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Abstract

Protein aggregation is associated with neurodegeneration and
various other pathologies. How specific cellular environments
modulate the aggregation of disease proteins is not well under-
stood. Here, we investigated how the endoplasmic reticulum (ER)
quality control system handles b-sheet proteins that were
designed de novo to form amyloid-like fibrils. While these proteins
undergo toxic aggregation in the cytosol, we find that targeting
them to the ER (ER-b) strongly reduces their toxicity. ER-b is
retained within the ER in a soluble, polymeric state, despite reach-
ing very high concentrations exceeding those of ER-resident
molecular chaperones. ER-b is not removed by ER-associated
degradation (ERAD) but interferes with ERAD of other proteins.
These findings demonstrate a remarkable capacity of the ER to
prevent the formation of insoluble b-aggregates and the secretion
of potentially toxic protein species. Our results also suggest a
generic mechanism by which proteins with exposed b-sheet struc-
ture in the ER interfere with proteostasis.
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Introduction

The endoplasmic reticulum (ER) is the site of synthesis and process-

ing of roughly one-third of the eukaryotic proteome (Ghaemmaghami

et al, 2003), including secretory and plasma membrane proteins,

as well as proteins destined for the endomembrane system. To medi-

ate the correct folding and assembly of secretory proteins, the ER

contains a high concentration of quality control factors (Araki &

Nagata, 2011). Multiple components, including a unique set of

molecular chaperones, co-chaperones, protein disulfide isomerases,

glycosylating enzymes, and the ER-associated degradation (ERAD)

machinery, cooperate to maintain ER protein homeostasis (proteosta-

sis; Balch et al, 2008; Araki & Nagata, 2011; Benyair et al, 2011;

Brodsky & Skach, 2011; Walter & Ron, 2011; Vincenz-Donnelly &

Hipp, 2017). The proteostasis network (PN) of the ER ensures that

misfolded or conformationally destabilized proteins are prevented

from transport through the secretory pathway and are instead

targeted for degradation. Failure of ER quality control may lead to

either accumulation of misfolded proteins within the ER or to secre-

tion of potentially toxic, aggregation-prone proteins (Walter & Ron,

2011; Tipping et al, 2015). Accumulation of misfolded proteins in

the ER induces the unfolded protein response (UPR), a complex

stress response pathway that activates factors involved in re-estab-

lishing proteostasis (Walter & Ron, 2011).

Protein misfolding and aggregation are hallmarks of numerous

neurodegenerative diseases. Many of the proteins associated with

neurodegeneration or systemic amyloidosis are co-translationally

targeted to the ER and processed within the secretory pathway,

including the Alzheimer amyloid precursor, the prion protein PrPc,

the neuroserpins, and the transthyretins (Davis et al, 1999; Soto,

2003; Sorgjerd et al, 2006). The aggregates of these proteins are

rich in b-sheet structure and often form amyloid-like fibrils,

although the aggregating proteins have no significant sequence

similarity (Chiti & Dobson, 2006). How the ER quality control

machinery recognizes and interacts with amyloidogenic proteins is

not well understood. Interestingly, proteins with extended poly-

glutamine sequences, which readily aggregate in the cytosol,

have been reported to remain soluble when targeted to the ER

(Rousseau et al, 2004), suggesting important differences between

cytosolic and ER quality control.
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Here, we explored the capacity of the ER to retain proteins with a

high propensity to form b-sheet aggregates and to maintain them in

a soluble state. We employed artificial proteins that were designed

to aggregate into amyloid-like fibrils based on an alternating pattern

of polar and nonpolar amino acid residues that determines b-strand
secondary structure (West et al, 1999). When expressed in the

cytosol of human cells, the propensity of these proteins to aggregate

correlates with both their cytotoxicity and their ability to engage in

aberrant interactions with key cellular factors (Olzscha et al, 2011;

Woerner et al, 2016).

We find the ER-targeted versions of these artificial b-proteins
(ER-b) to be significantly less toxic than their non-targeted counter-

parts. ER-b is maintained in a soluble polymeric state within the ER,

even though its concentration is estimated to be in the low millimo-

lar range, exceeding that of available chaperones. Retention is inde-

pendent of the specific sequence of the model b-proteins analyzed.

We further show that ER-b interacts with ER-resident chaperones

and components of the ERAD pathway, such as the low abundance

adaptor protein SEL1L. However, ER-b is not effectively degraded

and instead interferes with the degradation of other ERAD

substrates. This inhibition of ERAD is reversed by overexpression of

SEL1L, suggesting that ER-b sequesters components that are limiting

for ERAD. These results demonstrate a remarkable capacity of the

ER to prevent both the secretion of toxic aggregation-prone proteins

and the formation of insoluble b-aggregates. The three-dimensional

restriction of the aggregation process in the narrow ER lumen may

be critical in this context. Furthermore, our results suggest a generic

mechanism by which proteins with exposed b-sheet structure inter-

fere with ERAD of misfolded protein species.

Results

Targeting an aggregation-prone b-protein to the ER

To understand how the ER quality control machinery handles aggre-

gation-prone proteins, we determined the fate of an ER-targeted

version of the artificial b-sheet protein b23. b23 is a member of a

combinatorial library of proteins designed to fold into six b-strands
(West et al, 1999; Fig EV1, Appendix Table S1). It forms amyloid-

like fibrils with cross-b structure in vitro and when expressed in the

mammalian cytosol (West et al, 1999; Olzscha et al, 2011). We

targeted b23 to the ER by addition of an N-terminal signal peptide

derived from the secretory pulmonary surfactant-associated protein

B (SP-B; Dolfe et al, 2016; ER-b, Fig EV1, Appendix Table S1). This

signal peptide directs SP-B toward co-translational translocation into

the ER, followed by processing and transport through the secretory

pathway (Ueno et al, 2004). We also attached the same signal

peptide to the control protein a-S824, a de novo-designed a-helical
protein similar in amino acid composition to b23 (ER-a; Wei et al,

2003; Olzscha et al, 2011; Fig EV1, Appendix Table S1).

The ER-targeted proteins displayed the same apparent molecular

weight on SDS–PAGE as their non-targeted counterparts (nt-b and

nt-a; Fig 1A), suggesting that the signal peptide was efficiently

cleaved by the signal peptidase in the ER membrane. ER-b accumu-

lated to ~fourfold higher cellular levels than nt-b. Analysis by confo-

cal microscopy demonstrated that ER-b and ER-a co-localized with

ER marker proteins in HeLa and HEK293T cells (Fig 1B). In

contrast, nt-b and nt-a did not co-localize with ER markers, and nt-b
formed aggregate foci in the cytosol and nucleus (Fig 1B), as

reported previously (Olzscha et al, 2011; Woerner et al, 2016).

ER-b is retained in the ER

Misfolded proteins are retained within the ER until they are either

properly folded or degraded (Araki & Nagata, 2011). To determine

whether ER-b and ER-a are secreted from cells, we analyzed their

levels in conditioned medium. As expected for a protein without an

ER retention signal, the majority of ER-a was recovered in the

medium (twofold higher levels than intracellular, P < 0.01), indicat-

ing efficient secretion (Fig 2A). Extracellular levels were strongly

reduced when protein transport from the ER to the Golgi was

blocked with brefeldin A (BFA; Klausner et al, 1992; Fig 2A). In

contrast, ER-b was not detectable in the medium, indicating that it

was retained in the secretory pathway, consistent with its high intra-

cellular concentration (Fig 2A).

Addition of a C-terminal mCherry-tag allowed us to monitor ER-b
dynamics by live cell imaging (Movie EV1). The mCherry-tag did not

alter the retention of ER-b within cells (Fig EV2A and B). Imaging of

HEK293T cells over several minutes revealed that a large fraction of

ER-b-mCh localized to network-like structures that showed only little

mobility (Movie EV1), whereas ER-a-mCh was mainly present in

vesicles that rapidly moved laterally through the cell (Movie EV2).

Having observed a defect in the secretion of ER-b, we determined

at what stage of the secretory pathway ER-b trafficking was

impaired. Some ER-a co-localized with the Golgi marker giantin, but

ER-b did not (Fig 2B), indicating that ER-b was retained within the

ER. Thus, in contrast to the artificial a-helical protein, the aggrega-

tion-prone ER-b fails to pass ER quality control for secretion.

Degradation of misfolded proteins by ERAD involves retro-trans-

location across the ER membrane and degradation in the cytoplasm

by the ubiquitin–proteasome system (Olzmann et al, 2013). To

investigate if ER-b is a substrate of ERAD, we analyzed its turnover

by inhibiting protein synthesis with cycloheximide (CHX). We found

ER-b to be a remarkably stable protein with a half-life of more than

24 h (Fig 2C), considerably exceeding the half-life of other ER

proteins with folding defects (Finger et al, 1993). For example, the

classic ERAD substrate mutant carboxypeptidase Y (CPY*), fused to

mCherry (CPY*-mCh), was degraded with a half-life of less than 3 h

(Fig 2C). Thus, although ER-b is efficiently retained in the ER, it is

not successfully targeted for degradation by ERAD.

Targeting b-proteins to the ER reduces toxicity and
aggregation propensity

Expression of nt-b strongly reduces cell viability (Olzscha et al,

2011; Woerner et al, 2016). In contrast, we found that directing the

b-protein to the ER significantly attenuated its toxicity (Fig 3A). This

reduction in toxicity was observed, despite the more than fourfold

higher expression levels of ER-b compared to nt-b (Figs 1A and 3B).

We have previously shown that directing these b-sheet proteins to

the nucleus results in a reduction in toxicity that is accompanied by

the formation of insoluble inclusions (Woerner et al, 2016). We

therefore tested whether the environment of the ER lumen affects

the aggregation behavior of ER-b in a similar manner. Strikingly, in

contrast to the largely insoluble nt-b, ER-b was predominantly
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soluble in buffer containing 1% Triton X-100 (Fig 3C), consistent

with the absence of ER-b inclusion bodies observable by light micro-

scopy (Fig 1B). This behavior is even more remarkable when taking

into consideration that the ER makes up only a fraction of the

mammalian cell volume [~15% in hepatocytes (Alberts et al, 2014;

Weibel et al, 1969), ~25% in COS-7 cells (Valm et al, 2017)], and

thus, the local concentration of ER-b in the ER is at least 10 times

higher than the concentration of nt-b. We replicated these findings

with two other b-sheet proteins (b4 and b17) targeted to the ER

(Appendix Fig S1). These proteins are of similar size as nt-b but dif-

fer in their amino acid sequence and relative b-aggregation propen-

sity (Olzscha et al, 2011; Appendix Table S1). We found that the

solubility of both ER-b4 and ER-b17 was comparable to the solubil-

ity of ER-b (Appendix Fig S1A and B) and both were also retained in

the ER (Appendix Fig S1C and D). This is in line with a previous

report that ER-targeting of proteins containing an expanded poly-

glutamine repeat prevented the formation of insoluble aggregates by

these proteins (Rousseau et al, 2004).

To test whether ER-b is present as a monomeric protein in the ER,

we analyzed complete cell extracts under non-denaturing conditions

by blue native PAGE (Fig 4A). Although some ER-b migrated at the

size of the monomer, the majority of ER-b formed higher molecular

weight species of 200 to more than 1,200 kDa, indicative of the pres-

ence of oligomers up to higher order polymers, possibly associating

with protein quality control machinery. Note that ER-b contains only

a single cysteine and thus disulfide formation is not the cause of poly-

mer formation. Only background levels of ER-a were detected in

regions of the gel were oligomers or complexes between ER-a and the

cellular quality control machinery would be expected and monomers

could hardly be observed due to low intracellular levels.

The presence of oligomeric species of ER-b was further supported

by an analysis of the mobility of ER-resident b-proteins using fluo-

rescence loss in photobleaching (FLIP; Fig 4B–D). By bleaching one

region of the ER (bleaching region, Fig 4B) while measuring

changes of fluorescence levels in a different region (ER FLIP region,

Fig 4B), it is possible to draw conclusions about the mobility and

A

B

Figure 1. ER-b is efficiently targeted to the ER.

A Immunoblot analysis of ER-targeted b-protein (ER-b) and a-protein (ER-a) constructs as well as the non-targeted (nt) proteins after 48 h of expression in HEK293T
cells revealed no shifts in mobility but differential expression levels.

B HeLa or HEK293T cells were seeded on poly-L-lysine (PLL)-coated coverslips and transiently transfected with ER-targeted and non-targeted (nt) constructs. Cells were
fixed 48 h post-transfection and stained with anti-Myc (magenta) and either anti-ERp57 or anti-calreticulin (green) antibodies, followed by fluorescently labeled
secondary antibodies and analysis by confocal microscopy. Representative images from three independent experiments are shown. Scale bars represent 10 lm.
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size of the fluorescent particles. We compared the mobility of ER-b-
mCh to a control mCherry protein (ER-mCh) that contains the same

signal sequence but is retained in the ER by a C-terminal KDEL

retention signal. As expected, the ER-mCh control protein was

rapidly bleached within the whole ER (Movie EV3, Fig 4B and C). In

contrast, bleaching of ER-b-mCh resulted only in a slow fluores-

cence decrease in distant parts of the ER (Movie EV4, Fig 4B and C).

This indicates that ER-b-mCh is substantially less mobile than a

monomeric protein of comparable size. The increased viscosity is

reminiscent of the liquid-like behavior of phase transitions driven

by intrinsically disordered protein regions (Brangwynne et al, 2009;

Hyman et al, 2014). A reduction in fluorescence was observed in

the immediate vicinity of the bleached ER-b-mCh, indicative of local

dynamics (Movie EV4, Fig 4B). It is important to note, however,

that the levels of the mCherry-tagged b-proteins were higher than

those of ER-b without a mCherry-tag, consistent with an increased

insolubility of ER-b-mCh, which might affect protein mobility

(Fig EV2C). ER-b mobility was slightly reduced in cells with the

highest expression of the mCherry-tagged protein compared to cells

with very low expression, but this trend did not reach statistical

significance (Appendix Fig S2). Thus, ER-b without a mCherry-tag,

though efficiently retained in the ER, may be more dynamic than

the more highly expressed ER-b-mCh.

The reduced mobility of ER-b-mCh measured by FLIP can be

explained either by the presence of higher order polymers or by frag-

mentation of the ER into structures that are unable to exchange their

components with the remainder of the ER network. To distinguish

between these possibilities, we investigated whether ER-b-mCh

A

B

C

Figure 2. ER-b is retained in the ER.

A HEK293T cells were transfected with ER-b or ER-a. After 24 h, media were exchanged for a minimal volume of growth medium containing 1 lg/ml brefeldin A (BFA)
where indicated. After overnight treatment, cells and media were collected. Proteins from media samples were TCA-precipitated and equal fractions of total protein
from media and cell samples were analyzed by immunoblotting. After transfer, the PVDF membrane was stained to provide a loading control for media samples.
Levels of ER-b and ER-a were analyzed by immunoblotting with anti-Myc antibody. Tubulin served as a loading control and to demonstrate absence of cell leakage.

B HeLa cells or HEK293T cells were seeded on PLL-coated coverslips and transfected with ER-b or ER-a. Cells were fixed 48 h post-transfection and stained with anti-
Myc (magenta) and anti-giantin (green) antibodies followed by fluorescently labeled secondary antibodies and analyzed by confocal microscopy. Representative
images from three independent experiments are shown. Scale bars represent 10 lm unless otherwise indicated.

C HEK293T cells were transfected with either ER-b or CPY*-mCh, and 72 h later treated with 0.5 mM cycloheximide (CHX). Cells were harvested at the indicated time
points and protein levels analyzed by immunoblotting against the Myc-tag of ER-b. For quantification, mean protein levels from untreated cells (0 h) were set to
100%. Mean values from three independent experiments are shown with P-values determined using Student’s t-test (unpaired t-test).
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affected the mobility of another fluorescent protein, ER-targeted GFP

(ER-GFP). After continuous photobleaching of a small area of the ER,

ER-GFP fluorescence rapidly decreased within the whole ER both in

the presence of ER-mCh (Movie EV5, Fig 4B and D) and in the pres-

ence of ER-b-mCh (Movie EV6, Fig 4B and D). This indicates that the

b-protein did not impair the movement of monomeric proteins

through the ER lumen, consistent with ER-b-mCh demonstrating

liquid-like behavior. We next tested if the unique ion composition of

the ER (Vincenz-Donnelly & Hipp, 2017) is responsible for the

unusual aggregation behavior of ER-b. To this end, we analyzed

the mobility and detergent solubility of ER-b in the presence of the

SERCA inhibitor Thapsigargin, which causes a depletion of ER

calcium (Thastrup et al, 1990). Thapsigargin treatment did not result

in any alterations in ER-b mobility (Fig EV3A) or changes of deter-

gent solubility (Fig EV3B and C). It seems likely, therefore, that the

reduced mobility of ER-b-mCh is due to the formation of a liquid-like

state and/or interactions with ER-resident components. Formation of

this physical state may be assisted by three-dimensional constraints

on the aggregation process in the narrow ER lumen, which is only

~50 nm wide (Shibata et al, 2010; Westrate et al, 2015).

ER-b interacts with a distinct set of ER chaperones and
ERAD components

To identify components of the ER quality control machinery that

interact with ER-b, we performed a quantitative proteomic analysis

using stable isotope labeling with amino acids in cell culture

(SILAC; Ong & Mann, 2006). ER-b was isolated from cell lysates by

immunoprecipitation against the N-terminal Myc-tag. Of a total of

3,317 proteins identified by mass spectrometry (MS), 83 proteins

were enriched twofold or more over background (enrichment

factors up to 8.7-fold) and were thus defined as ER-b interactors

(Table EV1, Dataset EV1). Analysis of total protein levels showed

that these proteins were not significantly upregulated in cells

expressing ER-b, indicating that the observed interactions are not

due to alterations in total protein levels (Dataset EV2).

The ER-b interactors were significantly enriched in ER luminal

proteins and with lower significance in mitochondrial membrane

proteins. ER-b also interacted with a set of nuclear proteins, includ-

ing proteins of the nuclear envelope, although nuclear proteins were

not generally enriched among the interactors. We cannot exclude

that the observed interactions between ER-b and nuclear and mito-

chondrial proteins are due to interactions that occurred after cell

lysis.

In contrast to ER luminal proteins, other components of the

secretory pathway as well as the cytosol were not significantly

enriched in the ER-b interactome, consistent with the finding that

ER-b is retained in the ER. Indeed, less than 10% of the ER-b inter-

actors were previously found to interact with nt-b (Olzscha et al,

2011; Fig EV4A). This confirms that the proteins have distinct cellu-

lar localizations and that import of ER-b into the ER is efficient.

Components of the ERAD machinery were among the most

highly enriched interactors of ER-b. These include the adaptor

protein SEL1L, the substrate binding protein OS-9, and the

intramembrane adaptor protein Erlin-2, which was also found to

interact with nt-b (Figs 5A and EV4A, and Table EV1). As expected,

ER-b also associated with several ER-resident chaperones (Fig 5A,

Table EV1). The HSP70 BiP (GRP78/HSPA5) made up ~20% of the

total amount of all interacting proteins (Table EV2). We also identi-

fied as interactors the HSP90 family member GRP94 (HSP90B1), the

lectin chaperone calnexin (CNX), the nucleotide exchange factor of

the HSP110 family HYOU1 (GRP170/ORP150) and protein disulfide-

isomerase A6 (PDIA6), which has both isomerase and chaperone

activities (Kikuchi et al, 2002), and is thought to play a role in

protein folding and regulation of the UPR (Eletto et al, 2014). These

findings are reminiscent of the interactions of nt-b with cytosolic

members of the HSP70 and HSP110 chaperone families (Olzscha

et al, 2011). We confirmed the specific interaction of ER-b with

SEL1L, OS-9, HYOU1, PDIA6, GRP94, Erlin-2, CNX, and BiP by

immunoblotting (Fig 5B). We found that only a small fraction of the

total amount of the different chaperone proteins present in the cells

was co-immunoprecipitated (Fig 5B), arguing against a depletion of

the free chaperone pool by ER-b. In contrast, the ERAD components

SEL1L and OS-9 interacted more extensively (about 10% of total

SEL1L and about 50% of total OS-9), suggesting that their sequestra-

tion by ER-b might have functional consequences. Notably, based

A

C

B

Figure 3. ER-targeting prevents b-protein aggregation.

A Cell viability was measured by the MTT assay 72 h after transfection of
HEK293T cells with the constructs indicated. Error bars represent SD from
three independent experiments. P-values are based on Student’s t-test
(unpaired t-test). *P < 0.05.

B Relative expression levels of ER-b and nt-b in HEK293T cells, based on data
from Fig 1A. Total levels of ER-b were quantified and plotted as fold
increase over nt-b. Mean values from four independent experiments are
shown, error bars represent SD, and P-values were determined using
Student’s t-test (unpaired t-test). *P < 0.05.

C Solubility of ER-b, ER-a, and their non-targeted counterparts (nt) in
HEK293T cells was analyzed 48 h after transfection by fractionation of
lysates by centrifugation and immunoblotting with anti-Myc antibody. T,
total lysate; S, soluble fraction; P, pellet fraction. Right panel: Protein
amounts in the pellet fraction were quantified. Error bars represent SD
from three independent experiments, and P-values are based on Student’s
t-test (unpaired t-test). ***P ≤ 0.001.
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on intensity-based absolute quantification (iBAQ; Schwanhausser

et al, 2011), the levels of SEL1L and OS-9 in the total proteome were

over 200-fold lower than the levels of GRP94 and BiP (Table EV3,

Dataset EV3).

We hypothesized that binding of ER-b to chaperones might

contribute to its retention in the ER. It was therefore of interest to

determine the abundance of ER chaperones relative to ER-b. Tryptic
digestion of nt-b or ER-b did not result in peptides that could be

A

B

C D

Figure 4. ER-b forms oligomers with restricted mobility.

A Lysates from HEK293T cells transfected with either pcDNA (Ctrl), ER-b, or ER-a were separated on blue native PAGE and analyzed by immunoblotting against the
Myc-epitope.

B–D Fluorescence loss in photobleaching (FLIP) was performed in HEK293T cells 48 h after co-transfection with ER-b-mCh and ER-GFP-KDEL (ER-GFP) or ER-mCherry-
KDEL (ER-mCh) and ER-GFP. After recording three images by confocal microscopy, small areas within the ER of cells (bleaching region) were repeatedly bleached
using the 561 nm (for mCherry), 488 and 458 nm (for GFP) lasers and images recorded after each bleaching cycle (every 77.4 s) (B). Relative changes in mean
fluorescence of areas within the ER of the same cells (ER FLIP region) were plotted for (C) mCherry and (D) GFP normalized to the fluorescence measured at the
first data point. Representative data from three independent experiments are shown. Scale bars represent 10 lm.
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detected by MS, and thus, it was not possible to quantify ER-b by

proteomics. However, tryptic digestion of ER-b-mCh generated suffi-

cient peptides to allow quantification using iBAQ. We observed that

total ER-b-mCh levels were significantly higher than the levels of

each individual chaperone found to interact with ER-b, and even

exceeded the total abundance of all interacting ER-resident chaper-

ones combined (Fig 5C). BiP (HSPA5) has been reported to reach

low millimolar concentrations in the ER (up to 5 mM; Weitzmann

et al, 2007), providing an estimate for the concentration of ER-b.
When we take into account that only a few percent of the total of

each of the major chaperones was co-immunoprecipitated with ER-b
(Fig 5B), a 1:1 molar interaction between a major fraction of ER-b
and any specific chaperone is unlikely, even when considering the

difference in expression levels between ER-b and ER-b-mCh

(Fig EV2C). We conclude that chaperones either bind to only a

small fraction of ER-b at any given time (e.g., the monomeric form),

or that a single chaperone molecule is able to interact with, and

retain, larger ER-b oligomers. Alternatively, ER-b is not retained by

chaperone binding but rather by the formation of a network of oligo-

mers and higher order polymers that permeates the ER lumen.

Since several of the ER-b interactors are involved in binding

glycosylated substrates, we investigated whether ER-b is subject

to glycosylation. ER-b contains several asparagine residues

(Appendix Table S1) but no predicted N-glycosylation sites (NetN-

Glyc 1.0 Server (Blom et al, 2004), http://www.cbs.dtu.dk/service

s/NetNGlyc/). ER-b migrated at the same size as nt-b (Fig 1A).

Moreover, ER-b did not show any shift in electrophoretic mobility

after treatment of lysates with the deglycosylating enzymes endo-

glycosidase H (Endo H) or peptide-N-glycosidase F (PNGase F), in

contrast to the glycosylated ER protein SEL1L (Fig EV4B). Thus,

ER-b either interacted with lectin chaperones despite the absence of

glycosylation, or these proteins were co-immunoprecipitated as

parts of larger complexes.

ER-b inhibits ERAD

Although ER-b was only slowly degraded, it interacted strongly with

factors that play a role in ERAD (Fig 5A and B, Table EV1). ERAD

substrates are normally recruited to dislocons for transport from the

ER to the cytosol (Olzmann et al, 2013). This recruitment to the ER

A

C

B D

E

F

Figure 5. ER-b interacts with ER quality control factors.

A Enrichment ratios (H/L) of ER-b-interacting ER quality control factors from three independent experiments [combined ratios calculated by MaxQuant (version 1.3.0.5)]
are shown.

B Immunoblotting against SEL1L, OS-9, HYOU1, PDIA6, GRP94, Erlin-2, CNX, and BiP after immunoprecipitation of ER-b confirmed specific interactions with ER-b.
C Cellular abundance values of ER quality control factors relative to the abundance of ER-b-mCh. iBAQ values of proteins measured in ER-b-mCh-expressing cells are

plotted as fraction of the iBAQ value of ER-b-mCh after normalization for transfection efficiencies. Error bars represent SD from three independent experiments.
D HEK293T cells were co-transfected with CPY*-mCh and either empty pcDNA3.1 (Ctrl) or ER-b. Degradation of CPY*-mCh was analyzed by treatment with 0.5 mM CHX

for the indicated time periods, and determination of CPY*-mCh levels by immunoblotting with anti-Myc antibody. For quantification, CPY*-mCh levels from
untreated cells (0 h) were set to 100%. Mean values from three independent experiments are shown. P-values are based on Student’s t-test (unpaired t-test).

E HEK293T cells were co-transfected with CPY*-mCh and either non-targeting siRNA (mock) or siRNA targeting either OS-9 or SEL1L. Degradation of CPY*-mCh after 3 h
was analyzed as in (D). *P < 0.05. Error bars represent SD from three independent experiments, and P-values are based on Student’s t-test (unpaired t-test).

F HEK293T cells were co-transfected with CPY*-mCh and either pcDNA3.1 (Ctrl), ER-b and pcDNA or ER-b and SEL1L. Degradation of CPY*-mCh after 3 h was analyzed
as in (D). *P < 0.05, **P ≤ 0.01. Error bars represent SD from three independent experiments, and P-values are based on Student’s t-test (unpaired t-test).
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membrane involves a variety of auxiliary factors, including the

adaptor protein SEL1L, which is thought to link substrate recogni-

tion to retro-translocation (Christianson et al, 2008; Olzmann et al,

2013). We found that both OS-9 and SEL1L bind to ER-b and also

identified the intramembrane substrate adaptor Erlin-2 as an interac-

tor (Fig 5A and B, Table EV1). However, none of the downstream

factors of the ERAD pathway involved in substrate dislocation or

ubiquitination were identified as interactors of ER-b (Fig EV4C,

Dataset EV1). Together with our finding that ER-b is rather stable,

its exclusive interaction with luminal ERAD factors suggested that

ER-b is not translocated to the cytosol and thus apparently interacts

with ERAD components in a non-productive manner.

It seemed possible that these non-productive interactions inter-

fere with the degradation of other ERAD substrates. We hypothe-

sized that the very low abundance proteins OS-9 and SEL1L (4.8

and 4.9 ppm in the total proteome, respectively; Table EV3) may

become limiting, especially when considering that a substantial

fraction of these proteins interacted with ER-b (Fig 5A and B). To

test this possibility, we analyzed the effect of ER-b on the degrada-

tion of the ERAD model substrate CPY*-mCh. Co-expression of ER-

b significantly stabilized CPY*-mCh (Fig 5D), indicating inhibition

of ERAD by ER-b. It has previously been shown that Yos9p and

Hrd3p, the yeast homologues of OS-9 and SEL1L, are required for

degradation of CPY* in yeast (Buschhorn et al, 2004; Bhamidipati

et al, 2005; Gauss et al, 2006) and that SEL1L is required for ERAD

in mammalian cells (Sun et al, 2014). The observed interactions of

OS-9 and/or SEL1L with ER-b might therefore be sufficient to stabi-

lize CPY*. To test whether degradation of CPY*-mCh by the

mammalian ERAD system depends on these factors, we performed

siRNA knockdowns of OS-9 and SEL1L. Simultaneous knockdown

of both OS-9 isoforms, OS-9.1 and OS-9.2, had no significant effect

on CPY*-mCh turnover (Figs 5E and EV4D). This finding may be

explained by the redundant activities of OS-9 and the ERAD lectin

XTP3-B in the degradation of luminal ERAD substrates (Bernasconi

et al, 2010). Redundant activities in the ERAD pathway might also

explain the low toxicity observed after ER-b expression, even in the

presence of additional forms of external proteostasis stress

(Fig EV3D). In contrast, knockdown of SEL1L caused a significant

stabilization of CPY*-mCh with almost 90% of CPY*-mCh remain-

ing after 3 h of CHX chase (Figs 5E and EV4D). This strong depen-

dence of CPY*-mCh degradation on SEL1L suggests that

sequestration of SEL1L by ER-b is sufficient to block degradation.

Indeed, mild overexpression of SEL1L rescued the degradation

defect of CPY*-mCh caused by ER-b, without changing the mobility

of ER-b (Figs 5F, EV3A, and EV4E). Thus, the accumulation of ER-b
in the ER leads to a block of ERAD likely by titration of SEL1L and

perhaps other ERAD machinery.

ER-b inhibits a functional UPR

Accumulation of misfolded proteins in the ER normally leads to

induction of the unfolded protein response (UPR) via activation of

the transmembrane stress sensors ATF6, IRE1a, and PERK (Walter

& Ron, 2011). Notably, despite its high levels, ER-b expression did

not increase the levels of ERQC proteins, as shown by MS analysis

(Dataset EV2) and by immunoblotting of several UPR-inducible

proteins (Fig 5B). Similar results were previously obtained with

cells expressing mutant a1-Antitrypsin Z (Hidvegi et al, 2005) and

mutant neuroserpin; however, in that case it is possible that the

polymers represent a folded, near-native conformation (Davies et al,

2009). For further analysis, we measured genomewide changes in

the transcriptome by RNA sequencing (RNA-seq) of three indepen-

dent cell culture replicates. ER-b expression led to significantly

altered expression of 420 genes (Fig EV5A). To identify cellular

pathways activated upon expression of ER-b, we performed a Gene

Ontology (GO) enrichment analysis of the 50 most upregulated

genes using the EnrichR tool (Chen et al, 2013). As shown in

Fig 6A, a gene expression signature of the UPR was clearly visible

in the GO analysis, even though the magnitude of this response is

only moderate in comparison with the response induced by tuni-

camycin (Raina et al, 2014). Furthermore, RNA-seq analysis identi-

fied 12 genes previously shown to be associated with UPR as

significantly upregulated upon ER-b expression (adjusted P-value

< 0.05; Figs 6B and EV5). This discrepancy between UPR induction

on the protein and mRNA levels indicates that although ER-b
expression is recognized as an ER stressor by the UPR sensors in the

ER, this does not result in a functional UPR response. Interestingly,

we previously found that expression of nt-b-proteins also failed to

induce the cytosolic stress response or heat-shock response,

although the b-proteins interact with several molecular chaperones

(Olzscha et al, 2011).

Taken together, ER-b is recognized by the ER quality control

machinery as an aberrant protein and is retained in the ER, although

it is maintained in a largely soluble, polymeric state. Despite its high

concentration in the ER lumen, ER-b fails to induce an appropriate

cellular stress response and interferes with successful induction of a

functional UPR and the degradation of other misfolded proteins by

ERAD, thereby causing proteostasis imbalance.

Discussion

We have demonstrated in this study that the ER as a cellular

compartment has a remarkable capacity to prevent the secretion of

aggregation-prone b-proteins and maintain them in a more soluble

and less toxic state than the cytosolic quality control system. Unlike

the a-helical protein ER-a, which passes ER quality control and is

secreted (Fig 7A), or the terminally misfolded protein CPY*, which

is retained and efficiently degraded via ERAD (Fig 7B), the

b-proteins are neither secreted nor efficiently degraded, but rather

accumulate in the ER to very high levels (Fig 7C). Since failure of

retention would lead to secretion of potentially toxic protein species,

ER retention is a protective mechanism that prevents extracellular

and cytosolic protein aggregation. However, the retention of b-
proteins comes at a price: their accumulation leads to engagement

and titration of critical components of the ERAD pathway (Fig 7C).

The b-proteins disturb proteostasis further by interfering with the

induction of the ER stress response.

ER-targeting rendered the b-proteins significantly more soluble

than their cytosolic counterparts, similar to findings with polyglu-

tamine expansion proteins (Rousseau et al, 2004). The capacity of

the ER to maintain the b-sheet proteins in a soluble state is particu-

larly striking when considering that these proteins accumulate in

the ER lumen to very high concentrations in the low millimolar

range. In comparison, the b-proteins b4, b17, and b23 form insol-

uble fibrillar aggregates in vitro already at low micromolar
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concentrations (Olzscha et al, 2011). Thus, in the environment of

the ER these proteins reach levels ~1,000-fold higher than their

in vitro solubility, a state referred to as supersaturation (Ciryam

et al, 2015). We suggest that three-dimensional constraints exerted

on the aggregation process in the ER are critical in generating this

physical state. The width of the ER lumen is only ~50 nm (Shibata

et al, 2010; Westrate et al, 2015), while the insoluble aggregates of

cytosolic b-proteins are 1-2 lm in diameter (Olzscha et al, 2011).

How long the ER can counterbalance the high intrinsic aggregation

propensity of these proteins is not clear, however. Prolonged expres-

sion or a further increase in abundance may lead to formation of

insoluble aggregates, as has been observed for the mCherry-tagged

proteins that are expressed at higher levels.

We identified a set of ER-resident chaperone proteins that inter-

act with ER-b and may contribute to prevention of aggregation and

ER retention. However, these chaperones were less abundant in

cells than ER-b itself, suggesting that they do not bind ER-b at a 1:1

ratio. It is also possible that ER retention is not solely due to direct

interactions with ER quality control machinery but rather occurs as

a consequence of ER-b forming a network of oligomers and higher

order polymers. We can also not exclude the possibility that the

b-sheet proteins lack a specific signal that allows them to exit the

ER. Transient membrane interactions of oligomers are likely to be

enhanced by the two-dimensional organization of the ER and may

contribute to retention. In contrast to the ordered polymerization of

members of the serine protease inhibitor superfamily (Ekeowa et al,

A

B

Figure 6. ER-b inhibits expression of UPR target proteins.

A The 50 most upregulated genes upon ER-b expression were clustered on the basis of common Gene Ontology (GO) enrichment terms as indicated. The y-axis
indicates the Z-score for each annotation, and the x-axis depicts the significance of the respective enrichment.

B Induction of UPR target genes is not reflected in the proteome. Ratios of protein- and transcript-level changes upon ER-b expression of misregulated UPR target
genes are plotted (n = 3 independent cell culture replicates).
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2010), ER-b oligomers cannot be explained by the formation of

linear chains due to insertion of loops from one molecule into

b-sheets of a second molecule. The decreased diffusion rate, when

compared to a monomeric protein, as well as the finding that the

mobility of a non-interacting protein is not affected (Fig 4) would be

consistent with ER-b being kept in a state that bears similarity to the

liquid-like assemblies recently reported for various proteins with

low sequence complexity (Patel et al, 2015). We also note that ER-b
does not appear to be retained due to failure of packaging into COPII

vesicles, as ER-b did not localize to ER exit sites (ERES; Fig 1B) and

did not detectably interact with proteins known to be involved in

COPII vesicle assembly (such as Sar1A, Sec16, Sec23, Sec24, Sec31,

or ERGIC-53; Budnik & Stephens, 2009; Table EV1).

Although ER-b interacts with ER-resident chaperones and

engages ERAD machinery, it is not efficiently degraded, and appar-

ently does not interact with the 26S proteasome. The failure of ER-b
to undergo ERAD may be due to its higher order structure prevent-

ing passage through the dislocon or due to the lack of specific post-

translational modifications that may be required for efficient export.

It is also possible that, independent of its folding status, ER-b cannot

be recognized by the cytosolic components of the ERAD machinery

due to features of its non-evolved amino acid sequence, for exam-

ple, the position of the lysine residues in the constructs.

We note that many of the identified ER-b interactors have previ-

ously been shown to recognize disease-related mutants of neuroser-

pins and a1-antitrypsin (A1AT). These proteins accumulate in the

ER as polymers and cause dementia in familial encephalopathy with

neuroserpin inclusion bodies (FENIB) and lung and liver disease in

A1AT deficiency, respectively. A1AT mutants that are retained in the

ER interact with the chaperones BiP, GRP94, CNX, and HYOU1/

GRP170 (Schmidt & Perlmutter, 2005), which are also interactors of

ER-b. Furthermore, OS-9 and GRP94 have previously been shown to

be involved in the delivery of both neuroserpin and A1AT mutants

to SEL1L for ERAD (Christianson et al, 2008; Schipanski et al, 2014).

OS-9 is a lectin that has been suggested to have a dual function in ER

quality control: the retention of misfolded proteins in the ER lumen

and the delivery of misfolded proteins for ERAD (Bernasconi et al,

2008; Olzmann et al, 2013). In addition to recognizing misfolded

glycoproteins, OS-9 has been demonstrated to bind non-glycosylated

substrates (Bernasconi et al, 2008; Christianson et al, 2008;

Hosokawa et al, 2009; Olzmann et al, 2013). However, both OS-9.1

and OS-9.2, while binding the non-glycosylated mutant A1AT

A B C

Figure 7. Proposed model of the fate of ER-b in the ER.

A After folding and assembly in the ER lumen, secretory proteins exit the ER via vesicular transport.
B Terminally misfolded proteins, such as CPY*, are recognized by the ERAD machinery and are retro-translocated into the cytosol for ubiquitin–proteasome-dependent

degradation.
C ER-b engages in substoichiometric interactions with ER-resident chaperones and forms a “fluid” polymer network that permeates the ER lumen without interfering

with the movement of other proteins, at least up to the size of GFP. ER-b also interacts non-productively with ERAD factors and inhibits ERAD of proteins such as
CPY*. Chaperone proteins, blue; ERAD components, yellow.
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mutant NHKQQQ, failed to target NHKQQQ for degradation (Ber-

nasconi et al, 2008; Hosokawa et al, 2009). We now show that the

non-glycosylated ER-b also interacts with both isoforms of OS-9, but

is not efficiently targeted for ERAD. Thus, OS-9 may recognize ER-b
through a mechanism comparable to its interaction with non-glyco-

sylated mutants of A1AT and neuroserpins, suggesting a specific

affinity for b-sheet conformations independent of glycosylation.

However, it remains to be determined whether OS-9 recognizes the

non-glycosylated b-sheet proteins directly or interacts indirectly as

part of a larger protein complex that includes BiP, SEL1L, Hrd1, and

Grp94 (Christianson et al, 2008; Olzmann et al, 2013).

In summary, ER-b-proteins are retained in the ER where they

interact with ER chaperones and ERAD factors, but are not efficiently

degraded and instead inhibit the degradation of other ERAD

substrates. This interference with ERAD causes proteostasis impair-

ment and reveals a mechanism of proteotoxicity that may play a

more general role in diseases associated with ER retention of aggrega-

tion-prone proteins. However, considering the acute toxicity of the

b-proteins in the cytosol (Olzscha et al, 2011; Woerner et al, 2016),

the inability of these proteins to undergo retro-translocation from the

ER may outweigh these negative effects. Indeed, retro-translocation

of the aggregation-prone prion protein to the cytosol has been

suggested to exert considerable toxicity (Ma & Lindquist, 2002), and

ER-targeted polyglutamine proteins were shown to aggregate only

after retro-translocation into the cytosol (Rousseau et al, 2004).

Materials and Methods

Plasmids

The signal peptide of human pulmonary surfactant-associated

protein (SP-B; MAESHLLQWLLLLLPTLCGPGTA) was inserted

upstream of the Myc-tag of pcDNA3.1+ plasmids containing b23, aS-
824, b4, and b17 (Olzscha et al, 2011) to generate ER-b, ER-a, ER-
b4, and ER-b17, respectively. For the mCherry-tagged constructs,

ER-b and ER-a were excised from the pcDNA3.1+ plasmids via KpnI

and AgeI after generation of a downstream AgeI site via QuikChange

(Agilent Technologies) and inserted into mCherry N1 vectors. The

ER-targeted GFP was encoded by the pShooter vector pCMV/Myc/

ER/GFP (Invitrogen). To generate the ER-mCherry constructs, the

signal peptide of SP-B followed by one alanine residue and a Myc-

tag was fused upstream to mCherry by PCR amplification. A C-term-

inal KDEL sequence, as well as a 50 BamH1 and a 30 Not1 digestion

site, was also added by PCR amplification. The purified PCR product

was then inserted into the pcDNA3.1+ plasmid via BamH1/Not1.

The ER-targeted CPY*-mCherry construct (CPY*-mCh) was gener-

ated by insertion of the insert of CmCh* (Park et al, 2013) into the

pShooter vector pCMV/Myc/ER (Invitrogen) via XhoI/NotI. The

insert encoding human SEL1L flanked by BamH1 and Not1 digestion

sites was purchased from Thermo Fisher Scientific and inserted into

the pcDNA3.1+ plasmid via BamH1/Not1.

Cell culture and transfections

Human HEK293T and HeLa cell lines (ATCC) were cultured in

Dulbecco’s modified Eagle’s medium (DMEM; Biochrom) supple-

mented with 10% FBS (Gibco), 1% penicillin–streptomycin (Gibco),

and 1% L-glutamine (Gibco) at 37°C in an atmosphere of 5% CO2.

Cell lines were regularly tested for mycoplasma contamination. Cells

were transfected with a total of 1 lg plasmid DNA in 6-well plates

using FuGene 6 transfection reagent (Promega) following the manu-

facturer’s instructions.

Immunofluorescence imaging

Cells were seeded in l-Slide chambered coverslips (ibidi; for live cell

imaging) or on poly-L-lysine-coated glass coverslips (for immunofluo-

rescence experiments) 24 h prior to transfection. Transfected cells

were either directly analyzed in chambered coverslips or fixed with

4% paraformaldehyde, permeabilized with 0.1% Triton X-100, blocked

with 1% BSA, and stained with the following primary antibodies

diluted 1:500 in 1% BSA: Myc (Santa Cruz #sc-40), calreticulin (Abcam

#ab14234), ERp57 (Abcam #ab10287), giantin (Abcam #ab24586). The

following fluorescently labeled secondary antibodies were used at

1:200 dilutions in 1% BSA: anti-mouse Cy3 (Jackson #115-165-062),

anti-rabbit FITC (Invitrogen #F2765), anti-rabbit Alexa Fluor 405

(Life Technologies #A-31556), anti-chicken Alexa Fluor 488 (Life Tech-

nologies #A-11039). For live cell imaging, cells were grown in l-Slide
8-well plates (ibidi) in Dulbecco’s modified Eagle’s medium (DMEM;

Biochrom) without phenol red supplemented with 10% FBS (Gibco),

1% penicillin–streptomycin (Gibco), and 1% L-glutamine (Gibco).

Throughout analysis, cells were kept in a chamber at 37°C, 5% CO2.

Images were recorded at the Imaging Facility of the Max Planck

Institute of Biochemistry, Martinsried, on a ZEISS (Jena, Germany)

LSM780 confocal laser scanning microscope equipped with a ZEISS

Plan-APO 63×/NA1.46 oil immersion objective and analyzed using

the ImageJ software (ImageJ 1.49v or 2.0.0, http://imagej.nih.gov/

ij/). Representative images or movies of at least three independent

experiments are shown.

Solubility analysis

Cells were lysed in 1% Triton X-100 in PBS supplemented with

cOmplete Protease Inhibitor Cocktail (Roche) and benzonase for 1 h

at 4°C. Protein concentrations were analyzed using a BCA assay

(Pierce). A fraction of each lysate was put aside for analysis of total

protein content, the remainder was centrifuged at 14,000 × g for

10 min at 4°C to separate soluble from insoluble proteins. The

supernatant containing soluble protein was transferred to a fresh

tube. Both soluble and total fractions were denatured by addition of

5× sample buffer. The pellet was resuspended in 1× sample buffer.

All samples were heated to 70°C for 10 min and subsequently

analyzed by immunoblotting. The fraction of insoluble protein was

calculated by dividing the signal of the insoluble fraction through

the sum of insoluble and soluble fraction.

Cell viability assay

Cell viability was analyzed by measuring the capacity of cells to

reduce MTT [3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium

bromide] to formazan after transfection with the indicated constructs.

Cells were incubated with MTT at 37°C for 1 h before the reaction

was stopped by the addition of 40% DMF and 20% SDS. Concentra-

tions of formazan, the product of the reduction in MTT by cellular

reductases, were analyzed by measuring absorbance at 570 nm.
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Analysis of secreted proteins

Growth medium of HEK293T cells seeded and transfected in a 6-

well plate was exchanged 24 h after transfection for 600 ll full

growth medium either with or without 1 lg/ml brefeldin A

(BFA). After overnight incubation, media and cells were

harvested separately; media samples were centrifuged at

5,000 × g for 5 min and transferred to fresh tubes to ensure elimi-

nation of any floating cells. Cell pellets were washed, lysed,

quantified, and denatured as described above before addition of

6 ll 2% sodium deoxycholate and incubation at 4°C for 30 min

followed by addition of 60 ll trichloric acid (TCA) and incubation

at 4°C overnight. Precipitated proteins were collected by centrifu-

gation at 16,000 × g for 14 min at 4°C. Pellets were dried and

then resuspended in 1× sample loading buffer. Tris–Cl at pH 8.8

was added to neutralize the pH. Proteins were denatured at 70°C

for 10 min. For immunoblotting, 20 lg of protein from cell

lysates and equivalent volumes of concentrated protein from

media samples were loaded per well. After transfer, PVDF

membranes were stained using the MemCodeReversible Protein

Stain Kit (Thermo Scientific).

Cycloheximide chase

Transfected cells were trypsinized and reseeded 24 h after transfec-

tion and after a recovery period of 24–48 h were treated with

0.5 mM cycloheximide (CHX). Cells were harvested at indicated

time points for analysis by immunoblotting. Images were analyzed

using the ImageJ software.

RNA isolation and processing

Twenty-four hours after transfection, RNA was extracted using the

RNA Clean & Concentrator kit (Zymo Research, cat. no. R1013)

according to the manufacturer’s protocol. On-column DNAse I

treatment was carried out to eliminate genomic DNA contamina-

tion. RNA-seq libraries were prepared using the TruSeq Stranded

mRNA library prep kit (Illumina cat. no. RS-122-2101) and

analyzed by paired-end poly(A) RNA sequencing with an Illumina

HiSeq system.

Computational analyses of RNA-seq data

RNA-seq reads were trimmed with TrimGalore (v0.4.0) and mapped

to GENCODE annotation release 19 with TopHat2 (v2.0.13). After

mapping of RNA-seq reads to the human genome build hg38,

unique reads were counted with featureCounts2 (Liao et al, 2014).

DESeq2 was used for differential gene expression analysis (Love

et al, 2014). Genes with an adjusted P-value < 0.05 were defined as

significantly affected. Gene ontology (GO) analysis, Z-scores, and

P-values for network enrichment in the RNA-seq data were provided

by Enrichr (Chen et al, 2013).

Data availability

All sequencing data generated in this study have been deposited in

the Gene Expression Omnibus (GEO) database under accession

number GSE98580.

siRNA knockdowns

HEK293T cells were transfected with 100 nM non-targeting control

siRNA 3 (mock), OS-9 siRNA smart pool or SEL1L siRNA smart

pool, and CPY*-mCh using DharmafectDuo transfection reagent

(Dharmacon) following the manufacturer’s instructions. Protein

levels were analyzed 48 h after transfection.

Deglycosylation

Transfected HEK293T cells were lysed in RIPA buffer supplemented

with protease inhibitors (Roche) and benzonase. After removal of

cell debris by centrifugation and quantification using the BCA assay

(Pierce, Thermo Scientific), 40 lg protein was denatured and

incubated with 2 ll Endo H (NEB) following the manufacturer’s

instructions.

Expanded View for this article is available online.
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