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Diverse perturbations to endoplasmic reticulum (ER) functions com-
promise the proper folding and structural maturation of secretory
proteins. To study secretory pathway physiology during such “ER
stress,” we employed an ER-targeted, redox-responsive, green
fluorescent protein—eroGFP—that reports on ambient changes
in oxidizing potential. Here we find that diverse ER stress regimes
cause properly folded, ER-resident eroGFP (and other ER luminal
proteins) to “reflux” back to the reducing environment of the cy-
tosol as intact, folded proteins. By utilizing eroGFP in a compre-
hensive genetic screen in Saccharomyces cerevisiae, we show that
ER protein reflux during ER stress requires specific chaperones and
cochaperones residing in both the ER and the cytosol. Chaperone-
mediated ER protein reflux does not require E3 ligase activity, and
proceeds even more vigorously when these ER-associated degra-
dation (ERAD) factors are crippled, suggesting that reflux may
work in parallel with ERAD. In summary, chaperone-mediated ER
protein reflux may be a conserved protein quality control process
that evolved to maintain secretory pathway homeostasis during
ER protein-folding stress.
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n eukaryotic cells, secretory and membrane proteins begin

translation in the cytoplasm and are then either co- or post-
translationally translocated through the Sec61 translocon chan-
nel into the endoplasmic reticulum (ER) (1). The ER is crowded
with molecular chaperones and protein-modifying enzymes that
promote folding and structural maturation of these nascent,
maturing secretory pathway client proteins as they traverse the
early secretory pathway (2). To ensure stringent quality control
over these secretory cargoes, those proteins that fail to correctly
fold and mature are retrieved from the ER, ubiquitylated, and
degraded by the 26S proteasome in the cytosol in a process
termed ER-associated degradation (ERAD) (3).

Diverse environmental perturbations or genetic mutations can
elevate misfolding of maturing proteins in the ER. During such
“ER stress,” cells trigger an intracellular signaling pathway called
the unfolded protein response (UPR) that augments protein-
folding reactions through transcriptional up-regulation of genes
encoding ER chaperones, oxidoreductases, lipid biosynthetic
enzymes, and ERAD components (4). If these adaptive UPR
outputs prove successful in reducing the concentration of un-
folded proteins in the ER, cells become restored to a homeo-
static state (5).

However, because the UPR’s activating inputs—(i.e., unfolded
proteins)—are unfeasible to monitor in vivo, it is often unclear if
and when the UPR has successfully restored homeostasis. To
address this problem orthogonally, we previously developed an
ER-targeted redox-sensitive green fluorescent protein (GFP)—
called eroGFP—to follow oxidative protein folding in the ER,
reasoning that this essential ER physiological function may de-
viate during ER stress and thereby provide an independent
measure of ER health (i.e., that is distinct from solely measuring

www.pnas.org/cgi/doi/10.1073/pnas.1904516116

UPR activation). We previously showed that differential, real-
time, quantitative eroGFP changes occurred dynamically upon
general loss of ER protein-folding homeostasis in wild-type
cells and in a small, select group of yeast mutants (6). Here,
using high-throughput flow cytometry, we have extended this
analysis to the entire yeast genome to query nearly all non-
essential and essential genes. Through this screen, we have
identified and characterized a process by which eroGFP, and a
number of ER-resident luminal proteins, are “refluxed” back to
the cytosol as intact folded proteins during ER stress. The
protein reflux process occurs independent of Hrdl and DoalO
E3 ligases and does not require polyubiquitinylation. Instead,
ER protein reflux requires specific chaperones and cochaper-
ones both in the ER and cytosol, and is reminiscent of a mo-
lecular ratchet that promotes translocation, but proceeding
vectorially in the opposite direction (7, 8).

Results

ER-to-Cytosol Reflux of ER-Targeted eroGFP. Designed to be a re-
porter of ambient redox potential, eroGFP has an engineered re-
versible disulfide bond that alters fluorescence excitability from its
two maxima of 490 and 400 nm, such that reduction of the disulfide
increases fluorescence from 490 nm excitation, at the expense of
that from 400 nm (6, 9). Thus, eroGFP is ratiometric by excitation,
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which facilitates internally controlled measurement of its oxi-
dation state. Through flow cytometry, the eroGFP ratio—defined
as fluorescence from excitation at 488 versus 405 nm in log,
space—can be measured in single yeast cells growing in pop-
ulations (Fig. 14). Targeted to the oxidizing environment of the
ER through an N-terminal Kar2 signal peptide sequence (and
retained in the organelle through a C-terminal HDEL sequence),
eroGFP (which has a redox midpoint potential of —282 mV) is
nearly completely oxidized at baseline. Treatment with hydrogen
peroxide (H,O,) only slightly further decreases the eroGFP ratio
(6). However, a wide dynamic range exists for reduction, since
titration with increasing amounts of the reductant DTT—an ER
stress agent—dose dependently increases the eroGFP ratio until
the reporter becomes fully reduced (Fig. 1B). As previously
shown, acute treatment of cells with (saturating) DTT causes rapid
elevation of the eroGFP ratio to its new steady-state level due to
in situ and complete reduction of the reporter (6) (SI Appendix,
Fig. S1 A-C). Tunicamycin (Tm), which impairs N-linked pro-
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Fig. 1. ER-targeted eroGFP localizes to the cytosol during ER stress. (A)
Schematic showing configuration of flow cytometer laser lines and filters
used to measure eroGFP fluorescence excitation and emission. (B) eroGFP
ratios for populations of wild-type cells treated with the indicated concen-
tration of DTT or H,0, for 20 min. (C) eroGFP redox state in WT cells treated
with (6 pg/mL) Tm for the indicated time points. (D) eroGFP redox state after
355 pulse—chase in WT cells treated with Tm for 2 h. Extracts were treated
with AMS, immunoprecipitated with anti-GFP (IP:GFP), and resolved on
nonreducing SDS/PAGE. (E) Confocal images of wild-type cells expressing
eroGFP and cytosolic tdTomato treated with Tm for 2 h. (F) Confocal images
of wild-type and haclA yeast expressing eroGFP and cytosolic tdTomato
starved for inositol (INO) for 8 h. (G and H) Quantification of Tm confocal
images (G) and inositol confocal images (H). Error bars represent SEM of two
independent experiments. (/) Schematic of HRD3-eroGFP. eroGFP was
translationally fused to residues 767 to 833 of HRD3 to imbed eroGFP in the
ER membrane. (J) Confocal images of WT cells expressing HRD3-eroGFP and
cytosolic tdTomato treated with Tm for 2 h. UT, untreated. (K) Histograms of
HRD3-eroGFP ratios for wild-type cells treated with 2 mM DTT for 20 min
and Tm for 5 h.
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tein glycosylation in the ER, also led to partial reduction of the
eroGFP reporter, but with slower dynamics compared with
treatment with DTT [as previously shown (6)] (SI Appendix,
Fig. S1 A-C). Indeed, the general utility of the eroGFP tool is
that it deflects differentially (by reduction) in response to di-
verse ER stress agents (including forced expression of unfolded
secretory proteins) (6).

Since our original study, which was based on single-cell in-
terrogations using real-time flow cytometry, it was also reported
that partial cytoplasmic localization of eroGFP occurs during
expression of a mutant of the UPR master regulator, Irel, that
cannot deactivate the UPR (10); this result implied that cyto-
plasmic localization of the eroGFP reporter may occur due to a
translocation defect under unresolved ER stress signaling. But in
our original study, through using a yeast strain expressing a GAL1/
10 promoter-driven eroGFP construct gene that no longer ex-
presses new eroGFP after glucose shutoff, we had established that
eroGFP reduction due to Tm provision occurred after the glucose
shutoff (figure S7 in ref. 6). Thus, we had reasonably concluded
that ER stress induced by Tm caused reduction of preexisting
eroGFP that was already residing in the ER lumen.

We revisited these experimental systems by showing again that
provision of Tm to wild-type yeast cells dynamically caused
eroGFP reporter reduction (to ~50% of basal levels) (detectable
in a time course of 4-acetamido-4’-maleimidylstilbene-2,2'-
disulphonic acid (AMS) modification, resolution on nonreducing
SDS/PAGE, and then followed by immunoblotting against GFP)
(Fig. 1C). Also, in a pulse—chase regime to label preexisting re-
porter, reduction was detectable within 2 h after Tm provision
(i.e., when eroGFP reduction reaches its new steady state) (Fig.
1D). Next, to specifically track the cytoplasmic compartment
with high sensitivity, we integrated a cytosolically disposed
tdTomato reporter into eroGFP-expressing yeast and followed
both reporters by fluorescence microscopy. Using this double-
reporter system and a high-dose regime of Tm (6 pg/mL) pro-
vided for 2 h, we visually scored any cell showing merged
eroGFP/cytosolic tdTomato as being “colocalized” (yellow
overlay). This regime revealed significant numbers of cells with
some eroGFP signal localized to the cytosol (Fig. 1 E and G and
SI Appendix, Fig. S1D). However, we still observed significant
eroGFP signal retained within the ER in these colocalized cells,
which is consistent with the incomplete reduction of eroGFP that
we had observed after Tm treatment by flow cytometry.

Because Tm is a severe nonphysiological stress, we next asked
whether eroGFP localizes to the cytosol under a more physio-
logical stress. To this end, we starved UPR-deficient yeast mutants
(which are inositol auxotrophs) for inositol, which we previously
found to cause reduction of eroGFP in subpopulations when
measured by flow cytometry (6, 10). Relative to the Tm regime,
we observed a smaller fraction of cells with eroGFP localized to
the cytosol in inositol-starved haclA mutants but not in control
wild-type cells, which are prototrophs for inositol and retain
eroGFP in the ER upon inositol starvation (Fig. 1 F and H).

To further test whether Tm-induced reduction of eroGFP oc-
curred due to its exposure to the reducing cytosol, we constructed
a variant of eroGFP that was fused to the transmembrane domain
of the single-pass ER membrane protein Hrd3 such that the GFP
domain remained topologically disposed inside the ER (Fig. 11).
This Hrd3-eroGFP reporter’s fluorescence signal did not overlap
with cytosolic tdTomato following Tm (Fig. 1/) and its oxidation
state remained unperturbed under this treatment, while it could
still be reduced in situ with DTT (Fig. 1K). Thus, altered (cyto-
solic) localization during ER stress is confined to a soluble form of
eroGFP, and the oxidation change of this reporter occurs upon
exposure to the reducing environment of the cytosol.

Two mechanisms could account a priori for localization of
ER-targeted eroGFP in the cytosol during ER stress: (i) eroGFP
that was en route to the ER may have become averted due to
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disabled translocation into the organelle during ER stress, as was
shown for other client proteins in a “preemptive” quality control
pathway (11); or (if) eroGFP already in the ER lumen may have
been returned back to the cytosol during stress. To distinguish
between these two possibilities, we engineered an N-linked gly-
cosylation site into eroGFP in a 9-amino acid linker region be-
tween the GFP-coding sequence and the C-terminal HDEL
retrieval sequence to follow the fate of the reporter after its
glycosylation in the ER. We termed this variant eroGFP-Glyc
(SI Appendix, Fig. S2A4). As expected, in unstressed cells,
eroGFP-Glyc migrates slower on SDS/PAGE compared with
eroGFP, consistent with its glycosylation. Confirming this,
treatment with the deglycosylase EndoH increased eroGFP-
Glyc mobility such that it now comigrated with eroGFP (SI
Appendix, Fig. S2B).

To then directly follow this reporter’s fate after it was already
resident in the ER lumen, we placed eroGFP-Glyc under control
of the GAL1/10 promoter to rapidly cease de novo production
with glucose. Quantitative PCR and pulse-label analysis con-
firmed that glucose provision halted transcription within the first
30 min and new protein synthesis by 2 h (ST Appendix, Fi%. S20C).
We estimated the half-life of eroGFP-Glyc based on a [*>S]Jme-
thionine pulse-label experiment (SI Appendix, Fig. S2 D and E),
and used this information to determine that the fraction of newly
synthesized eroGFP is ~6% of total eroGFP at 2 h from the shift
to glucose (SI Appendix, Fig. S2F); thus, the majority of the re-
porter should be preexisting. As with eroGFP, we again con-
firmed that this preexisting eroGFP-Glyc (i.e., post glucose
addition) became localized to the cytosol during the Tm treat-
ment of 2 h (SI Appendix, Fig. S2G). Moreover, we reasoned that
if this pool of preexisting eroGFP-Glyc had already entered and
then later exited the ER, the beta-aspartylglycosylamine bond at
its N-glycan tree should become cleaved in the cytosol by
deglycosylating enzyme peptide N-glycanase—PNGase—thus
converting the asparagine at the glycosylation site to an aspar-
tate residue (12). To test this, we used 2D gel electrophoresis to
monitor isoelectric shifts that would indicate an asparagine-to-
aspartate conversion. After treatment with Tm, we observed that
the faster-migrating deglycosylated species have a lower isoelectric
point (i.e., more acidic, as expected) than the slower-migrating
glycosylated species, suggesting an asparagine-to-aspartate conver-
sion (SI Appendix, Fig. S2H). Confirming this, the shift with Tm is
superimposable when eroGFP-Glyc is treated enzymatically with
PNGase, which cleaves the beta-aspartylglycosylamine bond, and
also with an eroGFP-Glyc variant in which an aspartate has
replaced the asparagine (eroGFPNP) at the glycosylation site. In
addition, we used mass spectrometry to measure deamidation of
the deglycosylated asparagine. While a cytosolic version of the re-
porter lacking the signal peptide but bearing the C-terminal gly-
cosylation signal, termed cytoGFP-Glyc, displayed low levels of
deamidation under Tm, eroGFP-Glyc showed a 200-fold relative
increase in deamidation of the Asn residue in the relevant peptide
(SI Appendix, Fig. S2I). For comparison, eroGFP-Glyc treated with
PNGase, which should yield the theoretical maximum level of
deamidation, displayed a 1,000-fold relative increase.

Together, the aforementioned data implied that a significant
fraction of eroGFP (and eroGFP-Glyc) was already resident and
properly folded in the ER, whereupon the reporter was sub-
sequently removed back to the reducing environment of the cytosol
during ER stress. To confirm this finding visually (i.e., directly),
we constructed an ER-targeted photoactivatable fluorescent
protein (ER-mEos3.2)-expressing yeast strain to specifically
follow the fate of an ER-resident reporter while ignoring con-
tributions from new protein synthesis and translocation (Fig.
2A4). mEos3.2 is a monomeric photoactivatable fluorescent pro-
tein that has an excitation maximum at 507 nm (green) (13). A
UV pulse will optically highlight the existing pool of folded re-
porter by shifting the excitation maximum to 573 nm (red)
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Fig. 2. Preexisting yemEos3 reporter is refluxed from the ER to the cytosol
during ER stress. (A) Schematic of the ER-targeted yemEos3.2 construct. (B)
Microscopy images of WT cells expressing ER-targeted yemEos3.2, before
and after photoconversion at both wavelengths (488 and 550 nm). (C and D)
ER-targeted yemEos3.2 was first photoconverted by UV light in WT cells, and
then images were taken (550 nm) after conversion for the indicated time
points in the absence (C) or presence (D) of Tm.

for preexisting mEos3.2. Thus, the ER-mEos3.2 detected in the
573-nm channel (red) represents preexisting reporter, while
newly synthesized ER-mEos3.2 will be detected in the 507-nm
channel (green). In the absence of stress, ER-mEos3.2 localizes
to the ER, both before and after photoconversion (Fig. 2 B and
C and Movie S1). But when treated with Tm after photo-
conversion, ER-mEos3.2 (red) localized to the cytosol in a time
course consistent with that seen for eroGFP reduction (Fig. 2D
and Movie S2). Furthermore, we found that ER-mEos3.2 accu-
mulates in the cytosol in its fluorescent (i.e., correctly folded)
state for up to 8 h after Tm treatment without being degraded
(Movie S3). Thus, remarkably, ER stress resulted in preexisting
ER-mEos3.2 protein returning back from the ER to the cytosol
in an intact, folded state (as with the two other reporters de-
scribed above). We termed this retrograde trafficking process
“ER protein reflux” and decided to study the phenomenon fur-
ther through genetics.

Comprehensive Identification of Genes Affecting Reflux of eroGFP.
What factors could promote the reflux of eroGFP (and ER-
mEos3.2) already targeted to, residing in, and properly folded
(i.e., fluorescent) in the ER back to the cytosol in an intact state?
To identify genes mediating this reflux phenomenon, we in-
tegrated the eroGFP reporter into the Saccharomyces cerevisiae
nonessential gene deletion collection (14) and the essential gene
DAmP library (15) using synthetic genetic array techniques (S/
Appendix, Fig. S34) (16). Using high-throughput flow cytometry
(17, 18), we measured the eroGFP ratios in ~6,000 mutant
strains during exposure to Tm and compared the ratios with
untreated controls (Datasets S1 and S2). We observed a range of
ratios, consistent with the idea that the mutants can modulate
reflux of eroGFP during ER stress. To define hits, we fitted a
curve to the difference between replicate measurements and
obtained threshold eroGFP ratio values corresponding to P <
0.001 (SI Appendix, Materials and Methods and Fig. S3 B-G).
After treatment with Tm, eroGFP ratios increased to a mean
value of 0.57 in wild-type cells, normalized to untreated (Fig. 34
and Dataset S2). This value corresponds approximately to the
eroGFP ratio of wild-type cells treated with 0.5 mM DTT (Fig.
1B). Exploiting the fact that this regime of Tm treatment caused
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an intermediate (subcomplete) level of reduction (Fig. 1B), we
could identify hundreds of mutants with eroGFP ratios that are
both higher (sensitive hits) and lower (resistant hits) than the
deflection experienced by wild-type cells (Fig. 34).

In a previous genomic screen, basal UPR activity resulting
from mutation of most nonessential genes in S. cerevisiae was
comprehensively measured (19). Using these datasets, we com-
pared each mutant’s UPR activity with its eroGFP ratio under
Tm-induced stress. Unexpectedly, we found that there is minimal
global overlap between gene deletions that constitutively induce
the UPR and those that significantly perturb eroGFP oxidation
during Tm treatment (see Venn diagrams in Fig. 3B). However,
when we examined mutant subsets grouped by their common
molecular functions, we identified three subgroups in which
correlations are evident between the two reporters (Fig. 3B).
Mutants displaying both increased UPR activity and increased
eroGFP ratios (compared with wild type) are found in quadrant
I; these subgroups have mutations in genes encoding subunits of
the ER membrane complex (EMC), components of the ER-
associated degradation system, and activities needed for traf-
ficking throughout the secretory pathway (SI Appendix, Fig.
S3H). Mutants in quadrant IV display decreased eroGFP ratios
despite increased UPR activity; these subgroups have mutations
in genes encoding activities supporting N-linked glycosylation in
the ER and many ER and cytosolic chaperones and cochaper-
ones. Identification of quadrant IV mutant chaperone/cocha-
perone groups was unexpected, and will be addressed in the
following section. The UPR-deficient mutants, irel A and haclA,
had greater eroGFP ratio deflection than wild type upon Tm
exposure [quadrant II—as we previously showed in real-time
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Fig. 3. Quantitative screen for genes whose deletion or down-regulation
affects eroGFP oxidation. (A) Median eroGFP ratios of the deletion and
DAmMP libraries with and without Tm (6 pg/mL for 5 h). (B) Scatter plot of
median eroGFP ratios after Tm treatment vs. UPR reporter levels for the
nonessential yeast deletion library (19). The following gene categories are
indicated by color: cyan (ERAD), orange (trafficking), magenta (EMC) (19),
blue (ER-resident chaperones), and green (UPR). Venn diagrams indicate
overlap for each quadrant.
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flow cytometry studies (6)], supporting the expectation that
these mutants experience more ER stress relative to wild type
because they cannot trigger a protective UPR.

Reflux of ER-Resident Proteins Requires Cytosolic and ER Chaperones.
To identify components mediating ER protein reflux, we first
focused on ERAD components, since many ERAD genes are
up-regulated during ER stress (4) and their encoded products
exert quality control by removing misfolded secretory proteins to
the cytosol for subsequent ubiquitylation and degradation by the
26S proteasome. However, as mentioned above, genes associated
with the canonical ERAD pathway were not among the resistant
hits. Instead, several ERAD-defective mutants are found in
quadrant I (increased eroGFP ratios during Tm treatment—i.e.,
sensitive hits) (Fig. 3B and Dataset S2). In S. cerevisiae, the
membrane proteins HRD1 and DOAI10 are the predominant
ERAD ubiquitin-protein E3 ligases whose cytoplasmically ori-
ented RING domains recruit distinct ubiquitin-conjugating en-
zymes to cause substrate ubiquitylation (20-23). Confirming the
finding from the screen that these ERAD components are not
required for ER protein reflux, we found that eroGFP refluxes to
the cytosol after treatment with Tm in both single and double
mutants of HRD1 and DOAI10 (Fig. 44). To follow the dynamics
of the reflux process, we used ER-mEos3.2 and found that not
only were HRD1 and DOA10 unnecessary for ER reporter reflux
to the cytosol but that in the absence of these ERAD components,
reflux even occurred in the absence of Tm, with some basal level
of reporter seen in the cytosol in untreated cells, and more rapidly
in the presence of Tm (Fig. 4 A-E and Movies S4 and S5).

In our previous study, we found that expressing the constitu-
tively misfolded secretory protein CPY* under the Cupl pro-
moter in ERAD mutants increased the ratio of reduced eroGFP
upon addition of copper (6). Here, we tested whether ER pro-
tein reflux could account for the increased eroGFP ratio that we
had previously observed. To this end, we monitored the locali-
zation of the ER-targeted mEo0s3.2 in a hrdlAdoalOA double-
mutant strain that expresses CPY* under the Cupl promoter.
We found that in cells expressing CPY*, photoconverted ER-
targeted mEos3.2 robustly localized to the cytosol and stayed
fluorescent in the cytosol for up to 6 h after copper was added
(Fig. 4 F-I and Movie S6).

In sum, it appeared that ER-to-cytosol reflux of eroGFP (or
ER-mEos3.2) during ER stress not only does not rely on ERAD
function but furthermore, mutations in many ERAD compo-
nents, or the proteasome, appear to compensatorily increase the
reflux process and recovery of intact reduced eroGFP in the
cytosol (i.e., these are all sensitive hits with eroGFP ratios >
WT). Moreover, in support of the notion that ER reflux may
work in parallel with (or even substitute for) ERAD, the forced
overexpression of CPY* was sufficient to cause spontaneous
reflux of ER-targeted mEos3.2 in the hrd1AdoalOA double
mutant. Finally, supporting the notion that eroGFP reflux is not
dependent on ERAD, eroGFP appeared to not be poly-
ubiquitinated during Tm provision (unlike CPY*) (SI Appendix,
Fig. S4 A and B).

Next, to identify and characterize genes that may mediate the
ER protein reflux process, we focused on ER-resident proteins
from our screen that showed minimal eroGFP ratio changes
during Tm treatment (i.e., resistant hits in quadrant I'V; Fig. 3B).
Through this analysis, HLJ1, an ER-resident tail-anchored
cochaperone, containing a cytosolically disposed DnalJ domain,
stood out as the single, strongest resistant hit among ER-resident
proteins. We confirmed that the AljIA mutant did not alter
eroGFP oxidation after Tm treatment (Fig. 54). Furthermore, in
hlj1A mutants, eroGFP remained in reticular structures that did
not overlap with cytosolic tdTomato during Tm treatment,
though a small fraction of eroGFP localized to the vacuole even
under unstressed conditions (Fig. 5 B and D). As with eroGFP,
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Fig. 4. ER protein reflux is not reliant on canonical ERAD machinery. (A)
Confocal images for the hrd1Adoal0A double mutant expressing eroGFP
treated with Tm (6 pg/mL) for 2 h. (B-D) Confocal images for hrd7A (B),
doa10A (C), and hrd1Adoal0A double mutant (D) expressing the ER-targeted
yemEos3.2 and treated with Tm for the indicated time points. (E) Quantifi-
cation of images in B-D of hrd1A, doal0A, and hrd1Adoal0A with ER-
targeted yemEos3.2. Error bars represent SEM of two independent experi-
ments. (F) Immunoblot (anti-HA) of protein extracts from wild-type cells
expressing HA-tagged CPY* under the Cup1 promoter after addition of copper
sulfate for the indicated time points. (G and H) Confocal microscopy images of
hrd1Adoal0A double-mutant cells expressing ER-targeted mEos3.2 and CPY*
under the Cup1 promoter in the absence (G) and presence of copper sulfate
(H) after photoconversion for the indicated time points. (/) Quantification of
images of hrd7Adoal0A with ER-targeted yemEos3.2 control or after CuSO,4
treatment. Error bars represent SEM of two independent experiments.

photoconverted (preexisting) ER-mEos3.2 remained localized to
the ER in the A/jIA mutant upon Tm treatment (SI Appendix,
Fig. S5 A and B). Thus, as predicted, the resistant hits from the
genetic screen successfully identified a gene whose product
promoted the reflux process. However, in each case, the com-
bination of fluorescence microscopy and flow cytometry for the
eroGFP ratio value needs to be compared. For example, a spe-
cial exception for a resistant hit that leaves reflux unaffected is
the glrl A glutathione oxidoreductase deletion mutant, in which
Tm still caused eroGFP to reflux to the cytosol (as with WT) but
without appreciably changing the eroGFP ratio from untreated
(i.e., 0.09; Dataset S2). Glrl is responsible for maintaining a
reduced cytosol by converting oxidized to reduced glutathione
(24, 25), and its absence even causes oxidation of cyto-roGFP (SI
Appendix, Fig. S5 C and D).

In yeast, the ER-resident chaperone KAR?2 acts as an antero-
grade molecular ratchet during translocation of secretory proteins
through the Sec61 translocon. The binding of KAR?2 to a trans-
locating polypeptide on the luminal side of the Sec61 channel
prevents it from moving backward (7). Successful protein trans-
location requires interaction between KAR2 and the Sec complex
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via the J domain of SEC63p (21, 26-31). Perhaps the resistant
mutants identified from our screen may promote retrograde
movement of eroGFP during ER stress-induced reflux. For in-
stance, we found that besides HLJ1, mutations of genes encoding
other ER and cytosolic chaperones, cochaperones, and nucleotide
exchange factors (e.g., lhsIA, kar2-DAmP, sec66, and sselA) also
resisted eroGFP reduction and cytosolic relocalization upon Tm
treatment (Fig. 3B and Dataset S2). Thus, we hypothesized that
these chaperones and cochaperones may assist eroGFP reflux and
should therefore bind this client protein during ER stress. To test
this notion, we immunoprecipitated C-terminal FLAG-tagged
HLJ1 in WT cells expressing eroGFP and found increasing in-
teractions between HLJ1 and eroGFP over the time course of Tm
treatment (Fig. 5E); this increase in the interaction between
HLJ1 and eroGFP correlated with the kinetics of eroGFP protein
reflux in these cells (ST Appendix, Fig. S1D).

A null mutation in SSE1 (also a resistant hit), which encodes a
cytosolic nucleotide exchange factor and acts as a “holdase,” also
strongly resisted eroGFP reflux during ER stress (32-36) (Fig.
5C). Moreover, we found that eroGFP progressively interacts over
time with FLAG-tagged SSE1 under Tm treatment in WT cells
(Fig. 5F); this interaction between SSE1 and eroGFP became
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Fig. 5. Reflux of ER proteins requires HLJ1 and SSE1. (A) Time course of
eroGFP ratios in wild-type and hlj71A cells expressing eroGFP treated with
6 pg/mL Tm. (B) Confocal images of eroGFP in wild-type and hl/j1A treated
with Tm (6 pg/mL) for 2 h. (C) Confocal images of WT and sse7A treated with
Tm (6 pg/mL) for 2 h. (D) Quantification of WT and h/j1A images. Error bars
represent SEM of two independent experiments. (E and F) Immunoprecipita-
tion (IP) of C-terminal FLAG-tagged HLJ1 (E) or FLAG-tagged SSE1 (F) and
eroGFP in WT cells after treatment with Tm (6 pg/mL). 1B, immunoblotting. (G)
Immunoprecipitation of C-terminal FLAG-tagged SSE1 and ER-targeted eroGFP
in hlj1A cells. (H) Immunoprecipitation of C-terminal FLAG-tagged SSE1 and
cytosolic roGFP in WT cells treated with Tm (6 pg/mL). (/) Confocal images of
ER-targeted mEos3.2 in hlj1A cells overexpressing FLAG-tagged HLJ1 under the
Gal1/10 promoter after shifting to galactose-containing media. (J) Immuno-
precipitation of C-terminal Myc-tagged SSE1 and ER-targeted eroGFP in hljTA
cells overexpressing HLJ1 after shifting to galactose-containing media.
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abrogated in AfjiIA cells (Fig. 5G). Furthermore, to eliminate the
possibility that SSE1 may interact with eroGFP after it has already
translocated to the cytosol (i.e., in a nonreflux manner), we employed
the cytosolic version of roGFP (cyto-roGFP) described above and did
not observe an interaction between SSE1 and this cytosolic roGFP
variant (Fig. SH). Importantly, this last result supports the conclusion
that under ER stress the reporter has to originate from inside the ER
lumen to interact later with cytosolic SSE1.

Because all preceding data supported the notion that HLJ1 is
necessary for ER protein reflux during ER stress, we next asked
whether HLJ1 is sufficient to cause reflux of ER proteins to the
cytosol upon forced expression. Because HLJ1 is lethal when
constitutively overexpressed in S. cerevisiae, we placed a FLAG-
tagged HLJ1 under the control of the inducible GAL1/10 pro-
moter and followed its expression for several hours (SI Appendix,
Fig. S5E). We found that 2 to 4 h after shifting cells to galactose a
significant fraction of ER-targeted eroGFP spontaneously accu-
mulated in the cytosol, without the need for exogenous ER stress
agents (SI Appendix, Fig. S5F). To confirm the ER origin of the
refluxed reporter, we expressed ER-targeted mEo0s3.2 in the in-
ducible FLAG-HLIJ1 strain and followed the reporter’s fate dur-
ing growth on galactose; at 3 h after the shift to galactose media,
the majority of cells displayed a spontaneous cytosolic localization
of the photoconverted mEos3.2 (Fig. 5I). Finally, we observed that
in cells overexpressing HLJ1p there was an increased reciprocal
physical interaction (through coimmunoprecipitation) between
eroGFP and the cytosolic chaperone SSE1p, but without the need
for exogenous ER stress agents (Fig. 5J). Thus, HLJ1p was both
necessary and sufficient to promote ER reflux.

Finally, we inquired into the scope of the reflux process—that
is, does it extend to other ER proteins (besides the FP reporters
used in this study)? In theory, other ER-targeted proteins may
also reflux to the cytosol during ER stress. To test this notion, we
monitored the localization of ER endogenous protein disulfide
isomerase (PDI1) and peptidyl-prolyl cis—trans isomerase (CPRS5)
during ER stress. Following treatment with Tm, we found that
both CPRS and PDI1 became progressively enriched over time in
the cytosolic fraction (i.e., S100, the supernatant collected after
the 100,000 x g ultracentrifugation) in WT cells, with similar ki-
netics to eroGFP, while the ER membrane protein Spfl (pre-
dictably) remained in the membrane fraction (i.e., P100, the pellet
generated from the 100,000 X g ultracentrifugation) (as with
Hrd1-eroGFP) (Fig. 1). Importantly, in hljIA cells, both CPRS
and PDI1 remained stably in the membrane fraction (as did
eroGFP) (S Appendix, Fig. S5G). Finally, applying the inducible
ER stress regime of expressing the CPY* mutant using the CUP
promoter in the hrd1AdoalOA double mutant, we found increased
recovery (compared with expression of CPY) of CPRS, PDI1, and
eroGFP in the cytosolic fraction (SI Appendix, Fig. S5H).

To conclude our study, we also asked whether cells resistant to
ER protein expulsion may perhaps be more susceptible to ER
stress than wild-type cells. To this end, we performed a yeast
viability assay by treating WT and Alj1A cells with Tm for 4 h and
then spread the same optical density of cells on YPD plates and
counted the viable colonies on the plate. We found that in this
regime, WT cells were almost ~75% viable, while in AljIA and
ssel A mutants only 53 and 50% of the cells were viable, re-
spectively (SI Appendix, Fig. S5I). A plate sensitivity assay also
confirmed that AljIA and sselA are more susceptible to ER
stress (SI Appendix, Fig. S5J). These data were consistent with
the possibility that blocking ER protein expulsion may cause
yeast cells to become more sensitive to acute ER stress.

Discussion

In response to ER stress, several cellular stress response path-
ways, such as ERAD and the UPR, become activated to restore
protein-folding homeostasis in the ER. Here, using a combination
of fluorescence microscopy and high-throughput flow cytometry
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of yeast gene deletion libraries to measure fluorescent changes
in an ER-targeted redox-sensitive GFP, we identify a cellular
stress response pathway in which ER-resident proteins are re-
moved in an intact state back into the cytosol through a
chaperone-mediated manner. We have termed this process ER
protein reflux.

We had originally adapted eroGFP to track ambient redox
state as a proxy measure of ER physiological health, and pre-
viously shown that reduction of the normally oxidized eroGFP
occurred in individual cells (wild type and a few select mutants)
during ER stress induced by inhibiting N-linked glycosylation,
inositol deprivation (in UPR mutants), and expressing misfolded
secretory proteins (e.g., CPY*) (6). Here we have confirmed our
previous conclusion that reduction of eroGFP occurs after its
translocation and maturation in the ER (6) (i.e., in a preexisting,
ER-resident reporter) by using an eroGFP variant in which an N-
linked glycosylation signal is engineered at the C terminus of the
reporter (called eroGFP-Glyc). When expressed through a GAL
1/10 inducible system in which new transcription and translation
are shut off through application of glucose followed by induction
of ER stress, preexisting eroGFP-Glyc became deglycosylated in
the cytosol and eroGFP-Glyc’s asparagine-linked glycan con-
verted into an aspartate residue as measured using 2D electro-
phoresis and mass spectrometry. In direct support of these
biochemical data, we observed, using live-cell imaging, a pho-
toconverted ER-resident mEos3.2 reflux into the cytosol during
ER stress, with similar kinetics to the reduction of eroGFP ob-
served during similar modes of ER stress.

By measuring eroGFP ratios in yeast gene deletion libraries
using high-throughput flow cytometry, we first identified both
sensitive and resistant mutants that precisely change eroGFP
oxidation levels to varying degrees during ER stress. eroGFP
ratio changes in the mutants showed limited overlap with
changes measured by a UPR reporter, validating the use—at the
genomic scale—of the utility of a redox-responsive reporter to
provide orthogonal information about a physiological secretory
pathway function to a corrective signaling pathway (the UPR).
Then, by validating the hits from the screen using fluorescence
microscopy, we uncovered the chaperone-mediated basis of the ER
protein reflux phenomenon. This reflux phenomenon was missed in
our prior eroGFP work (that only utilized flow cytometry of a small
group of mutants) in which we had proposed an unnecessarily
constrained interpretation of eroGFP oxidation changes occurring
within the ER (6). The central feature of ER protein reflux appears
to be that soluble, folded proteins (i.e., fluorescent in the case of the
reporters) are removed from the ER without becoming degraded
(unlike in the ERAD process). Furthermore, upon their reflux to
the cytosol, the preexisting reporters that originated from the ER
remain fluorescent (i.e., folded) for at least 8 h. Further dis-
tinguishing reflux from ERAD, we found that eroGFP, eroGFP-
Glyc, ER-mEos3.2, and endogenous ER proteins are returned to
the cytosol in the absence of the canonical ERAD-associated E3
ubiquitin-protein ligases HRD1 and DOA10.

ER reflux, however, is strikingly abrogated in the absence of
HLJ1, a tail-anchored ER membrane cochaperone with a cyto-
solically disposed J domain. HLJ1 is known to have overlapping
roles with another cochaperone containing a cytosolic J domain,
YDJ1, in promoting the removal and ubiquitin-dependent deg-
radation of the ER membrane protein CFTR (37). Intriguingly,
ydj1A is a sensitive hit in our screen (Dataset S2), supporting the
notion that it does not play an overlapping role with YDJ1 in
reflux. It is thus conceivable that HLJ1 has an auxiliary role(s) in
ER protein quality control beyond those previously ascribed to it
(e.g., through mediating reflux). More generally, besides hljIA,
mutations in other ER-resident chaperones and cochaperones
(e.g., lhsIA, kar2-DAmP, scj1A) (Fig. 3B, quadrant IV and
Dataset S2) also resist eroGFP oxidation changes during ER
stress to varying degrees. Thus, these gene products may also
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play critical roles in mediating and regulating ER protein reflux;
future investigations into the functions of these gene products
may provide a more comprehensive understanding of ER protein
reflux. For instance, besides HLJ1, we found notably that cyto-
solic SSE1, an Hsp110 chaperone/nucleotide exchange factor/
holdase, which also emerged from the resistant hits in our screen,
can bind eroGFP in an HLJ1-dependent manner under ER
stress (and, importantly, only if the reporter is first targeted to
the ER rather than originating from the cytosol).

Finally, we note that we do not yet fully understand how
folded ER-resident proteins can reemerge in a folded state (i.e.,
fluorescent in the case of eroGFP, eroGFP-Glyc, and mEos3.2)
in the cytosol. While it is conceivable that reflux substrates stay
folded during this retrograde transit across the ER membrane
(perhaps transiting through an ER channel), no obvious candi-
date genes meeting the expected criteria of a putative channel
were identified as (resistant) hits in our screens. Therefore, while
remaining agnostic to the involvement of a putative channel, we
suggest that a relay shuttle of ER-resident and cytosolic chap-
erones (e.g., KAR2, HLJ1, SSE1) may allow for partial unfolding
in the ER, transit across the ER, and refolding in the cytosol of
ER luminal proteins during ER stress. Such a process is in-
triguingly reminiscent of, but directionally opposite, that of the
chaperone-assisted molecular ratchet that promotes translocation
of nascent secretory proteins (7). Furthermore, putative functional
homologs of HLJ1 in humans, DnaJB12 and DnaJB14, which
were shown to mediate retrograde trafficking/entry into the
cytosol from the ER of nonenveloped viruses (38), may also
promote ER stress-induced protein reflux in mammalian cells.
In this speculative view, the ER reflux machinery may perhaps
be usurped by some viruses to gain entry to the cytosol.

While the larger scope of ER reflux remains to be defined, the
process could conceivably extend to many endogenous ER-
resident proteins (and maturing secretory cargo). Indeed, our
finding that PDI1 and CPRS5 proteins are recovered (through an
HLJ1-dependent mechanism) in the cytosol during ER stress is
consistent with the possibility that these proteins are also reflux
substrates (and provides an explanation for previous enigmatic
reports of how ER chaperones could be found in the cytosol)
(39-41). Physiologically, it is conceivable that ER protein reflux,
by clearing the ER of luminal proteins during ER stress, may
have an adaptive benefit and may work in parallel with other ER
protein quality control mechanisms such as ERAD and protein
translocational attenuation, referred to as preemptive quality
control (11). Indeed, the decreased viability of ssel and hljl
mutants under ER stress is consistent with this possibility. It is
also conceivable that ER protein reflux may be integrated into
the binary cell-fate decisions made by cells of higher eukaryotes
once ER stress levels reach critical thresholds. Future studies will
address such mechanistic and physiological questions.

Materials and Methods

Plasmid Construction. eroGFP-Glyc was constructed using the QuikChange
Lightning Kit (Agilent Technologies). The glycosylation site was engineered in
the second residue of the 9-amino acid linker between the C terminus of GFP
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and the HDEL retrieval sequence. eroGFPNP was also constructed using the
QuikChange Lightning Kit to change the asparagine in eroGFP-Glyc to an
aspartate. Hrd3-eroGFP was constructed using synthetic DNA from GeneArt
(Life Technologies) containing eroGFP followed by residues 767 to 833 of
HRD3. ER-yemEos3.2 was constructed by PCR amplification of yemEos3.2 (a
gift from Erik Snapp, Janelia Research Campus, Ashburn, VA) using forward
oligos containing the first 20 amino acids of yemEos3.2 and reverse oligos of
the last 20 amino acids with addition of an HDEL sequence. This construct
was then cloned in pRS416 carrying the Kar2 signal peptide by BamHI and
Xbal. HLJ1 and SSE1 were PCR-tagged in the chromosome under their native
promoter with either a 3xFLAG tag or 3xHA tag using pFA6a-3xFLAG-NAT
or pFA6a-3xHA-His3MX6 plasmids.

High-Throughput Flow Cytometry. For all growth conditions described below,
yeast strains were grown in 80 pL SD complete media supplemented with
myo-inositol (Sigma-Aldrich) at 100 pg/mL. For tunicamycin experiments, Tm
was added to the media at 6 pg/mL. Strains were inoculated from 384-colony
agar plates to 384-well liquid cultures using a RoToR HDA robot (Singer
Instruments). The cultures were grown for 36 h to saturation in a DTS-
4 microplate thermoshaker (Appropriate Technical Resources). They were
then diluted 1:400 using a Biomek liquid-handling robot (Beckman Coulter)
and grown to mid-log phase for 10 h, after which they were diluted 1:10 into
media with or without Tm. After 5 h of growth, cultures were loaded on a
Becton Dickinson High Throughput Sampler, which injected cells from each
well into an LSR Il flow cytometer (Becton Dickinson). eroGFP fluorescence
was measured according to ref. 6.

Light Microscopy. Yeast were imaged as previously described (6) with the
exception that a 561-nm laser line was used to excite tdTomato. Cells car-
rying ER-yemEos3.2 were grown to mid-log phase and then immobilized on
Con A glass bottom dishes (Mattek Corporation). Cells then were imaged
using the 488-nm channel followed by 1 min with DAPI for photoconversion.
Tm was then added and cells were imaged for 2 h using an inverted Nikon Ti
high-speed wide-field microscope equipped with a CSU-W1 spinning disk
confocal with Borealis upgrade (Andor). All other images were captured
using a spinning disk confocal microscope at the Nikon Imaging Center
(University of California, San Francisco).

Immunoblots and Immunoprecipitation. For yeast immunoprecipitation stud-
ies, we followed the exact protocol as in ref. 42 with one modification: After
collecting the cells, proteins were extracted by disrupting the cells twice with
glass beads in the lysis buffer for 45 s in a TissueLyser Il (QIAGEN). Immu-
noblots were performed as previously described (6). Antibodies used
included rabbit anti-GFP, mouse anti-PGK1 (Thermo Fisher), monoclonal
anti-FLAG M2 antibody (Sigma-Aldrich), and anti-HA tag antibody (Ptglabs).
Antibody binding was detected by using near-infrared dye-conjugated sec-
ondary antibodies (LI-COR) on the LI-COR Odyssey scanner.

Note Added in Proof. Prior to peer review, ER protein reflux was independently
reported on the bioRxiv preprint server by our group (43) and Erik Snapp'’s
group (44) on March 12, 2019.
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SUPPLEMENTARY MATERIALS AND METHODS

Immunofluorescence:

Cells were grown to mid-log phase, collected by centrifugation at 3000rpm, then
resuspended in ImL of 4% paraformaldehyde solution for 30 minutes at room temperature.
Cells were then centrifuged again and the pellet washed twice with SmL of KS buffer (0.1
M KPO4/1.2 M sorbitol) before resuspending again in KS buffer. After fixation,
spheroplasts were generated using 20T zymolyase and resuspended again in KS buffer.
Slides were washed with cold acetone and then treated with 0.1%-polylysine before adding
spheroplasts; slides were then washed and blocked with PBS-BSA for 30 minutes. Slides
were incubated with the primary antibody overnight, then washed three times with PBS-
BSA. Secondary antibodies were prepared in PBS-BSA and slides were incubated with the
secondary antibodies for 2hrs before washing again with PBS-BSA. Slides were then

mounted and sealed with nail polish.

Quantitative Real-Time PCR

RNA was isolated from whole cells using Qiagen RNeasy kit. 1pug total RNA was reverse
transcribed using the QuantiTect Reverse Transcription Kit (Qiagen) and amplified using
the StepOnePlus Real-Time PCR System (Applied Biosystems) with SYBR green.
Thermal cycles were: 5 min at 95 °C, 40 cycles of 15 s at 95 °C, 30 s at 60 °C. Gene
expression levels were normalized to PGKI1. Primers used for Q-PCR were as follows:
GFP: 5’-acaagcagaagaacggcatc-3’ and 5’-gcaggtgctcaggtagtggt-3’; PGKI1: 5°-
ctcactcttctatggtcggtttc-3” and 5°-gagaacccaaccagaccatt-3’.

Subcellular Fractionation

www.pnas.org/cgi/doi/10.1073/pnas.1904516116
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Yeast organelles were fractionated using ultracentrifugation according to the protocol
described in [1].

Estimating the fraction of newly synthesized eroGFP-Glyc

The time evolution of the eroGFP translation rate (m) and the concentration of

eroGFP protein (P) were estimated from a two-step transcription-translation model:

dm __ m
a — T,
P @ p
dt T

m and P are normalized to their steady state levels in galactose conditions and are
thus unitless variables. Twm, defined as the half-life of the eroGFP translation rate, was
estimated from the pulse-label data. In(2)/Tp is the half-life of eroGFP proteins that decay
due to dilution from cell division. Tp is set to 120 min, which corresponds to the doubling

time of yeast in SD media.

Mass Spectrometry Analysis

Immunoprecipitated FLAG-eroGFP-Glyc was purified by gel electrophoresis and
subjected to in-gel trypsin digestion. Gel bands were diced and washed three times with 25
mM NHsHCO3/50% ACN, and evaporated to dryness. Cysteines were reduced by
incubation with 10 mM DTT in 25 mM NH4HCOs3 at 56°C for 1 hour, and free sulthydryl
groups were alkylated by incubation with 55 mM iodoacetamide for 45 minutes at room

temperature. Gel pieces were washed twice with 25 mM NH4sHCO3/50% ACN and

evaporated to dryness. Gel pieces were rehydrated with 12.5 ng/uL trypsin in 25 mM
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NH4HCOs3 and incubated at 37°C overnight. The supernatant was removed and combined
with two extractions with 50% ACN/5% formic acid. The combined supernatant was
subjected to concentration on C18 ZipTips (Millipore) according to the manufacturer’s
specifications. Following evaporation, samples were resuspended in 0.1% formic acid for

liquid chromatography and mass spectrometry (LC-MS/MS) analysis.

Digested peptide mixtures were analyzed in technical duplicate on a Thermo Scientific
LTQ Orbitrap Elite mass spectrometry system equipped with a Proxeon Easy nLC 1000
ultra high-pressure liquid chromatography and autosampler system. Samples were injected
onto a C18 column (25 cm x 75 um LD. packed with ReproSil Pur C18 AQ 1.9 um
particles) in 0.1% formic acid and then subjected to a 2-hours gradient from 0.1% formic
acid to 30% ACN/0.1% formic acid. The mass spectrometer collected data in a data-
dependent fashion, collecting one full scan in the Orbitrap at 120,000 resolution followed
by 20 collision-induced dissociation MS/MS scans in the dual linear ion trap for the 20
most intense peaks from the full scan. Dynamic exclusion was enabled for 30 seconds with
a repeat count of 1. Charge state screening was employed to reject analysis of singly
charged species or species for which a charge could not be assigned. Extracted ion
chromatograms for peptides of interest were generated using the Thermo Scientific

XCalibur QualBrowser software package.

SUPPLEMENTARY FIGURE LEGENDS
Figure S1. ER-targeted eroGFP re-localizes to the cytosol during ER stress

(A) Time course of eroGFP ratio changes in WT cells upon exposure to DTT (blue) or Tm
(red).
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(B) eroGFP redox state in WT cells treated with Tm (6pug/mL) or DTT (1mM) for the
indicated time points. Extracts were treated with NEM, resolved on non-reducing SDS-
PAGE, and immunoblotted against GFP.

(C) Quantification of reduced eroGFP(red) percentage in WT cells treated with either Tm
or DTT, ratios calculated from a non-reducing SDS-PAGE after alkylating the protein
lysates with NEM for 30 minutes.

(D) Confocal images of wild-type cells expressing eroGFP and cytosolic tdTomato treated
with Tm (6pg/mL) for the indicated time points.

Figure S2. Pre-existing eroGFP-Glyc is refluxed from the ER during ER stress.

(A) Schematic of eroGFP-Glyc. An N-linked protein glycosylation recognition sequence
was inserted into the 9 amino acid linker between eroGFP and the HDEL retrieval
sequence.

(B) Immunoblot (anti-GFP) of protein extracts from wild-type cells expressing eroGFP and
eroGFP-Glyc.

(C) Schematic of FLAG-tagged GAL1-eroGFP-Glyc (top) and qPCR to determine relative
eroGFP-Glyc mRNA levels. Cells were grown on Galactose for 4hrs, then shifted to
glucose; time 0 indicates glucose addition.

(D) Pulse-label for wild-type cells expressing FLAG-tagged GAL1-eroGFPGlyc treated
according to (B).

(E) Half-life of the FLAG-tagged eroGFP-Glyc translation rate (TM = 82min) is calculated
by fitting an exponential decay curve, e(-t/TM), to the pulse-label data. The solid line
represents the curve fit and the dashed lines represent 99% confidence bounds.

(F) The fraction of newly synthesized FLAG-tagged eroGFP-Glyc is estimated from a two-
step transcription/translation model (see Methods).

(G) Confocal microscopy for eroGFP-Glyc. Cells were treated with galactose for 4hrs and
then shifted to glucose containing media. After 2hrs on glucose, Tm was added for an
additional 2 hrs.

(H) Two-dimensional gel electrophoresis followed by western blot of GAL1-eroGFP-Glyc
for the indicated condition. FLAG-tagged eroGFP-ND indicates the GAL1-eroGFP-Glyc
N to D point mutant. Duplicated blots are shown in the vertical and horizontal directions
to aid visualization/alignment in both dimensions.

(I) Ratios of aspartate to asparagine at the position marked by * for cytosolic roGFP-Glyc
(croGFP) and eroGFP-Glyc treated with Tm or PNGase where indicated.
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Figure S3. Experimental Design and Analysis for the eroGFP screen.

(A) Schematic of mating strategy used to generate the eroGFP expressing gene libraries
using the Synthetic Genetic Array strategy (Tong et al, 2001).

(B and C) Histograms of the differences between eroGFP replicate measurements for
untreated and tunicamycin treated samples respectively

(D and E) Fit of the histograms from B and C modeled as the sum of two Gaussian
distributions according to [2]. The fitted lines are in orange overlaid over the histograms
from B and C.

(F and G) Histograms of the mean data for untreated and tunicamycin treated samples
respectively in green overlaid over the histograms described in D-E.

(H) Enrichment of Gene Ontology terms (P<0.001) for the indicated ER functions.

Figure S4. ER protein reflux is not reliant on canonical ERAD machinery.

(A) Immunoprecipitation (IP) using anti-GFP antibody of extracts from wild-type cells
treated with tunicamycin (or untreated) in the (presence/absence) of MG132, followed
by immunoblot analysis with anti-ubiquitin (Ub) and anti-GFP antibodies.

(B) Immunoprecipitation (IP) using anti-HA antibody of extracts from wild-type cells
expressing HA-tagged-CPY* treated with tunicamycin (or untreated) in the
(presence/absence) of MG132, followed by immunoblot analysis with anti-ubiquitin
(Ub) and anti-HA antibodies.

*Heavy chain

Figure S5. Reflux of ER proteins requires HLJ1

(A) ER targeted yemEos3.2 was first converted by UV in AljIA cells and then cells were
treated with Tm (6pg/mL). Images (550nm) were taken exactly after Tm addition and 120
minutes after treatment.

(B) Quantification of /4/jIA images with ER- targeted mEos3.2.
(C) Confocal images for glr/A treated with Tm (6pg/mL) for 2hrs.

(D) Cyto-roGFP redox state in WT, AljIA and giriA cells treated with (6pg/mL) Tm.
Protein extracts were treated with NEM, resolved on non-reducing SDS-PAGE, and
immunoblotted against GFP.

(E) Immunoblot (anti-FLAG) of protein extracts from hljIA cells overexpressing FLAG
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tagged HLJ1 after induction with galactose for the indicated time points.

(F) Confocal images for hljiIA cells overexpressing WT-HLJ1 and expressing the ER-
targeted mEos3.2 after shifting to Galactose containing media for the indicated time points.

(G) Subcellular protein fractionation of Myc-CPRS, PDII and eroGFP in WT, and A/jIA
cells treated with Tm.

(H) Subcellular protein fractionation of CPRS, PDI1, and eroGFP in the ERAD double
mutant (hrdIA doalOA) expressing either CPY or CPY* under the conditional promoter
CUP1 (-/+) 200uM copper sulfate (CuSO4).

(I) Viability assay after Tm challenge for 4 hours in WT, hljIA and sselA cells.

(J) Plate sensitivity assay of WT, AljIA and sselA cells on Tm containing agar plates.

Movie S1: ER-targeted mEos3.2 in untreated WT cells followed for 120 minutes after
photoconversion by a UV pulse.

Movie S2: ER-targeted mEos3.2 in Tm-treated WT cells followed for 120 minutes after
photoconversion by a UV pulse.

Movie S3: ER-targeted mEos3.2 in Tm-treated WT cells followed for 8hours after
photoconversion by a UV pulse.

Movie S4: ER-targeted mEos3.2 in Tm-treated WT cells followed for 120 minutes after
photoconversion by a UV pulse.

Movie S5: ER-targeted mEos3.2 in Tm-treated hrdIAdoalOA cells followed for 120
minutes after photoconversion by a UV pulse.

Movie S6: ER-targeted mEo0s3.2 in hrdIAdoalOA cells expressing CPY* after addition of
copper.

1. Rieder, S.E. and S.D. Emr, Isolation of subcellular fractions from the yeast Saccharomyces
cerevisiae. Curr Protoc Cell Biol, 2001. Chapter 3: p. Unit 3 8.
2. Breslow, D.K., et al.,, A comprehensive strategy enabling high-resolution functional

analysis of the yeast genome. Nat Methods, 2008. 5(8): p. 711-8.
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