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SUMMARY

Cells possess multiple mechanisms that protect
against the accumulation of toxic aggregation-prone
proteins. Here, we identify a pre-emptive pathway
that reduces synthesis of membrane proteins that
have failed to properly assemble in the endoplasmic
reticulum (ER). We show that loss of the ER
membrane complex (EMC) or mutation of the Sec61
translocon causes reduced synthesis of misfolded
forms of the yeast ABC transporter Yor1. Synthesis
defects are rescued by various ribosomal mutations,
as well as by reducing cellular ribosome abundance.
Genetic and biochemical evidence point to a
ribosome-associated quality-control pathway trig-
gered by ribosome collisions when membrane
domain insertion and/or folding fails. In support of
this model, translation initiation also contributes to
synthesis defects, likely by modulating ribosome
abundance on the message. Examination of transla-
tion efficiency across the yeast membrane proteome
revealed that polytopic membrane proteins have
relatively low ribosome abundance, providing evi-
dence for translational tuning to balance protein syn-
thesis and folding. We propose that by modulating
translation rates of poorly folded proteins, cells can
pre-emptively protect themselves from potentially
toxic aberrant transmembrane proteins.

INTRODUCTION

Integral membrane proteins employ multiple machineries to
facilitate correct targeting and membrane insertion [1]. The
signal recognition particle binds the initial transmembrane
domain (TMD) on the ribosome to deliver the nascent protein
to the endoplasmic reticulum (ER) [2]. Membrane insertion is
achieved via translocation channels, most commonly via the
Sec61 translocon [1]. Subsequent folding of TMDs within the
constraint of a planar membrane presents some unique
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problems. For example, TMDs often contain polar residues
that comprise a hydrophilic surface in the final structure, but
these residues are thermodynamically unfavorable in the context
of individual TMDs within the lipid bilayer [3]. Moreover, folding of
some TMDs is necessarily post-translational. ATP-binding
cassette (ABC) transporters, with 12 TMDs that form a mem-
brane-embedded channel, acquire a domain-swapped confor-
mation whereby early-emerging TMDs pack against later
TMDs [4]. Thus, folding cannot proceed in a linear manner as in-
dividual TMDs emerge into the lipid bilayer. TMD-folding require-
ments could explain why some ABC transporters, like human
CFTR, have a poor synthesis yield [5] despite efficient co-trans-
lational folding of their cytosolic domains [6]. Finally, nascent
proteins must avoid ER-associated degradation (ERAD), which
targets misfolded proteins for ubiquitination and proteasomal
degradation. Protective chaperones, or holdases [7], for TMD-
containing proteins have not been described mechanistically
but have been proposed to protect nascent membrane proteins
that undergo post-translational folding [8]. Thus, despite reason-
able understanding of TMD handling during targeting and inser-
tion [1], how membrane proteins navigate this pathway to folding
completion remains unclear.

The yeast ABC transporter Yor1 serves as a tractable model
for biogenesis of polytopic membrane proteins. Yor1 is a pleio-
tropic drug pump that confers resistance to the mitochondrial
poison oligomycin [9]. Yor1-AFg7q is a misfolded mutant, analo-
gous to human CFTR-AF50g, Which is a causative allele in cystic
fibrosis patients [10]. The AF mutation renders the protein sub-
jectto ERAD [11], in the case of Yor1 thereby conferring oligomy-
cin sensitivity to cells [12, 13]. We previously surveyed the yeast
genome for components that influence the functional expression
of Yor1-AF [14]. Our screen identified the yeast ER membrane
complex (EMC) [15] as a biogenesis factor that promotes the
functionality of Yor1-AF, and we demonstrated a similar role
for human EMC in CFTR stability [14]. The EMC is a conserved
protein complex implicated broadly in polytopic membrane-pro-
tein biogenesis [8] and mechanistically in TMD insertion at the
ER [2, 16]. Deletion of Sop4, also known as Emc7, caused
reduced synthesis of Yor1-AF in metabolic labeling experiments,
consistent with an early role in ER targeting, insertion, and/or
folding [14].
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Figure 1. Biosynthetic Defects in Yor1-AF
upon Loss of EMC Function

(A) Yor1-AF(HA) was immunoprecipitated after
metabolic labeling of WT and emc74 cells for the
indicated times. The emc74 strain showed
reduced incorporation for Yor1-AF(HA) over all
time points. n =22 (WT) and 16 (emc7 4); error bars
depict SEM.

(B) Radiolabeled Yor1-AF(HA) was immunopre-
cipitated from the deletion strains indicated; loss of
EMC2 and/or EMCS6 resulted in reduced incorpo-
ration at t = 10 in relation to WT.

(C) Yor1-AF(HA), Gap1, and Sec22 were immu-
noprecipitated from WT and emc74 strains after
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(D) Synthesis of misfolded Ycfl and Ste6 was
quantified in WT and emc74 strains revealing no
effect of loss of Emc7.

Statistical analyses used an unpaired Student’s
t test; error bars depict SD (B), (C), and (D). See
also Figure S1.
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Here we further characterize the effects of EMC deletion on
Yor1-AF biogenesis and describe additional mechanisms that
impact synthesis of Yor1. We find that defects in Yor1 folding
and membrane insertion result in reduced protein synthesis.
Genetic, biochemical, and bioinformatic experiments suggest a
co-translational mechanism driven by ribosome function and
abundance. We propose that ribosome occupancy is an impor-
tant determinant of biosynthesis of membrane proteins, with
high ribosome density associated with poor outcomes, perhaps
caused by ribosome collisions. Cells could thus use translational
tuning to modulate membrane-protein synthesis, deploying a
pre-emptive quality-control checkpoint that protects the integ-
rity of the secretome.

RESULTS

To explore the basis for reduced Yor1-AF synthesis in emc74
cells, we tested the kinetics of protein synthesis using metabolic
labeling experiments. We observed a rapid plateau in 3°S-Met/
Cys incorporation into Yor1-AF(HA) in the emc74 strain, greatly
reduced in relation to wild type (WT), that was not resolved at
increasing time points (Figure 1A). Thus, loss of Emc7 impacts
the earliest stages of Yor1-AF synthesis. Because all members
of the EMC were deletion enhancers of Yor1-AF function [14],

(Figure S1A). These growth assays use

low concentrations of oligomycin such

that Yor1-AF in a wild-type cell confers
modest resistance, revealing growth defects when biogenesis
factors are deleted [14]. Loss of mammalian Emc2 or Emc6 de-
stabilizes the entire EMC [2, 17], perhaps explaining their signif-
icant impact in our system.

We next tested whether Yor1-AF synthesis defects reflect
global changes in membrane-protein biosynthesis. Synthesis
of the polytopic membrane protein Gap1 and the tail-anchored
protein Sec22 were not reduced in the emc7 4 mutant, suggest-
ing a specific rather than universal response (Figure 1C).
Similarly, two other misfolded ABC transporters, Ycf1-AF and
Ste6-166, were synthesized normally in the emc74 strain (Fig-
ure 1D), suggesting a surprising level of client specificity. Consis-
tent with specific translational effects, emc74 cells did not have
elevated phosphorylated elF2o. even when Yor1-AF was ex-
pressed (Figure S1B), suggesting that the integrated stress
response is not responsible for attenuated Yor1 synthesis.

The substrate selectivity of synthesis defects, coupled with
our previous observation that loss of EMC impacts Yor1-AF
but not wild-type Yor1 [14], suggests that specific folding defects
trigger reduced biosynthesis. We investigated how distinct mis-
folding lesions impact EMC-dependent oligomycin sensitivity by
using a panel of Yor1 alleles that affect folding and trafficking to
different degrees (Figure 2A). If oligomycin sensitivity results
from early quality control triggered by the combination of Yor1-
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AF misfolding and EMC deficiency, then alleles that restore
folding to Yor1-AF or cause minimal folding defects should be
unaffected by EMC loss. The AF mutation, in the middle of the
protein, profoundly impacts packing of transmembrane helices,
probably by perturbing the interface between the intracellular
loop (ICL) and the nucleotide binding domain (NBD), which
drives the global fold [13, 18]. Two intragenic suppressing muta-
tions, F270M and S446gM, restore folding to Yor1-AF and other
misfolded alleles [18]. If the folding state of the nascent protein
drives early quality control, then stabilization of the fold should
diminish the effects of EMC loss. Indeed, the Yor1-AF/F,70S/
R116eM mutant was less affected by loss of EMC7 than was
Yor1-AF (Figure 2B). Two mutations in the N-terminal region, in
ICLs 1 and 2, respectively, have different degrees of misfolding;
the Gy7gR mutation in ICL1 is profoundly misfolded and ER re-
tained [18], whereas R3g7G in ICL2 is a functional mutation that
causes partial misfolding [19]. These alleles were differentially
affected by EMC?7 deletion; oligomycin sensitivity of the ICL1
mutant was enhanced in an emc74 strain, whereas the ICL2
mutant was unaffected (Figure 2B). Finally, l10g4P in ICL4, which
yields a profoundly misfolded protein [18], was unaffected by
loss of EMC?7 (Figure 2B). In the context of the folding landscape
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Figure 2. EMC-Dependent Synthesis De-
fects Correlate with Specific Sites of Yor1
Misfolding

(A) Cartoon of Yor1, showing relevant folding and
trafficking mutations. ICL, intracellular loop; NBD,
nucleotide binding domain.

(B) Serial dilutions of yor1 4 or yor1 4 emc7 4 strains
expressing the indicated alleles of YOR7 were
spotted onto YPEG media with and without oligo-
mycin. Emc7-associated oligomycin sensitivity
correlated with misfolding defects that occurred
early in the protein sequence.

(C) Metabolic labeling of the indicated Yor1 alleles
in wild-type or emc74 mutants was quantified at
t = 5 min and normalized to WT; synthesis defects
phenocopied oligomycin sensitivity.

Statistical analysis was an unpaired Student’s t
test; error bars depict SD.

p=0.003
*

of Yor1, the late emergence of the ICL4
lesion during synthesis apparently ren-
ders the protein less dependent on
EMC, suggesting EMC acts upstream of
the eleventh TMD. Finally, a trafficking
mutant, Yor1-D;1A/E;3A, which s
correctly folded but fails to engage ER
export machinery [13], was unaffected
by EMC?7 deletion even at high oligomycin
concentrations (Figure 2B). Oligomycin
phenotypes corresponded to in vivo syn-
thesis defects in pulse-labeling experi-
ments; Yor1-Gy7gR showed reduced syn-
thesis in the emc74 strain, whereas Yor1-
R3s7G and Yor1-li0g4P were unaffected
(Figure 2C). We conclude that the folding
state of the client protein is a driver of
quality control triggered by loss of EMC,
and the location and severity of the misfolding lesion are impor-
tant determinants. These results partially explain the client spec-
ificity we observed among ABC transporters; the Ste6 misfolding
lesion occurs late in the protein, likely downstream of a putative
site of EMC action. For Ycf1, the presence of numerous addi-
tional upstream TMDs prior to the first nucleotide binding domain
might alter EMC positional requirements [20].

Having identified folding specificity in Emc7-dependent biogen-
esis defects, we sought to understand the fate of misfolded Yor1 in
the absence of EMC function. Our labeling assays use C-terminally
tagged Yor1-AF; antibodies raised against the N-terminal cyto-
solic domain, and attempts to epitope tag Yor1 at the N terminus,
failed in immunoprecipitation (IP) experiments; thus, translation
and degradation intermediates are not detectable. We first
confirmed that protein turnover was unaffected by loss of EMC7
(Figure 3A) [14], consistent with a biogenesis defect rather than
degradation after complete synthesis. We then asked whether
ERAD disposes of aberrant Yor1-AF during the time frame of our
experiments. We chose two ERAD-related mutants, ron44 and
cuel4, that were moderate deletion suppressors and stabilized
Yor1-AF [14]. We tested Yor1-AF pulse-labeling in emc74 rpn44
and emc74 cueld mutants. Although deletion of neither RPN4
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Figure 3. Yor1-AF Synthesis Defects Reflect Ribosome-Associated Events

(A) Degradation of Yor1-AF(HA) was similar in WT and emc74 cells after a 10 min pulse and chase times indicated; n = 2.

(B) Deletion of ERAD factors RPN4 and CUE1 in the emc7 4 background did not restore labeling of Yor1-AF(HA) in relation to WT at t = 10 min.

(C) Deletion of the ribosomal proteins indicated reversed the effect of EMC7 deletion on metabolic labeling of Yor1-AF(HA), normalized to WT at t = 10 min.
(D) Serial dilutions of the indicated strains expressing Yor1-AF were spotted onto YPEG media supplemented with oligomycin. The emc74 strain showed
enhanced oligomycin sensitivity; additional deletion of ribosomal proteins reversed this effect.

(E) Oligomycin resistance of the indicated strains expressing Yor1-AF was assessed by serial dilution; deletion of HEL2, DOM34, and SLH1 restored partial

oligomycin resistance, whereas deletion of LTN7 had no effect.

(F) Yor1-AF(HA) synthesis was measured in the indicated strains and normalized to WT. Deletion of HEL2 restored Yor1-AF(HA) synthesis, whereas deletion of

LTN1 had no effect.

Statistical tests were unpaired Student’s t test; error bars depict SD. See also Figures S2, S3, and S4.

nor CUE1 reversed emc7 4-associated Yor1-AF synthesis defects
(Figure 3B), ron44 and cueld single mutants also showed
reduced Yor1-AF synthesis at early time points, albeit to a lesser
extent (Figure S2A), rendering the data difficult to interpret.
Attempts to inhibit ERAD by chemical means were unsuccessful
because of small-molecule induction of Yor1 transcription (data
not shown).

To probe whether EMC loss exacerbates folding defects that
might trigger ERAD, we tested the folding state of Yor1-AF
with limited proteolysis [13]. Protease susceptibility of Yor1-AF
was unchanged between WT and emc74 cells (Figure S2B), sug-
gesting no differences in global fold of the nascent protein.
Furthermore, labeled cell lysates fractionated into soluble and
insoluble fractions showed no difference between WT and
emc7 4 strains (Figure S2C), suggesting that protein aggregation

is not responsible for the observed phenotypes. Similarly, Yor1-
AF-GFP did not accumulate in large foci (Figure S2D; compare
with Figure 4B, middle panel), demonstrating that Yor1-AF is
unlikely to form insoluble aggregates that are refractory to IP.
These data collectively argue that global folding of Yor1-AF is
not altered in the absence of Emc?7.

Although unable to definitively exclude contributions from
ERAD, we note that the time frame of the defects that we observe
is more consistent with co-translational events rather than with a
post-translational process. To further explore potential co-transla-
tional regulators, we returned to our original screen, finding signif-
icant enrichment for proteins involved in cytoplasmic translation,
nonsense-mediated mMRNA decay, and ribosome assembly as
suppressors of oligomycin sensitivity associated with Yor1-AF
(Figure S3). We validated a subset of ribosomal mutants for their
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ability to reverse the effects of Emc7 loss, observing robust rescue
of Yor1-AF defects in both pulse labeling (Figure 3C) and pheno-
typic assays (Figure 3D). Ribosomal mutants can impact multiple
aspects of protein biogenesis, including ribosome assembly,
translation initiation and elongation, and ribosome-associated
quality control (RQC). Of the mutants that we tested, Rpl12 likely
improves the folding yield of Yor1-AF at least in part by reducing
elongation rates, as has been demonstrated for human CFTR [21,
22]. In contrast, Rps9 contributes to an interface between collided
ribosomes [23], after ribosome stalls. The interface creates a plat-
form for ribosome ubiquitination and subsequent engagement of
mRNA decay and RQC pathways [24-26]. In the context of
Yor1-AF biogenesis, absence of Rps9 might reduce the efficiency
of ribosome ubiquitination and thereby permit time for stall resolu-
tion. Finally, RpsO0 participates in translation initiation [24] [25], de-
fects in which would reduce ribosome occupancy along an mRNA
and thus reduce the chance of ribosome collisions. Moreover,
Rps0 also contributes to ribosomal small subunit maturation
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Figure 4. Sec61 Dysfunction Phenocopies
EMC?7 Deletion to Trigger Biosynthetic De-
fects

g (A) Metabolic labeling experiments revealed syn-
thesis defects for both WT Yor1 and Yor1-AF inan
ER-targeting mutant, sec67-R2;sE/K64E/K470E,
whereas a TMD-gating mutant, sec67-R.7sE/
R406E, caused reduced synthesis only of Yor1-
AF(HA), and a post-translational mutant, sec67-
N3poL, was unaffected. Labeling was quantified at
t =5 and normalized to a SEC67* strain.

(B) Fluorescence microscopy of WT and mutant
cells expressing Yor1-AF-GFP revealed ER local-
ization in WT and sec67-Rz7s5E/R406E cells but
punctate accumulation in the sec67-R275E/K464E/
K470E mutant.

(C) Deletion of HEL2 restored Yor1-AF(HA)
synthesis in the sec67-R275E/R406E strain.

(D) Steady-state levels of Yor1-AF(HA) mRNA in
the strains indicated were quantified by gPCR and
normalized to that of actin with a standard curve.
(E) Yor1-AF synthesis was measured in an emc74
sec614 ssh14 strain expressing either SEC67 or
sec61- Qq29N, a permissive gating mutant, which
did not reverse the synthesis defects associated
with loss of Emc7.

Statistical tests were unpaired Student’s t test and
reflect the difference between the strains indicated
and a WT strain; error bars depict SD.
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[26], which could also influence total ribo-
some abundance. Therefore, ribosome
function, abundance, and translational dy-
namics seem to be important factors in
Yor1-AF biogenesis.

We further explored the model of colli-
sion-driven quality control by testing cyto-

0.5

OQ,'\ ? plasmic RQC mutants for effects on Yor1-
%@ ,\,O“p” AF synthesis [27]. Deletion of genes up-
@c,@ stream of the committed step in RQC

S

rescued the emc7 4 oligomycin phenotype,
whereas deletion of the downstream E3
ligase Ltn1 had minimal effect (Figure 3E).
Lack of rescue by ltn14 is consistent with its late role in degrada-
tion of the truncated nascent chain after ribosome splitting [27], at
which point protein synthesis to completion of translation is no
longer possible. In contrast, abrogation of factors that act prior
to ribosome splitting (e.g., Hel2, Dom34, and Slh1 [28, 29]) can
permit stalls to be overcome and protein synthesis to progress
[30]. Indeed, in pulse-labeling experiments in emc74 hel24 and
emc74 Itn14 strains, we see robust rescue in the hel24 back-
ground but not in the /tn14 condition (Figure 3F). Together, these
findings are consistent with a role for RQC when Yor1-AF fails to
properly integrate or fold. Whether all features of RQC, including
C-terminal Ala- and Thr-extension (CAT-tailing) of the nascent
chain [31], are fulfilled in this system remains to be tested. More-
over, we note that some of the rescue effects we observe are
modest in relation to the robust rescue observed with ribosomal
mutants, suggestive of multiple quality-control outcomes.

RQC components that drive ribosome splitting and recycling
also participate in mMRNA surveillance, including nonsense-



mediated decay and no-go decay [32]. This functional overlap,
combined with genetic effects of loss of the Ski complex, which
mediates mRNA degradation (Figure S3), led us to check
whether Yor1 mRNA was reduced in conditions where EMC
loss triggers RQC. We measured steady-state levels of mRNA
for different Yor1 alleles and found only a modest reduction in
mRNA levels for the Yor1-Gy7gR (ICL1) mutant in emc74 cells
(Figure S4). Given genetic evidence for involvement of the SKI
complex in Yor1-AF function (Figure S3; [14]), the lack of
mRNA degradation is somewhat surprising but highlights that
the synthesis defects we observe are predominantly influenced
by co-translational events.

Because the EMC has recently been defined as a membrane-
domain insertase [2, 16], we next tested whether defects in
canonical translocation phenocopy loss of EMC and trigger
RQC. We examined Yor1 biogenesis in Sec61 mutants that are
defective in ER targeting and insertion. We tested three Sec61
gating mutants with a sec614 ssh14 double-mutant background
to avoid redundant handling by alternative translocons [33, 34].
The sec61-Ro75e/Ku64E/K470E mutant that is defective for co-
translational protein insertion and ribosome binding [33] showed
decreased synthesis of both WT Yor1 and Yor1-AF (Figure 4A).
This defect likely stems from initial targeting failure because
Yor1-AF-GFP accumulated in large intracellular puncta that
probably correspond to insoluble aggregates (Figure 4B).
Conversely, sec671-R»75E/R406E, Which is also impaired in co-
translational targeting [33], showed selective synthesis defects
for Yor1-AF; WT Yor1 was unaffected (Figure 4A). In this mutant,
Yor1-AF showed a normal ER distribution, arguing against
formation of insoluble aggregates (Figure 4B). Finally, sec67-
N3ooL, which selectively impacts post-translational protein inser-
tion [34], showed no synthesis defects (Figure 4A).

We next tested whether Sec61 dysfunction also triggers RQC
and found that Yor1-AF synthesis defects in the sec67- Rs75E/
R.06E background were reversed by deletion of Hel2 (Figure 4C).
Moreover, steady-state Yor1-AF mRNA levels were reduced in
the sec67- R»75E/R40sE mutant, and this effect was reversed
by deletion of HEL2 (Figure 4D), suggesting that RQC triggered
by Sec61 dysfunction also causes mRNA degradation. Given
the similarities with respect to Yor1 synthesis in the sec67-
Rs75E/R406E and emc74 mutants, we reasoned that more
promiscuous handling of Yor1 TMDs by Sec61 might bypass
the need for EMC. We therefore tested if EMC loss could be sup-
pressed by a permissive gating mutant of Sec61, sec67-Q7129N,
which accepts poorly hydrophobic signals that are not normally
recognized by the translocon [34]. This permissive condition
could not replace Emc7 function in Yor1-AF biogenesis
(Figure 4E), suggesting that EMC, like Sec61, acts early in Yor1
synthesis but is functionally distinct.

Together, our findings suggest a co-translational protein qual-
ity-control pathway that is influenced by: (1) nascent protein
folding state; and (2) function of ER insertion machinery and/or
TMD chaperones. We propose that hydrophobic TMDs can
cause transient ribosomal stalls that are overcome either by
productive folding or EMC action (Figure 5A, left panel). EMC
abrogation, combined with folding defects, prolongs stalls that
in turn trigger RQC, perhaps via ribosome collisions (Figure 5A,
right panel). We searched for evidence of ribosome collisions
by using yeast mutants that lack Hel2-mediated ubiquitination

sites [29], finding modest rescue of the emc74 synthesis defect
in a rps20-K6R/K8R mutant but not in the rps3-K212R back-
ground (Figure 5B). Such specificity has previously been
observed for RQC of multiple translation-arrest models [29]
and places Rps20 ubiquitination at a critical juncture for detec-
tion of stalls and triggering of RQC. Rps20, also known as
uS10 and an essential gene in yeast, lies at the disome interface
that probably corresponds to the recognition event that triggers
initiation of RQC [23, 24].

Consistent with a model of collision-driven quality control for
Yor1-AF, our original screen revealed multiple ribosome assem-
bly factors as deletion suppressors [14]. Rrp6, a subunit of the
nuclear exosome that processes ribosomal RNA, was among
the strongest Yor1-AF suppressors (Figure S3). Deletion of
RRP6 reversed the oligomycin sensitivity of an emc74 strain
(Figure 5C), suggesting that reducing ribosome abundance res-
cues co-translational biogenesis defects. We confirmed that the
rmp64 mutant has fewer 80S ribosomes and polysomes (Fig-
ure S5A), as previously reported [35]. Because Yor1 undergoes
co-translational targeting to the ER, it seems likely that potential
collision events occur on ER-engaged ribosomes. We therefore
tested whether ER expansion might reduce ribosome collisions
and thereby suppress EMC loss. Deletion of the lipid synthesis
regulator, OPI1, causes proliferation of ER membranes (Fig-
ure S5B) without concomitant upregulation of chaperones or
translocons (Figure S5C) [36]. Indeed, in an opi1 4 background,
oligomycin resistance was restored to an emc74 strain (Fig-
ure 5D), and synthesis of Yor1-AF was rescued (Figure 5E). ER
expansion did not alter ERAD efficacy, as monitored by CPY*
degradation (Figure S5D). Thus, expansion of the ER by approx-
imately 50% [36] creates permissive conditions in which Yor1-
AF biogenesis defects are reversed, perhaps by reducing
encounters between ribosomes engaged in synthesis.

Given the apparent importance of ribosome abundance in
Yor1-AF synthesis, we next examined translation initiation as a
potential point of regulation. Deletion of Tif4631, elF-4G in mam-
mals, was a deletion suppressor [14], meaning that absence of
this initiation factor improved the functionality of Yor1-AF (Fig-
ure S3; Figure 5F). Conversely, deletion of Eap1, a 4E-binding pro-
tein that negatively regulates initiation, was a deletion enhancer,
causing reduced Yor1-AF function (Figure S3; Figures 5F and
5@G). Both phenotypes are consistent with ribosome density on
the mRNA influencing Yor1-AF biogenesis; reduced initiation
should diminish ribosome density, whereas absence of a negative
regulator of initiation would increase ribosome density and thus
potential collisions. Pulse labeling of Yor1-AF in the eap14 strain
revealed reduced synthesis in comparison to synthesis in wild-
type cells, with mRNA levels unchanged (Figure 5H). Reducing
ribosome abundance by deletion of RRP6 partially reversed oligo-
mycin sensitivity associated with loss of Eap1 (Figure 5G). The
eap14 rmp64 double mutant had reduced ribosome abundance,
in particular in the polysome fraction (Figure S5E). Thus, Eap1
seems to act as a negative regulator of Yor1 initiation; lack of
Eap1 causes overloading of Yor1 mRNA with ribosomes that is
detrimental, but reducing ribosome abundance reverses this ef-
fect. Active management of translation initiation, by Eap1 and
other factors, could permit a dynamic response to collision
events. Such translational tuning has previously been proposed
to act on human CFTR to promote nascent protein folding [37].
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Figure 5. Translation Initiation as a Point of
Regulation of Yor1-AF Biogenesis

(A) Cartoon depicting ER-engaged ribosomes
(blue) synthesizing a polytopic membrane protein,
with hydrophobic TMDs (red) causing transient
stalls (brackets). In the absence of productive
folding or EMC function, stalls trigger ribosome
collisions (red spot) and RQC.

(B) Yor1-AF(HA) synthesis was measured in
emc74 strains where the ribosomal subunits indi-
cated were unable to be ubiquitinated. In this
experiment, incorporation was normalized to an
isogenic emc74 strain.

(C) Deletion of RRP6 rescued oligomycin sensi-
tivity of an emc74 strain, consistent with ribosome
abundance as a factor in EMC-mediated synthesis
defects.

(D) Deletion of OPI1 reversed oligomycin sensitivity
of the emc74 strain.

(E) Metabolic labeling of Yor1-AF(HA) in the strains
indicated was quantified at t = 10 and normalized
to WT. Deletion of OPI1 reversed the synthesis
defect associated with EMC7 deletion.

(F) Cartoon of factors that regulate initiation. Cdc33
(elF4E) is essential in yeast and thus was not
accessible to genetic analysis. Tif4631 (green) was
a deletion suppressor; Eap1 (elF4E-BP) was a
deletion enhancer.

(G) Deletion of EAP1 causes oligomycin sensi-
tivity, which is reversed by additional loss of
RRP6.
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Our data suggested that ribosome density along the mRNA is
an important factor in Yor1 synthesis yield, but the broader
physiological relevance of ribosome density in multi-pass
membrane-protein biogenesis remained unclear. We therefore
considered whether translational tuning of membrane proteins
occurs across the yeast transcriptome. We quantified transla-
tion efficiency (TE), defined as ribosome abundance along a
message, from published ribosome profiling data [38] by calcu-
lating the ratio of ribosome-protected fragments to RNA-seq
reads [38] and separated the data into cytosolic and secreted
proteins. Secretome proteins exhibited lower TE than did cyto-
solic proteins, indicative of reduced ribosome occupancy (Fig-
ure S6A). Because ER targeting and/or translocation might
broadly impact TE, we narrowed our focus to secretome pro-
teins. We reasoned that polytopic membrane proteins, with
complex folding trajectories, might have evolved lower ribo-
some occupancy to minimize the potential for problematic
stalls. Comparing single TMD-containing proteins (excluding
tail-anchored proteins) and polytopic proteins (defined as >4
TMDs), we observed reduced TE associated with polytopic
proteins (Figure 6A). Moreover, dividing the polytopic group
into 4-6 TMD and >10 TMD subgroups revealed that TE
decreased with increasing TMD number (Figure 6A, right
panel). Within the >10 TMD group, putative EMC clients were
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normalized to WT (left). Steady-state mRNA
levels were measured in the same strains by
qPCR, with Ct values normalized to actin and the
comprising three technical replicates (right).

See also Figures S3 and S5.

found with both “high” and “low” TE values (Figure 6A, anno-
tated in blue), suggesting that EMC dependence does not uni-
versally reflect low TE. Of note, Yor1 was among the lowest TE-
scoring proteins, consistent with its sensitivity to ribosome
abundance. The cohort of low-TE proteins also contained
non-EMC clients encompassing ion channels and solute car-
riers (Figure 6A, annotated in gray).

To rule out protein abundance effects as a confounding influ-
ence on TE, we extracted protein abundance data for each pro-
tein (PaxDB) and separated the polytopic proteins into low,
medium, and high abundances. As expected, TE distribution
broadly correlated with abundance, with low abundance pro-
teins generally having lower TE (Figure S6B). However,
comparing abundance of 4-6 TMD proteins to that of >10
TMD proteins showed no difference in the distribution of TE
(Figure 6B), suggesting that abundance effects alone cannot
explain the observed difference in TE. Moreover, when pro-
teins were separated by abundance, we observed reduced
TE in the >10 TMD category in comparison to the 4-6 TMD
category regardless of the abundance category (Figure 6C).

OREF length can also impact ribosome occupancy, with longer
ORFs having less ribosome density [41], and indeed polytopic
membrane proteins tended to be longer than other classes (Fig-
ure S6C). To rule out length effects on TE, we compared the TE



for cytosolic, single-pass, and polytopic transmembrane (TM)
proteins for proteins between 200 and 2,000 amino acids. This
size window was chosen because both single-pass and poly-
topic protein groups had similar frequency distributions in this
range (Figure S6D). Length-corrected proteins still showed
reduced TE, both for single-pass TM proteins in relation to cyto-
solic proteins and for polytopic proteins (Figure 6D). To ensure
that comparisons between groups were meaningful, we plotted
effect size for both whole proteome and length-corrected ana-
lyses (Figure S6E) and observed that restricting the analysis to
a narrow length window reduced the effect size for cytosolic
comparisons, but for the critical single-pass TM proteins versus
polytopic membrane-protein groups, the differential effect was
comparable, lending confidence to our analysis. In light of our
genetic, biochemical, and bioinformatic data, we propose that
low TE for multi-pass polytopic membrane proteins reflects
evolutionary pressure to slow translation initiation and/or
elongation to permit correct targeting, TMD insertion, and TMD
folding [42].
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p=0.0005 membrane proteins.
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response (UPR) and through the direct
actions of ERAD machinery. Here, we
describe an additional layer of quality
control that acts early during protein synthesis to prevent the
accumulation of aberrant proteins. In the case of Yor1, we
find that this pre-emptive quality control is exacerbated by
deletion of the EMC, a TMD insertase [2, 16], which might
also function as a chaperone [8]. Moreover, specific defects
in the canonical translocon, Sec61, also confer reduced Yor1
synthesis, indicative of pre-emptive quality control. Our data
don’t speak to the molecular function of the EMC, a conserved
complex in eukaryotes [15, 43, 44], implicated in diverse
cellular functions including lipid transfer between ER and
mitochondria [45], viral intoxication [46], membrane-protein
insertion [2, 16], and membrane-protein folding [8, 47].
However, our findings, which show that loss of EMC pheno-
copies specific dysfunction of Sec61, are consistent with a
role for EMC in TMD handling at early stages of synthesis.
Importantly, the topology of Yor1 is distinct from that of
GPCRs, where the mammalian EMC establishes the correct
orientation of the first TMD [16]. It is possible that the EMC is
responsible for insertion of downstream helices in Yor1, most
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likely after the first large cytosolic domain is translated, or for
insertion of specific poorly hydrophobic TMDs.

We propose that when ER insertion and/or folding of nascent
TMDs is impaired, ER-engaged ribosomes become stalled, trig-
gering downstream quality-control pathways. Recent structural
data on ribosomes stalled by a small molecule, PF846, which
triggers selective translational arrest of several secretory
proteins [48], suggest a possible mechanism. In PF846-stalled ri-
bosomes, the hydrophobic nascent chain interacts with the
ribosomal exit tunnel, creating a kinked structure that impairs
elongation [49]. We propose that Yor1 TMDs might be prone to
similar hydrophobic interactions within the exit tunnel that can
impede elongation. Correct folding and/or the action of the
EMC could provide a pulling force to prevent or overcome
such transient stalls, analogous to mechanisms that relieve
bacterial stalling signals [50]. Loss of EMC, or Sec61 dysfunc-
tion, combined with specific misfolding lesions would result in
prolonged stalls that in turn trigger ribosome collisions and
reduced protein synthesis. Analysis of ribosome-protected frag-
ments along aberrant Yor1 mRNAs will be required to determine
the existence and nature of ribosome stalls under different
conditions.

Ribosome collisions create a specific disome interface [23, 24]
that recruits ubiquitination machinery to initiate RQC. Several
early-acting RQC components participate in Yor1-AF quality con-
trol, whereas deletion of the RQC-associated E3 ligase Ltn1 had
minimal effect, perhaps indicating partial redundancy with ERAD
machinery, which also had relatively modest effects. Understand-
ing the precise, and probably diverse, roles of the ubiquitin/pro-
teasome system in this pathway will require more specific assays
than are currently available for Yor1-AF. The nature of the Yor1
stalls remain to be determined and could be heterogeneous, as
was observed for PF846-induced stalls [49]. One puzzling aspect
of the pre-emptive QC pathway that we describe is the difference
in mRNA abundance depending on the trigger for synthesis de-
fects. In the case of Sec61 dysfunction, Yor1-AF mRNA levels
were reduced dependent on Hel2, suggesting RNA cleavage
and degradation is triggered upon RQC. In contrast, we saw no
evidence for mRNA degradation upon loss of EMC function.
This difference could reflect the distinct functions of EMC and
Sec61, or perhaps separate RQC pathways that differentially
engage mRNA decay machineries.

Our observations that differences in ribosome function and
abundance modulate the synthesis of Yor1-AF in the context
of aberrant ER membrane insertion led us to consider whether
cells might actively manage translation of complex membrane
proteins. Indeed, previous analyses identified reduced TE asso-
ciated with signal recognition particle (SRP) binding, caused by
reduced codon optimality that slows elongation to promote
SRP binding [51]. Our TE analysis suggests that similar effects
might operate more broadly, particularly for polytopic membrane
proteins that could represent a folding challenge. Whether the
global reduction in TE that we observe can be explained by hot-
spots of reduced translation caused by poor codon optimality or
by active management of translation initiation remains to be
tested. Nonetheless, it seems likely that pre-emptive quality con-
trol will be important for biogenesis of many polytopic membrane
proteins. Indeed, rescue of CFTR-AF by knockdown of mRNA
degradation machinery and by reduction in translation rates is
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suggestive of such an effect [21, 22]. Moreover, depletion of initi-
ation factors also rescues CFTR-AF, yielding increased mRNA,
increased synthesis, and improved folding yield [52], suggesting
that reducing ribosome abundance along the CFTR mRNA simi-
larly improves synthesis yield. Finally, “translational tuning,”
whereby ribosome effects and codon usage modulate transla-
tion rates and folding trajectories, is important for folding of the
CFTR cytosolic domains [37]. Thus, pre-emptive quality control
might be a universal protective mechanism that prevents accu-
mulation of aggregate-prone TMDs and safeguards the
secretome.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE

e LEAD CONTACT AND MATERIALS AVAILABILITY
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
o METHOD DETAILS

Strain construction

Plasmids

Oligomycin sensitivity assay

Metabolic labeling

Protein aggregation assay

Limited Proteolysis

GFP Imaging

qPCR

Polysome profiling

o QUANTIFICATION AND STATISTICAL ANALYSES
o DATA AND CODE AVAILABILITY

o

©OO0OO0OO0OO0OO0OO0O0

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.
cub.2019.12.060.

ACKNOWLEDGMENTS

We thank Toshi Inada, Susan Michaelis, Reid Gilmore, and Elizabet Mandon
for yeast strains and plasmids; Jo Westmoreland for artistic help; Marcus
Lee, Wanda Kukulski, John Christianson, and Manu Hegde for comments on
the manuscript; and Madan Babu, Manu Hegde, Rachel Green, Jonathan
Weissman, Toshi Inada, and Jeff Brodsky for helpful discussions. This work
was supported by funding from the US National Institutes of Health (RO1
GMO078186) and by the UK Medical Research Council (MC_UP_1201/10) to
E.A.M.; B.P.P. was supported by the Boehringer Ingelheim Fonds; A.J.W.
was supported by a Specialist Programme from Bloodwise (12048), the UK
Medical Research Council (MC_U105161083), a Wellcome Trust strategic
award to the Cambridge Institute for Medical Research (100140), a core sup-
port grant from the Wellcome Trust and MRC to the Wellcome Trust — Medical
Research Council Cambridge Stem Cell Institute, the Conner Wright Project,
and the Cambridge National Institute for Health Research Biomedical
Research Centre.

AUTHOR CONTRIBUTIONS

Conceptualization: E.A.M.; Funding acquisition: B.P.P., E.A.M., and A.J.W.;
Investigation: R.L., B.P.P., I.L.B., N.G.N., N.E.U., AJ.W., and E.A.M.; Writing
— Original Draft: E.A.M.; Writing - Review and Editing: R.L., B.P.P., I.L.B.,
N.G.N., N.E.U., AJ.W., and E.A.M.


https://doi.org/10.1016/j.cub.2019.12.060
https://doi.org/10.1016/j.cub.2019.12.060

DECLARATION OF INTERESTS

Authors declare no competing interests.

Received: July 5, 2019
Revised: December 2, 2019
Accepted: December 19, 2019
Published: January 16, 2020

REFERENCES

10.

11.

12.

13.

14,

15.

16.

. Guna, A., and Hegde, R.S. (2018). Transmembrane Domain Recognition

during Membrane Protein Biogenesis and Quality Control. Curr. Biol. 28,
R498-R511. https://doi.org/10.1016/j.cub.2018.02.004.

. Guna, A., Volkmar, N., Christianson, J.C., and Hegde, R.S. (2018). The ER

membrane protein complex is a transmembrane domain insertase.
Science 359, 470-473.

. Cymer, F., and von Heijne, G. (2013). Cotranslational folding of membrane

proteins probed by arrest-peptide-mediated force measurements. Proc.
Natl. Acad. Sci. USA 110, 14640-14645.

. Dawson, R.J.P., and Locher, K.P. (2006). Structure of a bacterial multidrug

ABC transporter. Nature 443, 180-185.

. Ward, C.L., and Kopito, R.R. (1994). Intracellular turnover of cystic fibrosis

transmembrane conductance regulator. Inefficient processing and rapid
degradation of wild-type and mutant proteins. J. Biol. Chem. 269,
25710-25718.

. Kleizen, B., van Vlijmen, T., de Jonge, H.R., and Braakman, I. (2005).

Folding of CFTR is predominantly cotranslational. Mol. Cell 20, 277-287.

. Zhang, S., Xu, C., Larrimore, K.E., and Ng, D.T.W. (2017). Slp1-Emp65: A

Guardian Factor that Protects Folding Polypeptides from Promiscuous
Degradation. Cell 171, 346-357.e12.

. Shurtleff, M.J., Itzhak, D.N., Hussmann, J.A., Schirle Oakdale, N.T., Costa,

E.A., Jonikas, M., Weibezahn, J., Popova, K.D., Jan, C.H., Sinitcyn, P.,
etal. (2018). The ER membrane protein complex interacts cotranslationally
to enable biogenesis of multipass membrane proteins. eLife 7, e37018.

. Katzmann, D.J., Hallstrom, T.C., Voet, M., Wysock, W., Golin, J.,

Volckaert, G., and Moye-Rowley, W.S. (1995). Expression of an ATP-bind-
ing cassette transporter-encoding gene (YOR1) is required for oligomycin
resistance in Saccharomyces cerevisiae. Mol. Cell. Biol. 15, 6875-6883.

Riordan, J.R., Rommens, J.M., Kerem, B., Alon, N., Rozmahel, R.,
Grzelczak, Z., Zielenski, J., Lok, S., Plavsic, N., Chou, J.L., et al. (1989).
Identification of the cystic fibrosis gene: cloning and characterization of
complementary DNA. Science 245, 1066-1073.

Ward, C.L., Omura, S., and Kopito, R.R. (1995). Degradation of CFTR by
the ubiquitin-proteasome pathway. Cell 83, 121-127.

Katzmann, D.J., Epping, E.A., and Moye-Rowley, W.S. (1999). Mutational
disruption of plasma membrane trafficking of Saccharomyces cerevisiae
Yor1p, a homologue of mammalian multidrug resistance protein. Mol.
Cell. Biol. 19, 2998-3009.

Pagant, S., Kung, L., Dorrington, M., Lee, M.C.S., and Miller, E.A. (2007).
Inhibiting endoplasmic reticulum (ER)-associated degradation of mis-
folded Yor1p does not permit ER export despite the presence of a diacidic
sorting signal. Mol. Biol. Cell 18, 3398-3413.

Louie, R.J., Guo, J., Rodgers, J.W., White, R., Shah, N., Pagant, S., Kim,
P., Livstone, M., Dolinski, K., McKinney, B.A., et al. (2012). A yeast phe-
nomic model for the gene interaction network modulating CFTR-AF508
protein biogenesis. Genome Med. 4, 103.

Jonikas, M.C., Collins, S.R., Denic, V., Oh, E., Quan, E.M., Schmid, V.,
Weibezahn, J., Schwappach, B., Walter, P., Weissman, J.S., and
Schuldiner, M. (2009). Comprehensive characterization of genes required
for protein folding in the endoplasmic reticulum. Science 323, 1693-1697.
Chitwood, P.J., Juszkiewicz, S., Guna, A., Shao, S., and Hegde, R.S.
(2018). EMC Is Required to Initiate Accurate Membrane Protein
Topogenesis. Cell 175, 1507-1519.e16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Volkmar, N., Thezenas, M.-L., Louie, S.M., Juszkiewicz, S., Nomura, D.K.,
Hegde, R.S., Kessler, B.M., and Christianson, J.C. (2019). The ER mem-
brane protein complex promotes biogenesis of sterol-related enzymes
maintaining cholesterol homeostasis. J. Cell Sci. 132, jcs223453.
Pagant, S., Halliday, J.J., Kougentakis, C., and Miller, E.A. (2010).
Intragenic suppressing mutations correct the folding and intracellular
traffic of misfolded mutants of Yor1p, a eukaryotic drug transporter.
J. Biol. Chem. 285, 36304-36314.

Pagant, S., Brovman, E.Y., Halliday, J.J., and Miller, E.A. (2008). Mapping
of interdomain interfaces required for the functional architecture of Yor1p,
a eukaryotic ATP-binding cassette (ABC) transporter. J. Biol. Chem. 283,
26444-26451.

Mason, D.L., and Michaelis, S. (2002). Requirement of the N-terminal
extension for vacuolar trafficking and transport activity of yeast Ycfip,
an ATP-binding cassette transporter. Mol. Biol. Cell 13, 4443-4455.
Oliver, K.E., Rauscher, R., Mijnders, M., Wang, W., Wolpert, M.J., Maya,
J., Sabusap, C.M., Kesterson, R.A., Kirk, K.L., Rab, A., et al. (2019).
Slowing ribosome velocity restores folding and function of mutant CFTR.
J. Clin. Invest. 129, 5236-5253.

Veit, G., Oliver, K., Apaja, P.M., Perdomo, D., Bidaud-Meynard, A., Lin,
S.-T., Guo, J., lcyuz, M., Sorscher, E.J., Hartman, J.L., IV, and Lukacs,
G.L. (2016). Ribosomal Stalk Protein Silencing Partially Corrects the
AF508-CFTR Functional Expression Defect. PLoS Biol. 74, e1002462.

Juszkiewicz, S., Chandrasekaran, V., Lin, Z., Kraatz, S., Ramakrishnan, V.,
and Hegde, R.S. (2018). ZNF598 Is a Quality Control Sensor of Collided
Ribosomes. Mol. Cell 72, 469-481.e7.

lkeuchi, K., Tesina, P., Matsuo, Y., Sugiyama, T., Cheng, J., Saeki, Y.,
Tanaka, K., Becker, T., Beckmann, R., and Inada, T. (2019). Collided ribo-
somes form a unique structural interface to induce Hel2-driven quality
control pathways. EMBO J. 38, e100276-e21.

Kouba, T., Danyi, |., Gunisova, S., Munzarova, V., VICkova, V., Cuchalova,
L., Neueder, A., Milkereit, P., and Valasek, L.S. (2012). Small ribosomal
protein RPSO stimulates translation initiation by mediating 40S-binding
of elF3 via its direct contact with the elF3a/TIF32 subunit. PLoS ONE 7,
e40464-e40469.

Ford, C.L., Randal-Whitis, L., and Ellis, S.R. (1999). Yeast proteins related
to the p40/laminin receptor precursor are required for 20S ribosomal RNA
processing and the maturation of 40S ribosomal subunits. Cancer Res. 59,
704-710.

Joazeiro, C.A.P. (2019). Mechanisms and functions of ribosome-associ-
ated protein quality control. Nat. Rev. Mol. Cell Biol. 20, 368-383.
Sitron, C.S., Park, J.H., and Brandman, O. (2017). Asc1, Hel2, and Slh1
couple translation arrest to nascent chain degradation. RNA 23, 798-810.

Matsuo, Y., Ikeuchi, K., Saeki, Y., Iwasaki, S., Schmidt, C., Udagawa, T.,
Sato, F., Tsuchiya, H., Becker, T., Tanaka, K., et al. (2017).
Ubiquitination of stalled ribosome triggers ribosome-associated quality
control. Nat. Commun. 8, 159.

Juszkiewicz, S., and Hegde, R.S. (2017). Initiation of Quality Control during
Poly(A) Translation Requires Site-Specific Ribosome Ubiquitination. Mol.
Cell 65, 743-750.e4.

Brandman, O., and Hegde, R.S. (2016). Ribosome-associated protein
quality control. Nat. Struct. Mol. Biol. 23, 7-15.

Schuller, A.P., and Green, R. (2018). Roadblocks and resolutions in eu-
karyotic translation. Nat. Rev. Mol. Cell Biol. 19, 526-541.

Mandon, E.C., Butova, C., Lachapelle, A., and Gilmore, R. (2018).
Conserved motifs on the cytoplasmic face of the protein translocation
channel are critical for the transition between resting and active conforma-
tions. J. Biol. Chem. 293, 13662-13672.

Trueman, S.F., Mandon, E.C., and Gilmore, R. (2012). A gating motif in the
translocation channel sets the hydrophobicity threshold for signal
sequence function. J. Cell Biol. 799, 907-918.

Briggs, M.W., Burkard, K.T., and Butler, J.S. (1998). Rrp6p, the yeast ho-
mologue of the human PM-Scl 100-kDa autoantigen, is essential for effi-
cient 5.8 S rRNA 3’ end formation. J. Biol. Chem. 273, 13255-13263.

Current Biology 30, 854-864, March 9, 2020 863


https://doi.org/10.1016/j.cub.2018.02.004
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref2
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref2
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref2
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref3
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref3
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref3
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref4
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref4
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref5
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref5
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref5
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref5
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref6
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref6
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref7
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref7
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref7
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref8
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref8
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref8
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref8
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref9
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref9
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref9
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref9
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref10
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref10
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref10
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref10
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref11
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref11
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref12
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref12
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref12
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref12
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref13
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref13
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref13
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref13
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref14
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref14
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref14
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref14
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref15
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref15
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref15
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref15
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref16
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref16
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref16
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref17
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref17
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref17
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref17
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref18
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref18
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref18
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref18
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref19
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref19
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref19
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref19
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref20
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref20
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref20
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref21
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref21
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref21
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref21
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref22
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref22
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref22
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref22
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref23
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref23
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref23
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref24
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref24
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref24
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref24
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref25
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref25
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref25
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref25
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref25
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref25
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref25
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref25
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref26
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref26
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref26
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref26
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref27
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref27
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref28
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref28
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref29
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref29
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref29
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref29
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref30
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref30
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref30
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref31
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref31
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref32
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref32
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref33
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref33
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref33
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref33
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref34
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref34
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref34
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref35
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref35
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref35
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref35

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Schuck, S., Prinz, W., Thorn, K., Voss, C., and Walter, P. (2009).
Membrane expansion alleviates endoplasmic reticulum stress indepen-
dently of the unfolded protein response. J Cell Biol 187, 525-536.
PubMed.

Kim, S.J., Yoon, J.S., Shishido, H., Yang, Z., Rooney, L.A., Barral, J.M.,
and Skach, W.R. (2015). Protein folding. Translational tuning optimizes
nascent protein folding in cells. Science 348, 444-448.

Weinberg, D.E., Shah, P., Eichhorn, S.W., Hussmann, J.A., Plotkin, J.B.,
and Bartel, D.P. (2016). Improved Ribosome-Footprint and mRNA
Measurements Provide Insights into Dynamics and Regulation of Yeast
Translation. Cell Rep. 14, 1787-1799.

Jan, C.H., Williams, C.C., and Weissman, J.S. (2014). Principles of ER co-
translational translocation revealed by proximity-specific ribosome
profiling. Science 346, 1257521-1.

Ast, T., Cohen, G., and Schuldiner, M. (2013). A network of cytosolic fac-
tors targets SRP-independent proteins to the endoplasmic reticulum. Cell
152, 1134-1145.

Fernandes, L.D., Moura, A.P.S., and Ciandrini, L. (2017). Gene length as a
regulator for ribosome recruitment and protein synthesis: theoretical in-
sights. Sci. Rep. 7, 17409.

Stein, K.C., and Frydman, J. (2019). The stop-and-go traffic regulating pro-
tein biogenesis: How translation kinetics controls proteostasis. J. Biol.
Chem. 294, 2076-2084.

Christianson, J.C., Olzmann, J.A., Shaler, T.A., Sowa, M.E., Bennett, E.J.,
Richter, C.M., Tyler, R.E., Greenblatt, E.J., Harper, J.W., and Kopito, R.R.
(2011). Defining human ERAD networks through an integrative mapping
strategy. Nat. Cell Biol. 74, 93-105.

Wideman, J.G. (2015). The ubiquitous and ancient ER membrane protein
complex (EMC): tether or not? F1000Res. 4, 624.

Lahiri, S., Chao, J.T., Tavassoli, S., Wong, A.K.O., Choudhary, V., Young,
B.P., Loewen, C.J., and Prinz, W.A. (2014). A conserved endoplasmic re-
ticulum membrane protein complex (EMC) facilitates phospholipid trans-
fer from the ER to mitochondria. PLoS Biol. 72, e1001969.

Bagchi, P., Inoue, T., and Tsai, B. (2016). EMC1-dependent stabilization
drives membrane penetration of a partially destabilized non-enveloped vi-
rus. elLife 5, e21470.

864 Current Biology 30, 854-864, March 9, 2020

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

Satoh, T., Ohba, A, Liu, Z., Inagaki, T., and Satoh, A.K. (2015). dPob/EMC
is essential for biosynthesis of rhodopsin and other multi-pass membrane
proteins in Drosophila photoreceptors. eLife 4.

Lintner, N.G., McClure, K.F., Petersen, D., Londregan, A.T., Piotrowski,
D.W., Wei, L., Xiao, J., Bolt, M., Loria, P.M., Maguire, B., et al. (2017).
Selective stalling of human translation through small-molecule engage-
ment of the ribosome nascent chain. PLoS Biol. 75, e2001882.

Li, W., Ward, F.R., McClure, K.F., Chang, S.T.-L., Montabana, E., Liras, S.,
Dullea, R.G., and Cate, J.H.D. (2019). Structural basis for selective stalling
of human ribosome nascent chain complexes by a drug-like molecule.
Nat. Struct. Mol. Biol. 26, 501-509.

Wilson, D.N., Arenz, S., and Beckmann, R. (2016). Translation regulation
via nascent polypeptide-mediated ribosome stalling. Curr. Opin. Struct.
Biol. 37, 123-133.

Pechmann, S., Chartron, J.W., and Frydman, J. (2014). Local slowdown of
translation by nonoptimal codons promotes nascent-chain recognition by
SRP in vivo. Nat. Struct. Mol. Biol. 27, 1100-1105.

Hutt, D.M., Loguercio, S., Roth, D.M., Su, A.l., and Balch, W.E. (2018).
Correcting the F508del-CFTR variant by modulating eukaryotic translation
initiation factor 3-mediated translation initiation. J. Biol. Chem. 293,
13477-13495.

Cheng, Z., Jiang, Y., Mandon, E.C., and Gilmore, R. (2005). Identification
of cytoplasmic residues of Sec61p involved in ribosome binding and co-
translational translocation. J. Cell Biol. 168, 67-77.

Loayza, D., Tam, A., Schmidt, W.K., and Michaelis, S. (1998). Ste6p mu-
tants defective in exit from the endoplasmic reticulum (ER) reveal aspects
of an ER quality control pathway in Saccharomyces cerevisiae. Mol. Biol.
Cell 9, 2767-2784.

Longtine, M.S., McKenzie, A., 3rd, Demarini, D.J., Shah, N.G., Wach, A,,
Brachat, A., Philippsen, P., and Pringle, J.R. (1998). Additional modules
for versatile and economical PCR-based gene deletion and modification
in Saccharomyces cerevisiae. Yeast 14, 953-961.

Tong, A.H.Y., and Boone, C. (2006). Synthetic genetic array analysis in
Saccharomyces cerevisiae. Methods Mol. Biol. 373, 171-192.


https://www.ncbi.nlm.nih.gov/pubmed/19948500
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref37
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref37
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref37
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref38
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref38
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref38
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref38
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref39
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref39
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref39
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref40
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref40
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref40
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref41
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref41
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref41
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref42
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref42
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref42
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref43
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref43
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref43
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref43
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref44
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref44
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref45
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref45
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref45
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref45
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref46
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref46
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref46
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref47
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref47
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref47
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref48
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref48
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref48
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref48
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref49
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref49
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref49
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref49
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref50
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref50
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref50
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref51
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref51
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref51
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref52
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref52
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref52
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref52
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref53
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref53
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref53
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref54
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref54
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref54
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref54
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref55
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref55
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref55
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref55
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref56
http://refhub.elsevier.com/S0960-9822(19)31693-8/sref56

STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Ani-HA, mouse monoclonal Biolegend Cat# MMS-101R
Anti-Sec22, rabbit polyclonal Miller Lab N/A

Anti-Gap1, rabbit polyclonal Schekman Lab N/A

Anti- Sec61, rabbit polyclonal Schekman Lab N/A

p-elF2a (S52), rabbit polyclonal Invitrogen Cat# 44-728G
Chemicals, Peptides, and Recombinant Proteins
Cycloheximide Sigma Aldrich Cat# C7698

Protein A Sepharose 4 Fast Flow

Protein G Sepharose 4 Fast Flow

Oligomycin

RNase OUT recombinant inhibitor

TRIzol™ Reagent

Trypsin

Trypsin inhibitor

EasyTag™ EXPRESS®®S Protein Labeling Mix
TRAN3S5S-LABEL, Metabolic Labeling Reagent

GE Healthcare
GE Healthcare
Generon
Invitrogen
Invitrogen

Sigma Aldrich
Sigma Aldrich
Perkin Elmer

MP Biomedicals™

Cat# 17-5280-01

Cat# 17-0618-01

Cat#t A5588

Cat# 10777019

Cat# 15596026

Cat# T9935

Cat# T9003

Cat# NEG772002MC

Cat# MP015100614 (discontinued)

Critical Commercial Assays

iScript cDNA synthesis kit BioRad Cat# 1708891
KAPA Sybr fast universal kit Sigma Aldrich Cat# KK4601
PureLink Dnase Invitrogen Cat# 12185010
PureLink RNA Minikit Invitrogen Cat# 12183025
QuikChange Lightning Site-Directed Mutagenesis Kit Agilent Cat# 210519
Experimental Models: Organisms/Strains

Mat-a deletion collection Dharmacon Cat#YSC1053
MATa his341, leu2 40, met1540, ura340, yor1::KANMX Open biosystems LMY094
MAT« can1::STE2pr-Sp_His5, his341, leu240, met1540, Miller lab RLY122
ura340, lyp A1, yor1 4::NATMX

MATa can1::STE2pr-Sp_His5, his341, leu2 40, ura340, This paper RLY23

lyp41, yor1::NATMX, emc7::KANMX

MATa can1::STE2pr-Sp_His5, his341, leu2 40, ura340, This paper RLY25

lyp 41, yor1::NATMX, emc1::KANMX

MATa can1::STE2pr-Sp_His5, his341, leu2 40, ura340, This paper RLY26

lypA41, yor1::NATMX, emc2::KANMX

MATa can1::STE2pr-Sp_His5, his341, leu2 40, ura340, This paper RLY27

lyp 41, yor1::NATMX, emc3::KANMX

MATa can1::STE2pr-Sp_His5, his341, leu240, ura340, This paper RLY28

lypA41, yor1::NATMX, emc4::KANMX

MATa can1::STE2pr-Sp_His5, his341, leu2 40, ura340, This paper RLY29

lyp 41, yor1::NATMX, emc5::KANMX

MATa can1::STE2pr-Sp_His5, his341, leu240, ura340, This paper RLY30

lypA41, yor1::NATMX, emc16::KANMX

MATa can1::STE2pr-Sp_His5, his341, leu2 40, ura340, This paper RLY71

lypA41, yor1::NATMX, emc6::KANMX, emc2::LEU2

MATa can1::STE2pr-Sp_His5, his341, leu2 40, ura340, This paper RLY35

lypA41, yor1::NATMX, rpl12a::KANMX

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
MATa can1::STE2pr-Sp_His5, his341, leu240, ura340, This paper RLY13
lyp 41, yor1::NATMX, rrp6::KANMX

MATa can1::STE2pr-Sp_His5, his341, leu2 40, ura340, This paper RLY187
lyp 41, yor1::NATMX, emc7::KANMX, rrp6::LEU2

MATa can1::STE2pr-Sp_His5, his341, leu240, ura340, This paper RLY90
lyp 41, yor1::NATMX, emc7::KANMX, rpl12a:LEU2

MATa can1::STE2pr-Sp_His5, his341, leu240, ura340, This paper RLY1
lyp 41, yor1::NATMX, emc7::KANMX, ltn1::LEU2

MATa can1::STE2pr-Sp_His5, his341, leu2 40, ura340, This paper RLY93
lypA41, yor1::NATMX, emc7::KANMX, cuel::LEU2

MATa can1::STE2pr-Sp_His5, his341, leu240, ura340, This paper RLY84
lyp 41, yor1::NATMX, emc7::KANMX, ron4::LEU2

MATa can1::STE2pr-Sp_His5, his341, leu240, ura340, This paper RLY119
lyp 41, yor1::NATMX, emc7::KANMX, rps0::LEU2

MATa can1::STE2pr-Sp_His5, his341, leu2 40, ura340, This paper RLY120
lyp 41, yor1::NATMX, emc7::KANMX, rps9::LEU2

MATa his341, leu2 40, met1540, ura340, opil::KANMX This paper YBP171
yor1::NATMX

MATa his341, leu2 40, met1540, ura340, opil::KANMX This paper YBP172
yor1::NATMX emc7::HPHMX

MATa can1::STE2pr-Sp_His5, his341, leu240, met1540, This paper YBP131
ura340, lyp A1, yor1 A::NATMX emc7::HPH

MATa trp1-1, ade2, leu 2-3,112, ura3, his3-11 [53] RGY400
ssh1::KANMX4 sec61::HIS3

MATa trp1-1, ade2, leu 2-3,112, ura3, his3-11 This paper YBP225
ssh1::KANMX4 sec61::HIS3 emc7::NATMX

MATa trp1-1, ade2, leu 2-3,112, ura3, his3-11 This paper YBP197
ssh1::KANMX4 sec61::HIS3 emc7::NATMX hel2::TRP

W303-1a background rps204::NATMX4, p414GPDp- [29] N/A
RPS20-CYCTt

W3083-1a background rps204::NATMX4, p414GPDp- This paper YBP218
RPS20-CYC1t emc7::LEU2

W303-1a background rps204::NATMX4, p414GPDp- [29] N/A
rps20 K6R K8R-CYC1t

W3083-1a background rps204::NATMX4, p414GPDp- This paper YBP217
ps20 K6R K8R-CYC1t emc7::LEU2

W303-1a background rps34::NATMX4, p414GPDp- [29] N/A
RPS3-CYCTt

W303-1a background rps34::NATMX4, p414GPDp- This paper YBP220
RPS3-CYC1t emc7::LEU2

W303-1a background rps34::NATMX4, p414GPDp-rps3 [29] N/A
K212R-CYC1t

W303-1a background rps34::NATMX4, p414GPDp-rps3 This paper YBP222
K212R-CYC1t emc7::LEU2

MATa can1::STE2pr-Sp_His5, his341, leu240, ura340, This paper YIBO1
lyp 41, yor1::NATMX, rrp6::KANMX eap1::LEU2

MATa can1::STE2pr-Sp_His5, his341, leu240, met1540, This paper NGY528
ura340, lyp 41, yor1 4::NATMX, SEC63-sfGFP::HIS3

MATa, leu2 40, met1540, ura340, yor1::NATMX, This paper NGY529
emc7::HPHMX, SEC63-sfGFP::HIS3

MATa, leu2 40, met1540, ura340, yor1::NATMX, This paper NGY530
opil::KANMX, SEC63-sfGFP::HIS3

MATa, leu2 40, met1540, ura340, yor1::NATMX, This paper NGY531

opil::KANMX, emc7::HPHMX, SEC63-sfGFP::HIS3
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REAGENT or RESOURCE SOURCE IDENTIFIER
MATa can1::STE2pr-Sp_His5, his341, leu240, ura340, This paper YIB037
lypA41, yor1::NATMX, emc7::KANMX, hel2::LEU2

MATa can1::STE2pr-Sp_His5, his341, leu2 40, ura340, This paper YIB038
lypA41, yor1::NATMX, emc7::KANMX, dom34::LEU2

MATa can1::STE2pr-Sp_His5, his341, leu2 40, ura340, This paper YIB039

lypA41, yor1::NATMX, emc7::KANMX, slh1::LEU2
Oligonucleotides

AATTATGGGATGCATTGGTGAGAGG (qPCR Yor1 fw) IDT 0IB204
TCACCTAAGGAGAAATTGGAGCCC (qPCR Yor1 rv) IDT 0OIB205
GGTTTGGAATCTGCCGGTATTG (gPCR Act1 fw) IDT 0OIB210
CAAAGCGGTGATTTCCTTTTGC (gPCR Act1 rv) IDT 0OIB211
Recombinant DNA

pRS316(URA) YOR17-HA [12] pEAE83

AF670 and R1116T mutations in pEAE83 [14] LMB287

G278R (Yor1 G278R) mutation in pEAE83 [18] spQC35

R387G (Yor1R387G) mutation in pEAE83 [19] spQC36

11084P (Yor1 [1084P) mutation in pEAE83 [18] spQC39

F270S and R1168M mutations in LMB287 [18] JH079

R1116T (Yor1 11084P, R1116T) mutation in spQC39 This paper ICL4ART

A71AE73A (Yor1D71A, E73A) mutation in pEAE83 [13] pLM31
pRS315(LEU) SEC61 [34] pBW11
pRS315(LEU) sec67-R275E/R406E [563] N/A

pRS315(LEU) sec67-N302L [34] pEM634
pRS315(LEU) sec671-Q129N [34] pEM629
pRS315(LEV) sec67-R275E/K464E/K470E [33] pEM905
pRS316(URA) YOR1-GFP [12] pEAE93
pRS316(URA) Yor1-DF670-GFP [13] LMB037
pRS316(URA) Ste6-166-HA [54] pSM1083
Yep(URA) Ycf1DF713-GFP Susan Michaelis pSM1755
pRS316(URA) CPY*-HA Peter Walter pCP258

pFA6-LEU [55] LMB138
pFABa-KanMX6 [565] LMB298
pFA6a-GFP(S65T)-HIS3MX6 [55] LMB303

Software and Algorithms

Nikon NIS Elements software Nikon RRID: SCR_014329
Andor iQ3 software Oxford Instruments RRID: SCR_014461
ImageQuant software GE Healthcare RRID: SCR_014246
Prism v.8 GraphPad RRID: SCR_002798
Imaged (FiJi) NIH RRID: SCR_002285
QuantStudio Real-Time PCR Software v1.3 Thermo Fisher https://www.thermofisher.com/uk/en/home/life-science/

pcr/real-time-pcr/real-time-pcr-instruments/
quantstudio-gpcr-product-portfolio.html

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact,
Elizabeth Miller (emiller@mrc-Imb.cam.ac.uk). Yeast strains and plasmids generated in this study have not been deposited in
an external repository but are available for distribution on request from the Lead Contact. All data are available in the main text
or the supplementary materials. All materials will be available to any researcher for purposes of reproducing or extending our
findings.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Saccharomyces cerevisiae strains used in the study are listed in the Key Resources Table. Cultures were grown at 30°C in standard
rich medium (YPD: 1% yeast extract, 2% peptone, and 2% glucose) or synthetic complete medium (SC: 0.67% yeast nitrogen base
and 2% glucose supplemented with amino acids as needed).

METHOD DETAILS

Strain construction

The query strain (RLY122) used to make double mutants was made by Silvere Pagant using PCR-mediated homologous recombi-
nation to knock out the YOR1 gene (MATa can1::STE2pr-Sp_His5, his341, leu2 40, met1540, ura340, lyp A1, yor1 4::NATMX). YOR1/
EMC double mutants and various YOR1/EMC7/xxx triple mutants were created by the synthetic genetic array (SGA) method [56]. The
query strain was mated to different deletion mutant strains from the MATa deletion collection (Dharmacon). Strains were mated on
YPD plates overnight, followed by diploid selection on YPD +G418 +NAT. Strains were then sporulated for a week at 25°C before two
rounds of haploid double/triple mutant selection [56]. The resulting strains were then transformed with different YOR7 constructs for
phenotypic analysis and labeling experiments. The sec674 ssh14 emc74 triple mutant strain was made by crossing and tetrad
dissection to avoid suppression effects, then transformed with various Yor1 plasmids for labeling experiments. Additional mutants
were made by PCR-mediated homologous recombination using Longtine cassettes with 40 bp homology arms immediately up-
stream and downstream of the insertion [55].

Plasmids

The plasmids used in this study are listed in the Key Resources Table. pEAE83 bearing YOR7-HA in pRS316 was a gift from Scott
Moye-Rowley (University of lowa). This plasmid was the basis for site-directed mutagenesis by using QuikChange mutagenesis
(Stratagene, La Jolla, CA) to obtain various hemagglutinin (HA)-tagged Yor1 mutants [18]. To facilitate genetic screening
approaches, we use a gain-of-function allele, R1115T, which confers increased drug clearance activity to both wild-type and mis-
folded forms of the protein, yet doesn’t impact folding or biogenesis. In this and our previous study [14], we use Yor1-AFg7o/
R1116T for both phenotypic and biochemical analyses, but refer to the protein as Yor1-AF for simplicity.

Oligomycin sensitivity assay

Strains were grown to saturation in SC -ura medium overnight at 30°C. 10-fold serial dilutions were made in 96 well plates
before spotting onto YPEG (1% yeast extract, 2% peptone, 3% ethanol, 3% glycerol) plates containing different concentrations
of oligomycin (0, 0.2, 0.6 ng/mL). Plates were scanned at day 4 or day 5 after spotting and growth at 30°C.

Metabolic labeling

Cells were grown to mid-log phase (A600 ~0.5) in complete synthetic medium; a total of 8 A600 cells were harvested, washed and
resuspended in SC medium (2ml) lacking Met/Cys, and incubated at 30°C for 15 min while gently shaking. Nascent proteins were
labeled at 30°C for different times (2.5, 5, 10, 15 min) by adding 30 uCi of 35S-Met/Cys (MP Biomedicals or Perkin Elmer)/A600 cells
(24 pL of label/reaction). 500 uL of cells were harvested per strain at each time point using a pre-set timer and were transferred to
chilled tubes containing a final concentration of 20mM NaNj. Cells were washed once with 20mM NaNj; and resuspended in
100 pL of 1% SDS. Cells were disrupted by glass bead lysis (15 min, 4°C), heated to 55°C for 5 min, and centrifuged at low speed
(500 g) for 30 s. Lysates were diluted with 5 volumes of immunoprecipitation buffer (50 mM Tris, pH 7.5, 160mM NaCl, 1% Triton
X-100, and 2mM NaNs), and cleared by centrifugation at 13,000 rpm for 5 min. Proteins were immunoprecipitated using monoclonal
anti-HA antibodies, precoupled to protein G-Sepharose beads (GE Healthcare), or polyclonal antibodies against Sec22 or Gap1
precoupled to protein A-Sepharose beads (GE Healthcare). Immune complexes were separated by SDS-PAGE and analyzed by
phosphorimaging analysis using a Typhoon Phosphorlmager (GE Healthcare). Incorporation were quantified using ImageQuant
(GE Healthcare) or FiJi (NIH) software.

Protein aggregation assay

Wild-type and emc7 4 strains were grown to mid-log phase in complete synthetic medium; cells were harvested, washed and resus-
pended in SC medium lacking Met/Cys, and incubated at 30°C for 15 min while gently shaking. Nascent proteins were labeled at
30°C for 10 min with 30 nCi of TRAN35S-Label (MP Biomedicals)/A600 cells. For separation into soluble and insoluble fractions, cells
were harvested and washed with 20mM NaN3z and incubated on ice for 5 min. Spheroplasts were prepared by treating cells initially
with an alkaline buffer (100mM Tris pH9.4, 10mM DTT, 100mM NaN3) for 10 min at room temperature followed by treatment with
lyticase in spheroplasting buffer (10mM Tris pH7.4, 0.7M sorbitol, 1mM DTT, 20mM NaNg3) for 25 min at 30°C. Spheroplasts were
then collected, resuspended in 50uL hypo-osmotic lysis buffer (20mM HEPES pH6.8, 0.4M sorbitol, 150mM KOAc, 2mM Mg
(OAc), 0.5mM EGTA) and frozen at —80°C. Frozen cell lysates were thawed, and subjected to centrifugation (15,000 rpm, 5 min.
4°C). The supernatant corresponding to the soluble fraction was removed and mixed with an equal volume of 2X SDS sample buffer,
and the insoluble pellet was resuspended in 100uL of 1X SDS sample buffer before loading on SDS-PAGE and Phosphorlmage
analysis as described above.
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Limited Proteolysis

Cells were grown to mid-log phase in complete synthetic medium; a total of 5 A600 cells were harvested, washed and resuspended in
SC medium lacking Met/Cys, and incubated at 30°C for 15 min while gently shaking. Cells were metabolically labeled at 30°C for
10 min with 60 puCi of TRAN35S-Label (MP Biomedicals)/A600 cells. Cells were harvested and washed with 20mM NaN3 and incu-
bated on ice for 5 min. Spheroplasts were prepared by treating cells initially with an alkaline buffer (100mM Tris pH9.4, 10mM DTT,
100mM NaNj3) for 10 min at room temperature followed by treatment with lyticase in spheroplasting buffer (10mM Tris pH7.4, 0.7M
sorbitol, TmM DTT, 20mM NaNs) for 25 min at 30°C. Spheroplasts were then washed in lysis buffer 20mM HEPES pH6.8, 0.4M sor-
bitol, 150mM KOAc, 2mM Mg (OAc),, 0.5mM EGTA) and were frozen at —80°C. The following day, spheroplasts were thawed on ice
and washed in low-acetate B88 buffer 20mM HEPES pH 6.8, 250mM sorbitol, 50mM KOAc, 5mM Mg(OAc),) followed by two washes
with B88 (20mM HEPES pH 6.8, 250mM sorbitol, 150nM KOAc, 5mM Mg(OAc),). Lysed cells were resuspended in 100 uL B88 buffer
and split into four 25 plL reactions per strain. Each reaction was treated with a final concentration of 0, 25, 50, 100 ng/pl trypsin for
10 min on ice. Digestion was terminated by addition of soybean trypsin inhibitor to all reactions followed by incubation on ice for
15 min and by two washes with B88. After solubilization with 1% SDS, spheroplasts were disrupted by glass bead lysis and heated
at 55°C for 5 min. The resulting protein extracts were diluted with 5 volumes of immunoprecipitation buffer (50 mM Tris, pH 7.5,
160mM NaCl, 1% Triton X-100, and 2mM NaNj3), and cleared by centrifugation. Yor1 fragments were immunoprecipitated from
the cleared supernatant and analyzed by SDS-PAGE and Phosphorlmage analysis as described above.

GFP Imaging

Imaging was performed on cells grown to mid-log phase at 30°C in selective media. Images were taken on a Nikon TE2000 inverted
fluorescence microscope with a 100x/1.49NA oil immersion objective and an sCMOS camera and collected using the Nikon NIS
elements software. For imaging of cortical ER in the opi1 4 strains, images were taken on an Andor Revolution Spinning Disk micro-
scope with a 40x/1.3NA oil immersion objective and an EMCCD camera. Images from the mid and cortical sections of cells were
collected using Andor iQ3 software.

qPCR

Yeast cells in mid-log phase were collected and RNA extracted using PureLink RNA Minikit (Thermo Fisher) with Trizol reagent and
on-column DNase treatment according to the manufacturer’s protocol. Eluted RNA was used to prepare cDNA using iScript (BioRad)
kits, according to the manufacturer’s protocol. qPCR was performed using KAPA Sybr Fast Universal kits on a Viia 7 Real Time PCR
system, with primers that amplify YOR7 and ACT1 in triplicate, along with appropriate controls. For each condition, three biological
replicates were performed. YOR1 was quantified relative to ACT1 using a relative standard curve. The standard curve was generated
from pooled cDNA to make a highest standard concentration, with 100 as the assigned quantity. Five more standards were then
generated with a 5 fold dilution series. Each cDNA sample to be measured was diluted 10-fold to ensure transcript abundance
was within the range of the standard curve. The Ct from each sample was measured against the standard curve to find the assigned
quantity, and then the assigned quantity of YOR7 was divided by that of ACT7 to calculate the relative abundance, using the
QuantStudio Real Time PCR software (ThermoFisher).

Polysome profiling

Yeast cells in mid-log phase (OD600 0.5-0.6) were treated with 100ug/mL cycloheximide for 15 min, then harvested and resuspended
in 400yl lysis buffer 20mM HEPES 7.4, 5mM Mg(CH3;CO0),, 50mM KCI, 100ug/mL cycloheximide) supplemented with 20ul RNase-
OUT (Thermo Fisher). Cells were disrupted by glass bead lysis for 10mins at 2000rpm and 4°C, then the lysate was cleared by centri-
fugation for 1 min at 3200rpm and 4°C, followed by 10 min at 13000rpm and 4°C. Extracts were frozen in liquid nitrogen and stored at
—80°C until use. 8 Ayeonm Units of the lysate were loaded onto a linear 5% - 45% (w/v) sucrose gradient in polypropylene 14 x 95mm
centrifuge tubes and centrifuged for 2.5 h at 284,600 x g and 4°C. Gradients were fractionated using an AKTAprime plus liquid chro-
matography system and a Brandel gradient fractionator with continuous UV monitoring (A>s4nm)- The collected fractions were frozen
in liquid nitrogen and stored at —80°C.

QUANTIFICATION AND STATISTICAL ANALYSES

For radiolabeling experiments, band intensity was measured using a Typhoon Phosphorlmager (GE Healthcare) and quantified using
either ImageQuant (GE Helthcare) or Imaged/Fidi (NIH) software. Statistical analyses were performed using GraphPad Prism software.
Plots were also generated using this software. Details of statistical tests for individual experiments can be found in the figure legends. In
general, n refers to independent biological replicates of a given experiment. Significance was defined as a p value less than 0.05.

DATA AND CODE AVAILABILITY
Translation efficiency was calculated from published data [38]. TE for each gene with a minimum of 5 rpkm was calculated as the ratio of

ribosome-protected footprints (RPF) to RNA-seq rpkm. Secretome proteins were identified and classified/sorted using annotated data-
sets [39, 40]. Protein abundance was downloaded from pax-db.org. Data generated for this analysis is available from the Lead Contact.

Current Biology 30, 854-864.e1-e5, March 9, 2020 e5

CellPress



http://pax-db.org

Current Biology, Volume 30

Supplemental Information

Pre-emptive Quality Control of a Misfolded

Membrane Protein by Ribosome-Driven Effects

Ramya Lakshminarayan, Ben P. Phillips, Imogen L. Binnian, Natalia Gomez-
Navarro, Norberto Escudero-Urquijo, Alan J. Warren, and Elizabeth A. Miller



yor1A + p[yor1-AF]

EMC7: WT A WT WT WT A
rapamycin: - - - 4+ - -

p-elF2a| ™ &

total elF2a M8 M - - -

Yor1-AF Yor1-R387G

Figure S1. Loss of EMC reduces Yorl-AF function. Related to Figure 1. (A) Yeast strains deleted
for YORI and the additional genes indicated were transformed with a plasmid expressing Yorl-
AF(HA) and grown overnight in SD -ura before serial dilution and spotting onto YPEG media (right
panel) or YPEG supplemented with the oligomycin as indicated. Cells were incubated at 30°C for 3-4
days and plates imaged. Mutation of any of the EMC components reduced the oligomycin resistance
associated with Yorl-AF expression. (B) Lysates from WT and emc7A strains expressing Yor1-AF or
the functional ICL2 mutant (Yor1-R3g;G) were probed with antibodies against elF2a and phosphor-
elF2a. Neither condition yielded increased phosphorylation indicative of ISR activation. In contrast,

pre-treatment of WT cells with rapamycin clearly induced elF2a phosphorylation.
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Figure S2. EMC loss doesn’t exacerbate ERAD, aggregation or misfolding. Related to Figure 3.
(A) Strains deleted for YOR! and either RPN4 or CUE] were metabolically labeled and incorporation
at t=10 relative to a WT strain was quantified. Both mutants showed reduced incorporation of Yorl-AF
relative to WT. Statistical analysis was an unpaired Student’s t-test; error bars depict SD. (B)
Radiolabeled cells were spheroplasted, gently lysed and subject to limited proteolysis before
immunoprecipitation. No major differences in cleavage patterns were detected between WT and emc74
cells. (C) WT and emc7A cells subjected to metabolic labeling were spheroplasted and separated into
insoluble (I) and soluble (S) fractions prior to SDS-PAGE and Phosphorlmage analysis. No major
differences in the soluble and insoluble fractions were apparent. (D) Yorl-GFP and Yorl-AF-GFP
were expressed in WT and emc7A cells. No differences in intracellular puncta/aggregates were
detected in the emc7A strain. Conversely, expression of Yorl-AF-GFP in a severe Sec61 targeting

mutant resulted in strong punctate accumulation (see Figure 6B, middle panel). Scale bar is 5 pm.
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Figure S3. Genetic signatures of pre-emptive quality control: Translation-related proteins

influence Yor1-AF function. Related to Figures 3 and 5.

Heat map of interaction scores from a phenotypic screen for factors that influence Yorl-AF biogenesis

[14]. The interaction score represents the change in lag-phase growth (L, the time to half-maximal

growth measured in hours) of a mutant strain relative to the wild-type control on a given concentration

of oligomycin. A negative value corresponds to improved growth relative to WT (ie. less lag and

therefore faster growth). Darker blue corresponds to better growth (ie. stronger suppression of

oligomycin sensitivity associated with Yorl-AF expression). Interaction scores for various classes of

GO-enriched functional terms are shown, alongside the corresponding interaction scores for equivalent

strains expressing WT Yorl. Additional hits relevant to Translation Initiation/Elongation and

Ribosome-associated Quality Control are also included.
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Figure S4. mRNA levels of Yorl mutants in emc7A4 cells. Related to Figure 3.

Steady state mRNA levels for the indicated YOR! alleles were quantified by qPCR in WT and emc74
cells. CT values for each test sample were compared to a standard curve, then normalized to actin
similarly measured according to a standard curve, and the relative levels in emc7A cells depicted
relative to WT. Each biological replicate (individual data points) was analyzed in triplicate technical

replicates; Statistical test was an unpaired Student’s t-test; error bars are SD.
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Figure S5. Ribosome dilution effects influence synthesis defects. Related to Figure 5.

(A) Representative polysome profiles of lysates prepared from the indicated strains reveals that the
rrp6A mutant contains reduced abundance of 60S, 80S and polysomes, as well as the appearance of
“halfmers”, indicated by arrowheads. (B) ER morphology was examined using Sec63-sfGFP integrated
into the genomic locus in the strains indicated. Confocal imaging of mid-cell and cortical planes
revealed more abundant and sheet-like ER in the cortical ER in strains deleted for OPI1, as described
previously [36]. (C) Steady state levels of Sec61 in the strains indicated were measured from whole-
cell lysates by immunoblotting using a Sec61-specific polyclonal antibody. No change in abundance
was observed upon ER proliferation in the opi/ A mutants. (D) Pulse-chase experiments of the model
misfolded protein, CPY*-HA in the strains indicated revealed no change in ERAD associated with ER
expansion upon loss of OPII. n=3; error bars represent SD. (E) Representative polysome profiles
prepared from lysates of the indicated strains shows no major differences upon loss of EAPI, but

reduced ribosome abundance upon additional loss of RRP6.
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Figure S6. Secreted proteins have reduced translation efficiency. Related to Figure 6.
(A) Secretome proteins had significantly lower translation efficiency (TE) than cytosolic proteins. (B)
Polytopic membrane proteins (>4 TMDs) were separated into low-, medium- and high-abundance
classes based on PaxDB data. Higher-abundance proteins had higher TE. (C) Polypeptide length is
plotted for different protein classes; polytopic membrane proteins (>4 TMDs) tend to be longer than
cytosolic or single-pass TM proteins. (D) Length distribution of single-pass and polytopic membrane
proteins were plotted to find a length window appropriate for comparison of length-controlled proteins.
(E) Effect size was measured for the different comparisons indicated, either considering the entire

proteome, or the length-controlled population. Statistical tests were all Mann-Whitney U tests and

error bars represent SD.
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