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Abstract

Protein disulfide isomerases (PDIs) function in forming the correct disulfide bonds in client
proteins, thereby aiding the folding of proteins that enter the secretory pathway. Recently, several
PDIs have been identified as targets of organic electrophiles, yet the client proteins of specific
PDIs remain largely undefined. Here, we report that PDIs expressed in Saccharomyces cerevisiae
are targets of divinyl sulfone (DVSF) and other thiol-reactive protein cross-linkers. Using DVSF,
we identified the interaction partners that were cross-linked to Pdil and Eug1l, finding that both
proteins form cross-linked complexes with other PDIs, as well as vacuolar hydrolases, proteins
involved in cell wall biosynthesis and maintenance, and many ER proteostasis factors involved
ER stress signaling and ER-associated protein degradation (ERAD). The latter discovery prompted
us to examine the effects of DVSF on ER quality control, where we found that DVSF inhibits
degradation of the ERAD substrate CPY*, in addition to covalently modifying Irel and blocking
activation of the unfolded protein response. Our results reveal that DVSF targets many proteins
within the ER proteostasis network and suggest that these proteins may be suitable targets for
covalent therapeutic development in the future.
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Introduction.

Folding of globular proteins presents a fundamental challenge in biology and involves
numerous molecular chaperones that constitute part of the proteostasis network.! The
proteostasis network also encompasses protein quality control factors that attend to all
aspects of protein life cycles in cells, ranging from protein synthesis to post-translational
modification and protein metal-binding to degradation.? Each subcellular compartment
possesses its own array of proteostasis factors, depending on the specific needs of that
location. In the oxidizing environment of the eukaryotic ER, the molecular chaperone
network consists of members of the Hsp70/Hsp40 system, peptidyl prolyl isomerases, and
protein disulfide isomerases (PDIs), all of which carry out specified roles in folding client
proteins that enter the secretory pathway.3 4

PDIs constitute one branch of the thioredoxin superfamily, a family of evolutionarily
conserved, thiol-dependent enzymes that can facilitate disulfide bond formation and/or
rearrangement.® In the ER lumen, PDIs aid translocated proteins in forming the correct
combination of disulfide bonds as part of their folding process, employing a disulfide
exchange relay that is mediated through active site CXXC motifs.% 7 PDIs can work in
concert with other molecular chaperones that facilitate different aspects of protein folding
(e.g., hydrophobic collapse, prolyl isomerization, etc.).8-11 PDIs also participate in some
aspects of ER-associated degradation (ERAD) and ER stress response signaling, indicating
wide-ranging functions in secretory pathway proteostasis.12-17

Most eukaryotes express multiple PDIs, implying that individual PDIs may interact with
different client proteins or have different spatiotemporal or stress-responsive roles.18 For
instance, baker’s yeast encodes five different PDIs — Pdil, Eps1, Eugl, Mpd1, and Mpd2.
Of these, only Pdil is essential, whereas the other PDIs can rescue PD/I-deficient yeast
when overexpressed.1? Eps1 is the only family member that is membrane-bound,2° and
Eug1 is the only yeast PDI with partial active site motifs (i.e., CXXS rather than CXXC).19
Moreover, Mpd1, Mpd2, and Eps1, unlike Pdil and Eugl, only contain a single catalytic
motif.19 These differences, combined with variable expression levels during homeostasis
and ER stress,2! imply that there may be specific, yet uncovered, roles for each PDI in
proteostasis.

Previously, we used divinyl sulfone (DVSF) — a cell-permeable, thiol-reactive cross-linker
—to irreversibly trap the yeast thioredoxin Trx2 in complexes with several of its major
redox partners, including the peroxiredoxin Tsal, the thioredoxin reductase Trrl, and the
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sulfiredoxin Srx1.22-24 We reasoned that this approach could be useful in identifying
potential redox partners and client proteins of the yeast PDIs, since they are members

of the thioredoxin superfamily and many are targeted by thiol-reactive electrophiles.25-30
Moreover, PDI client protein specificities and potential redox partners remain largely
undefined. Here, we report that the PDIs from yeast are targets of DVSF and other
bifunctional electrophiles. Using a DVSF-based cross-linking approach, we found that PDIs
interact with known redox partners and putative client proteins in the secretory pathway

as well as numerous factors involved in protein folding and quality control within the ER.
Targeting of multiple ER proteostasis factors may account for impaired ER processes in

DV SF-treated cells.

Experimental Procedures.

Expression Clones of Yeast PDIs, Putative PDI Interaction Partners, and Proteasome/ERAD

Substrates.

Genes encoding epitope-tagged forms of PDIs and interaction partners were amplified from
S. cerevisiae genomic DNA using Q5 PCR master mix (New England Biolabs) and the
primers indicated in Supplementary Table 1 of the Supporting Information. PCR products
were purified, digested with the appropriate restriction enzymes, and ligated into the yeast
expression plasmids p415-GPD or p416-GPD.3! Following transformation of the ligation
products into the NEB5a. £. coli cells (New England Biolabs), plasmids were isolated from
cultures using a commercial miniprep procedure (Qiagen). Correct cloning was confirmed
using restriction analysis and DNA sequencing. Constructs encoding HA-tagged CPY* and
Deg1-B-galactosidase were kindly provided by Jeffrey Brodsky (University of Pittsburgh)
and Jeffrey Laney (University of Massachusetts).13: 32

S. cerevisiae Cell Culture and Treatment.

BY4741 (wild-type) or pdr5A (pdr5A. kar) yeast strains were obtained from Open
Biosystems. Yeast transformed with various expression or reporter plasmids were selected
on the appropriate synthetic complete dropout medium (Sunrise Biosciences) at 30°C. The
Hsp104-GFP strain was obtained from the GFP fusion library (Invitrogen) and cultured

in YPD at 30°C. A strain containing a genomically integrated Ire1-3X-FLAG was kindly
provided by Peter Walter (UCSF);33 this strain was maintained in YPD at room temperature.
All small molecules were dissolved in DMSO, and cells were treated with small molecules
in mid-log phase. Total DMSO concentrations were < 0.2% (v/v).

Preparation of Cellular Protein Lysates and Immunoblotting.

Cells treated with DVSF or other small molecules were lysed in TEGN buffer (20 mM
Tris (pH 8.0), 0.5 MM EDTA, 10% glycerol, 50 mM NacCl, and protease inhibitor cocktail
(G Biosciences)) using glass beads as previously described.34 Protein concentrations

in lysates were quantified using Bradford reagent (Biorad) to ensure equal loading of
samples. Proteins (5-20 pg) were incubated with reducing SDS-PAGE loading dyes

for 5 min at 95°C prior to resolution by SDS-PAGE. Proteins were electrophoretically
transferred to PVDF membranes at 4°C. Subsequently, membranes were blocked with
TBS-T buffer (100 mM Tris (pH 7.5), 150 mM NaCl, and 0.1% (v/v) Tween 20)
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containing 5% non-fat dry milk and probed with primary antibodies against the FLAG

tag (Sigma, M2 mouse monoclonal), the HA tag (Roche, rat monoclonal), Pgk1 (Invitrogen,
mouse monoclonal), or p-galactosidase (Developmental Studies Hybridoma Bank, mouse
monoclonal) overnight at 4°C. Membranes were washed with TBS-T three times for 10
min, incubated with appropriate secondary antibodies linked to horseradish peroxidase (Cell
Signaling) for 45 min at room temperature, and washed four times with TBS-T for 15 min.
Chemiluminescence signal was detected on a Chemidoc Touch Imaging System (Biorad).

Immunoprecipitations of PDIs with Interactions Partners.

For protein identification and co-association experiments, protein lysates (0.1-2 mg) from
cells expressing FLAG-tagged Pdil or Eugl that had been treated with DMSO or DVSF
were incubated on a rotary mixer with EZView anti-FLAG beads (Sigma, M2) for 4 h at
4°C. Beads were pelleted for 1 min at 10000 x g and, after supernatant removal, were
washed six times with 500 uL. TEGN containing 0.1% SDS and 0.5% sodium deoxycholate.
After the last wash, beads were incubated in 20-30 pL of elution buffer (50 mM Tris

(pH 7.5), 150 mM NacCl, 0.5 mg/mL 3X FLAG peptide (Sigma)) at room temperature

for 30 min. After centrifuging the samples to pellet beads, the supernatant was recovered
and incubated with reducing SDS-PAGE loading dyes for 5 min at 95°C. Proteins were
subsequently resolved on SDS-PAGE and stained with Coomassie blue (to extract bands for
protein identification) or transferred to PVDF for immunoblotting with antibodies against
HA and FLAG tags (as described above).

Proteomic Analysis of Pdil and Eugl Interaction Partners.

Identification of proteins associated with Pdil and Eug1l following immunoprecipitation
was carried out on two biological replicates by MS Bioworks (Ann Arbor, MI). Briefly,
proteins in four excised gel bands (ranging from approximately 125-300 kDa) were
subjected to in-gel alkylation with iodoacetamide and digestion with trypsin. Resulting
peptides were analyzed by nano LC-MS/MS with a Waters M-Class LC system interfaced
to a ThermoFisher Fusion Lumos mass spectrometer. Peptides were loaded on a trapping
column and eluted over a 75 um analytical column at 350 nL/min; both columns

contained Luna C18 resin (Phenomenex). The mass spectrometer was operated in data-
dependent mode, with the Orbitrap set at 60,000 FWHM and 15,000 FWHM for MS

and MS/MS, respectively. The instrument was run with a 3 s cycle for MS and MS/MS.
Data were searched using Mascot (Matrix Science) for tryptic fragments of proteins

from Saccharomyces cerevisiae using the UniProt database, accounting for the following
fixed and variable modifications: carbamidomethylation of cysteine (fixed), oxidation

of methionine (variable), A-terminal acetylation (variable), cyclization of A-terminal
glutamate (variable), and deamidation of asparagine and glutamine (variable). Mascot

files were analyzed in Scaffold (Proteome Software) to create non-redundant protein lists
for each sample. Data were filtered using 1% protein and peptide false discovery rates.
Cysteine-containing proteins that yielded three or more spectral counts in both biological
replicates were further studied for subcellular localization using information available on the
Saccharomyces genome database (http://www.yeastgenome.org) and associated databases to
subtract out cytosolic, nuclear, and mitochondrial proteins. These refined lists of proteins
were used to compare the overlap between Eugl- and Pdil-associated proteins and were also
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analyzed for biological process using the Gene Ontology Enrichment Analysis site (https://
biit.cs.ut.ee/gprofiler/gost).35 Proteomics data have been deposited to the MassIVE database
(https://massive.ucsd.edu/) under numbers MSV000088257 (Pdil-associated proteins, ftp://
massive.ucsd.edu/MSV000088257/ and MSV000088258 (Eugl-associated proteins, ftp://
massive.ucsd.edu/MSV000088258/).

Analysis of Hsp104-GFP Aggregation.

Yeast expressing a genomically encoded Hsp104-GFP fusion were grown to mid-log phase
at 30°C and treated with DVSF or heat shocked at 42°C for 15 min. Cells were pelleted and
washed with deionized water prior to imaging for GFP on an Olympus 1X73 microscope at
100X under oil immersion.

Analysis of Stress-Responsive Gene Expression.

Results.

B-Galactosidase reporter constructs for monitoring the Hsfl-regulated heat shock response,
the Yapl-regulated antioxidant response, and the Hacl-regulated unfolded protein response
have been reported previously.36: 37 Wild-type (BY4741) yeast cells transformed with these
constructs were grown to mid-log phase in SC-Ura medium and treated with varying doses
of DVSF for 1 h at 30°C. For some experiments, cells were pre-treated with DVSF for 30
min prior to treatment with tunicamycin (Tm) for 1 h. p-galactosidase activity was measured
by pelleting 1.5 mL of cells, washing pellets once with 500 L water, before pelleting

cells again and resuspending in 750 uL buffer Z (100 mM NazPO4 (pH 7), 10 mM KCl,

1 mM MgSQy, and 50 mM B-mercaptoethanol). Subsequently, 75 pL of chloroform and
37.5 uL 0.1% (w/v) SDS were added, and samples were briefly vortexed to lyse. Lysates
were incubated at 30°C for 5 min prior to incubation with 150 UL 4 mg/mL o-nitrophenyl-p-
galactoside (dissolved in buffer Z) for 30-120 min at 30°C. Reactions were terminated by
adding 375 pL 1 M Na,CO3 and centrifuged for 3 min at 21000 x g to clear debris. The
absorbance of the supernatant was measured at 420 and 550 nm, along with the ODgqq of the
original culture at the time of assay. Miller units were calculated using the expression below,
where T is the time of the reaction and V is the volume of cell culture used in the assay.

Miller Units = 1000 X [A420 — (1.75 X A550)]/[T X V x ODgo]

Miller units were normalized as fold change in relation to the control sample (which was set
at 1). The effect of DVSF and Tm on HACI splicing was monitored by reverse transcription
polymerase chain reaction (RT-PCR) as previously described.38

Previously, we and others have reported that thioredoxin superfamily members, including
thioredoxins and PDlIs, are targets of the bifunctional electrophile DVSF.22: 23, 39. 40 Sjnce
the redox partners and client proteins of particular PDIs remain largely undefined, we
employed a cross-linking approach to identify potential redox partners and client proteins
of the PDIs in S. cerevisiae. To this end, we over-expressed FLAG-tagged forms of

each PDI encoded by yeast using a constitutive GPD promoter and tested whether each
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was a target of DVSF (Fig. 1A). Four of the PDIs in yeast (Pdil, Mpdl, Mpd2, and

Eugl) underwent dose-dependent cross-linking (as indicated by shifts in molecular weight)
following cell treatment with DVSF, with cross-linking of Pdil and Eugl to other proteins
being particularly pronounced (Fig. 1B). We were unable to observe strong over-expression
of FLAG-tagged Eps1, the remaining PDI encoded in yeast (data not shown), perhaps due
to it being a membrane protein;20 thus, it was not included in further analysis. General
cross-linking of proteins to PDIs was comparable under homeostatic growth conditions

or when cells were pre-treated with two ER stressors, including the disulfide reductant
B-mercaptoethanol and the protein glycosylation inhibitor tunicamycin (Tm, Supp. Fig. S1),
similar to effects observed where disulfide bond levels do not change significantly upon ER
stress in mammalian cells.*! Each of these proteins also underwent protein cross-linking

in cells treated with toxic concentrations of the thiol-reactive bifunctional electrophiles
nitrogen mustard (mechlorethamine, HN2) and 1,2,3,4-diepoxybutane (DEB) but not with
bifunctional electrophile diethylacetylene dicarboxylate (DAD, Supp. Fig. S2).

Given the extensive cross-linking observed when cells expressing FLAG-tagged Pdil and
Eugl were treated with DVSF and other cross-linkers, we sought to identify the proteins that
were associated with these PDIs using DVSF as the cross-linker. FLAG-tagged Eugl and
Pdil were immunoprecipitated from lysates of DVSF-treated cells, and associated proteins
were identified from bands excised from the gels (Fig. 2A). After eliminating proteins that
gave fewer than three spectral counts in two biological replicates and those that did not
contain cysteine, we further refined our data sets by removing proteins that are localized

to the cytosol and other subcellular regions that are not part of the secretory pathway,
focusing on proteins that reside within the ER, Golgi, and/or vacuole or at the cell periphery
(Fig. 2B). Following this subtraction step, 79 proteins were identified as putative interaction
partners of Pdil, and 55 proteins were isolated in complexes with Eugl (Fig. 2C, Table

1). While we originally anticipated to find different client proteins and interaction partners
for Eugl and Pdil, we observed considerable overlap between the Pdil and Eugl datasets,
with Pdil showing a greater number of associated proteins (Fig. 2C, Table 1). The finding
that Pdil has a broader number of interaction partners is in keeping with its role as the

only essential PDI in yeast.1® To further explore the functional classification of these PDI
interaction partners, we compared gene ontology predictions for those proteins associated
with Eugl and Pdil, revealing that both PDlIs interact with proteins involved in similar
processes (Fig. 2D). Of note, only two of the interaction partners that were unique to Pdil—
Gpil6 and Pmal-are essential. Moreover, there was no apparent enrichment for particular
protein folds or post-translational modifications in the Pdil dataset (data not shown).

To confirm our proteomics findings, we conducted co-immunoprecipitation experiments

by co-expressing HA-tagged Pdil in cells with FLAG-tagged interaction partners and
subjecting these cells to DVSF treatment. As noted in Fig. 3 and Table 1, Pdil formed
cross-linked complexes with a known substrate/client protein (Prc1) and another putative
client protein (Exgl).42 Moreover, Pdil formed a broad range of cross-linked complexes
with itself, other PDIs (i.e., Eugl, Mpd1, and Mpd2), the ER disulfide oxidase and known
redox partner Erol, and other proteins involved in ER protein quality control (i.e., Cpr5 and
Y0s9).42 These findings, combined with the protein identification results, indicate that Pdil
interacts with other proteins involved in ER proteostasis and perhaps participates in redox
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partnerships with other chaperones. Since the results revealed that multiple, ER-resident
proteostasis factors are subject to covalent modification by thiol-reactive electrophiles,
we examined whether DVSF alters ER quality control mechanisms and stress response
pathways.

Of these quality control processes, ERAD plays a key role in targeting improperly folded
proteins in the ER lumen to the cytosol for degradation by the proteasome. Of note, several
cross-linked interaction partners of Pdil and Eugl proteins, including Yos9 and Mnl1/Htm1,
participate in ERAD.*3 We reasoned that it is likely these proteins are inactive upon DVSF
treatment, thereby inhibiting ERAD. To this end, we monitored the turnover of a common
ERAD substrate, a mutant form of Prc1 (or carboxypeptidase Y) called CPY*, upon
treatment of cells with DV'SF and the protein synthesis inhibitor cycloheximide (CHX).44
Dose-dependent cross-linking of CPY* was observed, as would be anticipated since we
identified Prcl as a target of DVSF in our proteomics work. Moreover, at higher DVSF
doses, an accumulation of both the CPY* monomer and CPY* cross-linked complexes
occurred (Fig. 4A). Quantification of CPY™* levels at the highest DVSF concentration were
nearly identical with or without treatment with CHX, indicating that DVSF impairs turnover
of CPY* by ERAD. This effect was likely not due to inhibition of the proteasome by DVSF,
since DVSF decreased levels of degron-linked p-galactosidase, suggesting that it upregulates
proteasome activity (Fig. 4B). In contrast, treatment of cells with the proteasome inhibitor
MG132 led to an increase in the levels of the degron-g-galactosidase (Fig. 4B). Collectively,
our results suggest that one (or more) steps in the ERAD pathway is (or are) perturbed by
DVSF, presumably within the ER lumen.

Our proteomics results indicated multiple ER-resident molecular chaperones are targeted by
DVSF, suggesting that proteostasis in this organelle may be affected. As a general readout
of proteostasis that reports on cytosolic and ER protein misfolding and aggregation,4°: 46
we monitored accumulation of a GFP-tagged form of the disaggregase Hsp104 in puncta
following treatment with DVSF or exposure to heat shock. Puncta were observed at 1

UM DVSF and became more numerous in cells at higher DVSF concentrations (Fig.

5A). Moreover, the puncta were much more intense when compared with those caused

by heat shock (Fig. 5A). To determine how DVSF influences stress-responsive gene
expression, we used p-galactosidase reporters that are regulated by the antioxidant response
transcription factor Yapl (ARE::lacZ), the heat shock transcription factor Hsf1 (HSE::lacZ),
and the unfolded protein response (UPR)/ER stress response transcription factor Hacl
(UPRE::lacZ). DVSF treatment led to a dose-dependent increase in Yapl- and Hsfl-
regulated reporter activity at levels comparable to positive controls (Fig. 5B, Supp. Fig.

S3), but did not induce the Hacl-regulated UPR reporter, despite extensive damage to
ER-resident proteostasis factors as determined through our earlier proteomics work. To
further investigate this apparent lack of UPR induction, we tested whether DVSF inhibits the
UPR. Pretreatment of cells with DVSF led to a dose-dependent decrease in Hacl reporter
activity triggered by tunicamycin (Tm, Fig. 5C), as well as a decrease in Tm-induced
HACI splicing (Fig. 5D). Short-term coadministration of DVSF and Tm did not result in
cell death, suggesting that the lack of ER-stress response induction is not due to toxicity
resulting from short-term administration of the two molecules (Supp. Fig. S4). Instead, it

is likely that DVSF blocks the signaling pathway that activates the ER-stress response, as
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the HACI-splicing factor Irel undergoes dose-dependent cross-linking in cells treated with
DVSF, indicating it is a DVSF target at the concentrations used (Fig. 5E).

Discussion.

Here, we report that baker’s yeast PDIs are targets of thiol-reactive bifunctional electrophiles
and use one of these molecules, DVSF, to identify putative redox partners of PDIs. Many
cross-linked binding partners identified for Pdil and Eugl play defined roles in the lysosome
or at the cell periphery, while others function in protein quality control within the ER,
prompting us to investigate effects on ER proteostasis. DVSF treatment blocked turnover

of the ERAD substrate CPY* and conversely enhanced clearance of a cytosolic proteasome
substrate. Moreover, we found that, despite targeting numerous chaperones in the ER, DVSF
inhibited ER stress signaling, potentially by covalently modifying and inactivating Irel.
Collectively, we demonstrate that bifunctional electrophiles target many proteins within the
ER proteostasis network, suggesting that the combined effects of their modification and
presumed inactivation have far-reaching impacts on secretory pathway quality control.

The need to identify and characterize specific interaction partners and clients of PDIs has
long been acknowledged, prompting the development of different experimental strategies
ranging from yeast two hybrid screening to pulldown approaches.10: 11,40, 47-51 \whjle

many studies have focused on mechanistic investigation of one specific interaction partner
of PDls, those relying on biochemical approaches have provided more substantive lists

of PDI interaction partners.10: 11, 40. 48 \When viewing the results of such global profiling
studies in combination with our results, we gain a more comprehensive picture of the

key interaction partners of PDIs. Our approach, while differing from others in the way

we capture interactions between PDIs and their partners with a thiol-reactive cross-linker,
yielded a broader data set that aligns with subsets of hits from earlier studies. In addition

to PDIs interacting with putative client proteins that traffic to downstream locations in the
secretory pathway, we found that PDIs also interact with themselves, other chaperones (e.g.,
the ER-resident Hsp70/BiP, several DnaJ proteins, and peptidyl-prolyl isomerases), and their
upstream redox partner Erol, a protein that is known to transfer disulfide bonds directly to
PDIs.#2:52 The majority of these interactions are short-lived, given that a cross-linking agent
is critical for observing the interaction.

The observation that both Eugl and Pdil become cross-linked to other PDIs from yeast
closely matches a recent study by Cobb et al., where one PDI became cross-linked to
two others in Plasmodium falciparum treated with DVSF.40 Such formation of mixed
PDI complexes suggests these enzymes are doing one of two tasks during electrophilic
stress. First, PDIs may form mixed dimers with one another when folding proteins,
potentially participating in intersubunit redox exchange between individual PDI protomers.
Short-lived dimerization of individual PDI family members has been observed,>3 as has
enhanced activity when certain PDIs are added in combination.>* Both Pdil and Eug1l
formed cross-linked complexes with other PDIs, suggesting that these proteins form
heterogeneous complexes with one another and perhaps carry out intersubunit electron
transfers. As an alternate explanation, individual PDIs may constantly be surveilling the
redox status of cysteines in many proteins within the ER lumen, even that of other PDI
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family members. PDIs are thought to monitor both native and non-native disulfides in
protein substrates, lending some support for this model.>® With this explanation, PDIs could
become cross-linked with one another merely by recognizing the abnormal state caused by
DVSF-mediated alkylation of another protein, ultimately leading to cross-linked complex
formation. The same explanations may account for why a broad subset of molecular
chaperones and proteostasis factors associate with Pdil and Eugl upon the addition of
DVSF.11.40. 48 Trying to ascertain which of these two models — redox collaboration versus
damage recognition — accounts for cross-linked complex formation in cells represents a
technical challenge that may be difficult to address. Regardless, the extensive damage to
the ER proteostasis network caused by DVSF and related electrophiles implies that they
may have considerable impacts on quality control within the organelle and those locations
downstream in the secretory pathway.

Much like client protein pools for specific PDIs, the impact of electrophiles and other
thiol-reactive molecules on ER quality control mechanisms and stress signaling remains
poorly understood. It is well-established that molecular chaperones, especially the ER-
resident Hsp70 Kar2/BiP and PDIs, play key roles in ER stress response regulation

and attenuation.>® 57 Moreover, the work presented herein reveals many ER-resident
chaperones are subject to electrophilic modification. Organic electrophiles and other
thiol-reactive molecules often target key thiols within these proteins to inhibit their
activity.25-30 Because PDIs and their cross-linked partners regulate various aspects of
secretory pathway protein quality control, we expected that DVSF would activate, rather
than inhibit, the Hac1l-mediated ER stress response. In some instances, the Irel arm of the
ER stress pathway may be activated by electrophiles, like the lipid peroxidation product 4-
hydroxynonenal:38: 59 however, our results suggest that response activation by electrophiles
is potentially tempered by Irel modification and inactivation. Along these lines, Irel can be
modified and inactivated by S-nitrosating agents and other Michael acceptors.%: 61 Given
its low abundance relative to PDIs and other ER chaperones, targeting Irel by electrophilic
modification represents a potential way for pharmacologically perturbing the UPR.

As with ER stress response signaling, our findings suggest that DVSF inactivates parts of
the ERAD pathway, while simultaneously activating degradation of degron-linked reporter
enzyme in the cytosol. For many misfolded proteins in the ER, ERAD depends on the
function of two proteins that we found associated in high molecular complexes with Pdil —
the mannosidase Mnl1 (also known as Htm1) and the lectin Yos9 — both of which contribute
to targeting ERAD substrates for retrotranslocation followed by polyubiquitylation and
proteasomal degradation in the cytosol. Pdil forms a complex with Mnl1, where it allows
for glycan trimming in advance of ERAD.12.14-16 By contrast, Yos9 recognizes the
trimmed oligosaccharide generated by Mnl1 and interacts with the Hrd1 complex, leading
to retrotranslocation and ubiquitylation of certain ERAD substrates.52-64 Coincidentally, the
Yos9 structure contains four disulfide bonds, indicating that it may interact with PDIs as a
client protein.84 The interaction of Pdil with two critical ERAD factors in DVSF-treated
cells potentially contributes to their impaired folding and/or covalent inactivation, thereby
offering an explanation for why degradation of the ERAD substrate CPY™* is impaired

at high DVSF concentrations. Moreover, the observed ERAD defects may be exacerbated
by UPR inhibition, since these two processes are interrelated in some cases.?! At the
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same DVSF concentrations that impair ERAD, general proteasome activity appears to be
upregulated, although we cannot rule out that DVSF decreases expression of the degron-
linked B-galactosidase reporter at the transcriptional level with the experiments performed.
A mechanism for this likely upregulation of proteasome activity (for instance, via Rpn4
activation) by DVSF remains unresolved.5°

Our results suggest cell-permeable protein cross-linkers impact proteostasis in multiple
cellular compartments. In the ER, we found that many proteins that comprise the protein
folding and quality control machinery were susceptible to electrophilic modification by
DVSF. Given that PDIs are covalently modified by targeted electrophiles of potential
therapeutic benefit,26-30 we suggest that other secretory pathway proteostasis factors may
also be druggable in this manner. Since PDIs and other ER-resident proteins involved in
protein quality control have far-reaching roles in homeostasis and disease, developing a suite
of thiol-targeted probes specific for individual ER proteostasis network members may be
useful in further understanding the biological roles of these proteins and may aid in drug
development efforts for diseases with imbalanced secretory pathway function.
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Figure 1. PDIs Form Cross-Linked Complexeswith Other Proteinsin Cells Treated With DV SF.
(A) Scheme of DVSF-mediated cross-linking of thiols between PDIs and interaction

partners. (B) Wild-type yeast cells (BY4741) expressing FLAG-tagged PDIs were treated
with indicated doses of DVSF for 1 h at 30°C. Protein lysates were resolved on SDS-
PAGE and detected by immunoblot with an antibody against the FLAG tag to monitor
accumulation of high molecular weight (i.e., cross-linked) complexes. Pgk1 levels were
monitored as a loading control. Results are representative of three independent experiments.
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Figure 2. Pdil and Eugl Are Cross-Linked to Many of the Same I nteraction Partners.
(A) Isolation of cross-linked complexes for identification of Eugl- and Pdil-associated

proteins. FLAG-tagged Pdil or Eugl was immunoprecipitated from 2 mg of lysates

from cells treated with vehicle or 1 mM DVSF for 1 h. Proteins were resolved by
SDS-PAGE and visualized with Coomassie blue. Bands from cross-linked complexes were
excised for protein identification. Proteins identified and further characterized were the
same in two independent biological replicates. (B) Subcellular localization of hits from
protein identification. Proteins that were cytosolic, nuclear, or mitochondrial according to
information in the Saccharomyces Genome Database (https://www.yeastgenome.org) were
excluded from further analysis. (C) Overlap among Eugl- and Pdil-associated proteins.
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For a list of protein names, refer to Table 1. (D) Molecular processes that Eugl- and
Pdil-associated proteins participate in. For a list of protein names, refer to Table 1.
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Figure 3. Co-lmmunoprecipitation of Pdil with Putative Client Proteins and ER-Resident
Chaperonesin DV SF-Treated Cells.

Verification of proteomics results was conducted with a selected number of Pdil-
associated proteins. Wild-type cells (BY4741) expressing HA-tagged Pdil and FLAG-
tagged binding partners were treated with 1 mM DVSF for 1 h at 30°C. Complexes were
immunoprecipitated from lysates using anti-FLAG beads, and immunoblots against the HA
and FLAG tags were used to detect cross-linked complexes between Pdil and its interaction
partners. Results are representative of at least two independent experiments.

Chem Res Toxicol. Author manuscript; available in PMC 2023 February 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Freije et al. Page 19

A DMSO 10 uM DVSF 100 uM DVSF 1000 uM DVSF

0 30 60 0 30 60 0 30 60 0 30 60 minwith CHX
250

cross-linked
150 complexes

Bl Ll b

100

7S A e e o CPYHA

— S e e g G S & P

-
N
n

-e- DMSO

-=- 10 uM DVSF

- 100 uM DVSF
1000 uM DVSF

-
a ~N o
S o o
1 1 &

CPY* Monomer Levels (%)
N
o
1

)

time (min with CHX)

] - pmso

-=- 10 M DVSF

-4~ 100 M DVSF
* 1000 uM DVSF

Total CPY* Levels (%)

time (min with CHX)

B g 1 10 100 1000 - HM DVSF
+ 10 M MG132

— — — e~ G p-galactosidase

N\ W i

p-galactosidase levels
(% of control)

- & B
]
1__H
W

H

I

Figure 4. DV SF Decreases Degradation of the ERAD Substrate CPY* but Enhances Degradation
of a Degron-Linked B-Galactosidase.

(A) Yeast cells (BY4741) expressing HA-tagged CPY* were treated for 1 h with the
indicated concentrations of DVSF prior to a chase with 200 pg/mL cycloheximide (CHX)
for the indicated times. Protein lysates were resolved by SDS-PAGE, and CPY™* was
detected by immunoblotting with an antibody against the HA epitope. Pgk1 levels were
monitored as a loading control. (B) Yeast cells lacking the efflux pump Pdr5 (pdr54, to
enable accumulation of the proteasome inhibitor MG132) and expressing a degron-linked
B-galactosidase were treated with the indicated concentrations of DVSF or MG132 for 1 h.
Protein lysates were resolved by SDS-PAGE, and B-galactosidase levels were detected by
immunoblotting. Pgk1 levels were monitored as a loading control. Results are representative
of four independent experiments. Band intensities for monomeric CPY*, total CPY* (which
includes its cross-linked complexes), or B-galactosidase were quantified using Fiji (https://

Chem Res Toxicol. Author manuscript; available in PMC 2023 February 21.


https://imagej.net/software/fiji/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Freije et al.

Page 20

imagej.net/software/fiji/). Graphs show the average of the four trials + standard error of the
mean.
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Figu;le 5. DVSF Activates Cytosolic Protein Damage Stress Responses but Inhibits ER Stress
Signaling.

(A?) Yeagt cells expressing GFP-tagged Hsp104 were treated with indicated concentrations of
DVSF or heat shock (at 42°C) for 15 min. Results are representative of three independent
experiments. (B) Yeast transformed with constructs regulated by Yapl (ARE::lacZ), Hsfl
(HSE::lacZ), or Hacl (UPRE::lacZ) were treated with indicated concentrations of DVSF
for 1 h at 30°C. B-Galactosidase activity was measured as described in the Materials

and Methods. Results are the average + standard error of the mean for six independent
measurements. (C) Cells transformed with the UPRE::lacZ reporter were pretreated with
the indicated DVSF concentrations for 30 min prior to treatment with 1 pg/mL Tm for 1

h. p-Galactosidase measurements show the average + standard error of the mean for six
independent measurements. (D) RNA was extracted from yeast treated with DVSF for 30
min prior to exposure to Tm for 30 min. RT-PCR was conducted to monitor HACZ splicing.
ACTI1 levels were monitored as a loading control. (E) Cells expressing FLAG-tagged Irel
were treated with increasing concentrations of DVSF for 1 h at 30°C. FLAG-tagged Irel
was detected in protein lysates by immunoblotting. Pgk1 levels were monitored as a loading
control. Results are representative of three independent experiments.
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