
teins (HCIP) of LRRC59 (D-score � 1) (Fig. 6B, supplemental
File S4). Notably, 20% of the LRRC59 targets determined by
BioID overlapped with these HCIPs (Fig. 6B). As expected,
these shared LRRC59 targets include SERPB1, DHX29,
PRRC2C, SRP68, and LRRC59 itself, which were among the
most enriched biotin-labeled proteins within the LRRC59-
BirA experiment. We also recovered the other highly enriched
proteins SRP72, SRP54, and RRBP1 in the LRRC59 co-IP
data (Fig. 6E); however, their D-scores (0.95, 0.92, and 0.90,
respectively) were just below the conservative threshold.
Given that SRP is itself a ribonucleoprotein complex, these
data are consistent with SRP acting as a stable member of
the LRCC59 interactome.

Because co-IP assays are generally accompanied by high
background, we also co-immunoprecipitated non-specific

IgG as a control. Importantly, analysis of our IgG-IP yielded
only 20 HCIPs, which is a small fraction (19%) compared to
the LRRC59 interactome (Fig. 6C). We did observe an enrich-
ment of keratin proteins as HCIPs in both LRRC59 and IgG
interactomes (Fig. 6C), and attribute this to common environ-
mental contamination, as has been previously reported (108).
Thus, our data suggests that the primary bona fide interac-
tors of LRRC59 are uniquely enriched by co-IP.

To assess the biological functions of all the HCIPs that
directly interact with LRRC59 (n = 102), we performed GO
analysis. Consistent with our observations of the BioID-
LRRC59 interactome, HCIPs determined by co-IP were also
strongly enriched for proteins with functions related to mRNA
translation and RNA binding (Fig. 6D, left side). In contrast,
non-immune IgG high-confidence interactors were only mildly
enriched in common background proteins (108) (Fig. 6D, right
side). Therefore, our data collectively demonstrates that
LRRC59 directly interacts with SRP machinery, translation
initiation factors, and RNA-binding proteins.

Loss of LRRC59 Disrupts mRNA Translation—Given that the
LRRC59 interactome is enriched for networks and individual
proteins that strongly converge on mRNA translation regula-
tion, we hypothesized that LRRC59 may function in local pro-
tein synthesis. To functionally test whether mRNA translation
is impacted by the loss of LRRC59, we first altered levels of
LRRC59 expression using siRNA transfection (Fig. 6F). At 72
hours post-transfection, we observed near-complete inhibi-
tion of LRRC59 expression in HEK293T cells (Fig. 6F). Using
this timepoint, we next performed [35S]-methionine incorpora-
tion assays on cells transfected with a non-targeting siRNA
(negative control, siCtl) or siLRRC59 to measure changes in
protein synthesis. Strikingly, we observed that mRNA transla-
tion is reduced by nearly 50% on the ER membrane upon
loss of LRRC59 (Fig. 6G). We also observed a significant
decrease in mRNA translation occurring in the cytosolic com-
partment (Fig. 6G). Together, these data indicate that
LRRC59 is critical for maintaining cellular mRNA translation.

DISCUSSION

Although the protein machinery involved in secretory and
membrane biogenesis on the ER is well established, it remains
unclear how mRNA translation on the ER, including translation
of cytosolic protein-encoding mRNAs, is spatially organized.
Moreover, our understanding of how the resident ER proteome
contributes to mRNA localization, anchoring, and translational
control is lacking. In this communication, we examine these
questions by characterizing the protein interactomes of known
and candidate ER-resident ribosome receptors in the mamma-
lian cell line HEK293. Of interest, our data place LRRC59 in a
functional nexus for secretory and membrane protein synthesis
via interactions with SRP, translation initiation factors, and
RNA-binding proteins. Combined, the results of this study
reveal new modes of compartmentalized mRNA translation

LRRC59 Function in Translation Regulation

1840 Mol Cell Proteomics (2020) 19(11) 1826–1849

https://www.mcponline.org/cgi/content/full/RA120.002228/DC1
https://www.mcponline.org/cgi/content/full/RA120.002228/DC1


FIG. 6. LRRC59co-IP screen for direct interactionswith SRPpathway, translationmachinery, andRNA-binding proteins.A, Comparison
of D- and Z-scores, as determined by CompPASS analysis, for all proteins identified to interact with LRRC59 (blue) and IgG (control; gray) via
immunoprecipitation (IP). Each dot is one of the 2,678 proteins identified by mass spectrometry. B, Number and overlap of enriched, high-confi-
dence interactors of LRRC59, as determined by co-IP (dark blue) or isobaric tagging (BioID; light blue) approaches. C, Number and overlap of
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and expand upon the canonical understanding of the SRP
pathway.

Functional Domain Organization of the ER Membrane—The
endoplasmic reticulum is a structurally complex organelle
known to serve multiple functions, including mRNA transla-
tion, protein translocation, protein folding, post-translational
protein modifications, lipid biosynthesis, and calcium trans-
port (85, 109). In addition, the ER contains specialized
domains dedicated to interactions with other membrane or-
ganelles, such as the mitochondria and endosomes, and was
recently demonstrated to participate in stress granule and
processing body dynamics (110–113). With the regulation of
dynamic ER morphology and organelle-organelle interactions
under active investigation, insights into the spatial organiza-
tion of the ER membrane and how this higher order is neces-
sary to accommodate its wide-range of biological functions
can be expected to provide molecular intersections between
the two processes.

Using an unbiased, multiplexed proteomics approach to
examine the protein neighborhoods of membrane-bound
ribosomes, we identified over 200 proteins in the HEK293 re-
porter model, many of which clustered into discrete func-
tional categories. Importantly, each of the four tested ER
ribosome interactor-BioID reporters had unique sets of inter-
acting proteins, which is consistent with proteins being
enriched in functional domains of the ER membrane. In
agreement with published structural data, our proximity pro-
teomics study revealed SEC61b to interact with other mem-
bers of the SEC61 translocon, including SEC61a and SEC63.
Remarkably, we also discovered SEC61b to interact with 143
(n = 145 proteins, total) other proteins, making it the largest
interactome identified by our study. Despite its large size,
gene ontology analysis of the SEC61b interactome yielded a
strong enrichment for membrane and transport proteins,
which parallels SEC61b’s primary role in secretory/mem-
brane protein biogenesis. Although our list of SEC61b-BirA
protein interactors have functions that converge on those
expected of the translocon, our analysis also provides new
candidate interacting proteins that may function alongside
SEC61b; and by extension, suggests alternative mechanisms
for mRNA translation via the SEC61 translocon.

Similarly, we characterized the protein interactome of the
ER-resident protein, RPN1, a subunit of the OST complex
and an accessory component of the translocon (40, 82, 114,
115). In contrast to SEC61b, the high-confidence RPN1 inter-
actome was limited, comprising 13 proteins, making it the
smallest interactome identified by our study. Nonetheless,

we found RPN1 to interact with SSR1/TRAPa and SSR3/
TRAPg, which has been previously structurally validated (81,
91). Members of the OST complex, as well as 60S ribosomal
proteins, were also among the list of RPN1 interactors, which
is consistent with the spatial assignment of RPN1 and its
function in N-linked glycosylation and ribosome binding,
respectively. Although we did not pursue the direct functional
relationship between these proteins and RPN1, our data pro-
vides a new platform for studying dynamic regulation of
mRNA translation by the OST complex.

The SEC62 Interactome is Functionally Diverse—The ER-
localized members of the SEC gene family have been exten-
sively studied via genetic and biochemical approaches,
revealing how Sec61p, Sec62p and Sec63p interact with one
another and operate collectively to support translocation of
membrane and secretory proteins (89, 99, 116). Although
these studies have advanced our understanding of the
SEC61 translocon and the biological functions of SEC62 and
SEC63 in protein translocation, how these proteins interact
with the translation machinery, particularly in mammalian
cells, has only recently gained attention (93, 94). Our system
identified SEC62 to interact with 50 proteins. Unexpectedly,
the SEC62 interactome was enriched for ER luminal proteins,
including BiP, GRP94, PDI, and PRDX4. Identifications of
these interactions by both TMT-multiplexed and single re-
porter proteomics analyses was further corroborated by top-
ological orientation studies, confirming that the SEC62-BirA
reporter has the appropriate orientation at the ER membrane,
with the BirA moiety displayed on the cytosolic domain of the
ER. Moreover, noting that these interactions were not identi-
fied in the three other BioID reporters examined, we conclude
that these are likely bona fide interactions. The existing litera-
ture on cytoplasmic and nuclear localizations of ER luminal
chaperones such as calreticulin and BiP (117–120), along
with the recent identification of an ER lumen protein reflux
pathway (100), provide key evidence for a retrograde traffick-
ing pathway for ER luminal proteins across the ER membrane
and suggest that SEC62 may functionally intersect with such
processes. Further study is needed, however, to understand
the molecular basis for the observed SEC62-ER luminal pro-
tein interactions.

Surprisingly, the SEC62 interactome also includes proteins
functioning in cell-cell adhesion, vesicle transport, signaling
pathways, and cytoskeleton formation, indicating that SEC62
may have functions independent of protein biogenesis. For
example, SEC62 may be important for ER tubule organization
and protein transport to the Golgi apparatus. Interestingly,

high-confidence interactors (D-score � 1) of LRRC59 (dark blue) or IgG (red), as determined by co-IP. D, Enriched Gene Ontology (GO) terms
associated with high-confidence LRRC59 interactors (dark blue, left) or IgG interactors (red, right). E, Comparison of D- and Z-scores for each of
the 25 LRRC59-interacting proteins, as determined by the BioID approach. F, Western blot analysis depicting LRRC59 expression in cells trans-
fected with either control (scrambled) siRNA or LRRC59-targeted siRNA. Tubulin and TRAPa serve as controls for protein loading and subcellular
fractionation, respectively.G, Bar plot showing normalized levels of [35S]-methionine incorporation in the cytosol or ER compartments of non-tar-
geting siRNA (siCtl, negative control) or LRRC59-targeted siRNA transfected cells.
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our data also suggests that SEC62 may have a critical role in
multiple signaling pathways. To date, the best characterized
ER signaling pathway is the Unfolded Protein Response
(UPR). In the UPR, the accumulation of misfolded proteins at
the ER triggers a signaling cascade that includes transcrip-
tional (e.g. ATF6) upregulation of ER chaperones (e.g. BiP,
protein disulfide isomerases (PDI), GRP94), and ERAD com-
ponents – which are all represented in our list of interactors.
We also found SEC62 to interact with proteins that function
in the Wnt and Notch signaling pathways, which are less
commonly studied in the context of ER regulation, though it
has been reported that Wnt signaling proteins are retained in
the ER because of inefficient secretion (121, 122). To this
point, the ER-resident glycoprotein Oto regulates Wnt activity
by binding Wnt1 and Wnt3a to facilitate its retention in the
ER (123). Whether SEC62 acts as another ER-resident pro-
tein that binds Wnt-related factors to regulate the accumula-
tion and burst of Wnt ligands remains to be determined. Sim-
ilarly, our data suggests that SEC62 may play a role in the
glycosylation of Notch proteins, thereby influencing Notch
activation. Understanding how SEC62 may function in the
UPR, Notch, and/or Wnt signaling pathways has the potential
to shed new light on how defects in these signaling cascades
at the ER contributes to genetic human disorders.

A Role for LRRC59 in the Spatial Organization of Protein Syn-
thesis on the ER—Despite the discovery of LRRC59 decades
ago, little is known about its biological function (34, 83, 105,
124–126). Early sequence analysis revealed that the cytoplas-
mic domain of LRRC59 contains a number of intriguing struc-
tural features, including leucine-rich repeats (LRR), which are
known protein-protein interaction motifs, hydrophilic regions

(KRE), and several regions of charged residues that could
serve as sites for protein-protein interactions and ribosome
binding activity (105, 124). Indeed, via proximity proteomics,
we identified high-confidence interactions with 25 proteins.
Importantly, these interactions are likely occurring on the cy-
tosolic domain of LRRC59, as predicted, because the re-
porter construct places the BirA terminal to the LRR, KRE,
and transmembrane-spanning domains (34). Prominent in the
LRRC59 interactome were subunits of the SRP (e.g. SRP54,
SRP72, SRP68), translation initiation factors (e.g. eIF2A, eIF5,
DHX29), and other ER-RBPs (e.g. SERBP1, MTDH). The
prevalence of these interactions link LRRC59 to the regula-
tion of secretory and membrane protein synthesis on the ER.
In support of this view, we recently demonstrated that
LRRC59-BirA constructs robustly label ER-bound ribosomes
(34), and previous in vitro studies demonstrated that LRRC59
binds the 60S ribosomal subunit (105, 124). Importantly, we
functionally validated that LRRC59 is indeed necessary for
mRNA translation. Our analysis of [35S]-labeled nascent pro-
teins demonstrated, for the first time, that protein synthesis is
negatively impacted when LRRC59 expression is ablated.
However, our understanding of how LRRC59 is precisely reg-
ulating mRNA translation requires additional study, which we
are currently pursuing.

Here, we propose six possible mechanisms by which
LRRC59 may regulate mRNA translation on the ER mem-
brane (Fig. 7). First, given the enrichment of SRP subunits in
both our BioID and co-IP experiments, LRRC59 may directly
interact with the SRP receptor (Fig. 7A) and/or SRP (Fig. 7B)
to recruit mRNA/ribosome/nascent peptide complexes to the
ER membrane for continued mRNA translation. Alternatively,

FIG. 7. Model depicting LRRC59 interactions with ER localized mRNA translation. Proximity proteomics revealed LRRC59 to significantly
interact with SRP factors, translation machinery (including the ribosome), RNA-binding proteins (RBPs), and proteins associated with stress gran-
ules. As depicted, LRRC59may interact with the (A) SRP receptor or (B) SRP to recruit translationally-engaged ribosomes to the ERmembrane for
continued mRNA translation. C, LRRC59 recruits mRNA/ribosome/nascent peptide complexes by directly interacting with associated translation
factors and/or RBPs, independent of the SRP pathway. D, LRRC59 interacts with the 40S and 60S ribosomal subunits, along with translation fac-
tors, RBPs, and mRNA to facilitate translation initiation. E, LRRC59may anchor mRNAs on the ERmembrane via direct RNA binding activity and/
or through interactions with other mRNA-bound RBPs, thereby recruiting nearby ribosomes for subsequent mRNA translation. F, LRRC59 may
interact with stress granules to fine-tune the activity of translating ribosomes in response to alterations in cellular homeostasis. The depicted
modes ofmRNA regulation by LRRC59 are notmutually exclusive.
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LRRC59 may bind translationally active ribosomes via pro-
tein-protein interactions occurring on its large LRR- and
KRE-containing cytoplasmic domain (Fig. 7C). Given the
enrichment of translation initiation factors interacting with
LRRC59, our data also suggests that LRRC59 may bind both
60S and 40S ribosomal subunits, as well as initiation factors
in proximity to facilitate mRNA translation initiation on the ER
membrane (Fig. 7D). Another possible mechanism for a
LRRC59 function in mRNA translation is via directly binding
mRNA (19) and/or indirectly targeting mRNAs through inter-
actions with ER-localized RBPs (Fig. 7E). By anchoring local-
ized mRNAs either directly or indirectly, LRRC59 may then
recruit ribosomes (as previously postulated) for subsequent
mRNA translation (Fig. 7E). Finally, our data also reveal
LRRC59 to interact with proteins that associate with stress
granules (e.g. UBAP2L, PRRC2A, PRRC2C). Therefore, we
hypothesize that stress granules may reside proximal to
LRRC59 as a mechanism to spatially and temporally fine-
tune protein synthesis upon changes in cellular homeostasis
(Fig. 7F). Although we have presented data supporting a role
for LRRC59 in translational regulation on the ER membrane,
further studies are necessary to provide detailed mechanistic
characterization of this proposed function.

In summary, we demonstrate that ER-resident proteins
proximal to bound ribosomes are organized via protein net-
work interactions. We provide evidence that SEC61b inter-
acts with proteins important for secretory and membrane
translocation; demonstrate that RPN1 interacts with OST
complex subunits and ribosomal proteins; and propose a
new function for LRRC59 in regulating mRNA translation of
secretory/membrane-encoding proteins via the SRP path-
way. These data also reveal an array of possible biological
functions that SEC62 may facilitate, including signaling
pathways, redox homeostasis, and protein folding. To-
gether, these data offer important insights into subcellular
translation regulation, and provide an opportunity to unravel
connections between ribosome/protein organization and
human physiology.
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