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Abstract

The endoplasmic reticulum (ER), responsible for processing approximately one-third of the
human proteome including most secreted and membrane proteins, plays a pivotal role in protein
homeostasis (proteostasis). Dysregulation of ER proteostasis has been implicated in a number of
disease states. As such, continued efforts are directed at elucidating mechanisms of ER protein
quality control which are mediated by transient and dynamic protein-protein interactions with
molecular chaperones, co-chaperones, protein folding and trafficking factors that take place in and
around the ER. Technological advances in mass spectrometry have played a pivotal role in
characterizing and understanding these protein-protein interactions that dictate protein quality
control mechanisms. Here, we highlight the recent progress from mass spectrometry-based
investigation of ER protein quality control in revealing the topological arrangement of the
proteostasis network, stress response mechanisms that adjust the ER proteostasis capacity, and
disease specific changes in proteostasis network engagement. We close by providing a brief
outlook on underexplored areas of ER proteostasis where mass spectrometry is a tool uniquely
primed to further expand our understanding of the regulation and coordination of protein quality
control processes in diverse diseases.

Introduction

Secretory proteins routed to the endoplasmic reticulum (ER), lysosome, plasma membrane,
or extracellular milieu are first folded and processed within the ER [1]. Such proteins
account for approximately one third of the proteome. These proteins include prohormones,
receptors, and protein transporters amongst others, and are involved in diverse biological
processes including signal transduction, protein degradation, cell growth, and metabolism
[1]. In the ER, these “clients” encounter sets of chaperones, co-chaperones, folding
enzymes, trafficking, and degradation factors that comprise the ER protein homeostasis
(proteostasis) network (ER-PN). The ER-PN ensures the trafficking and localization of
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properly folded clients, while degrading improperly folded, potentially detrimental clients.
This process is cumulatively referred to as protein quality control (PQC). PQC requires
coordinated and dynamic interactions of client proteins with ER-PN components [1,2].
Polypeptide chains emerging from the ribosome require co-translational engagement with
the Sec61 translocon complex to facilitate ER translocation [3,4]. Once the polypeptide
chain emerges into the ER, dedicated chaperones such as Hsp70/40s engage with the nascent
polypeptide chain until the full protein is translated [5-7]. Post-translational modifications
(PTMs), such as glycosylation, later in the folding process can trigger interactions of
dedicated chaperones that aid in client-specific processing [8-10]. Proteins found to reach
their properly folded conformation are routed by trafficking factors, such as vesicle coat and
packaging machinery, to the proper cellular loci [11]. Conversely, destabilized and therefore
potentially detrimental proteins are routed toward degradation pathways requiring dedicated
ER-associated degradation (ERAD) or autophagy (ER-phagy) components [12-14] [Fig. 1].

Insults to the processing of these ER clients or to the ER itself either through genetic, age-
related, or environmental perturbations result in imbalances in ER PQC capacity that are
linked to a number of disease states including diabetes, neurodegeneration, amyloidosis, and
even cancer [15]. Imbalances in ER PQC capacity can lead to the accumulation of non-
native protein species that increase protein folding load and result in ER stress. The protein
folding load and status of the ER is constantly monitored by the evolutionarily conserved
unfolded protein response (UPR). In metazoans, the UPR consists of three signaling
branches regulated by the ER transmembrane proteins inositol-required enzyme 1 (IRE1),
activating transcription factor 6 (ATF6), and protein kinase R-like ER kinase (PERK) [16].
Yeast, which is also discussed throughout the review, lack the ATF6 pathway and only
contain the most evolutionarily conserved IRE1 and PERK branches. When ER stress is
encountered, the UPR is activated to adjust protein folding capacity and restore proteostasis
[Fig. 2]. ER stress leads to PERK activation through dimerization and autophosphorylation,
followed by elF2a phosphorylation by PERK. Phospho-elF2a leads to transient attenuation
of protein translation, along with activation of transcription factor ATF4, which upregulates
UPR gene targets. IRE1 similarly undergoes dimerization/oligomerization and
autophosphorylation, promoting the non-canonical RNA splicing activity of the XBP1
MRNA transcript leading to translation of the active XBP1s transcription factor. XBP1s then
goes on to upregulate UPR gene targets. ATF6 activation by ER stress leads to ATF6
trafficking to the Golgi apparatus, where ATF6 is proteolytically processed to release an
active ATF6 transcription factor that can translocate to the nucleus and upregulate UPR gene
targets. These gene targets include ER chaperones, redox enzymes, degradation components
and proteins involved in lipid synthesis pathways [17-19]. Additionally, transient translation
inhibition by the PERK branch of the UPR decreases protein folding load. Mechanisms of
the UPR and its gene targets have been reviewed in depth previously [16,17].

Mass spectrometry (MS) has become a key technology to characterize changes in protein
expression as a result of ER stress and UPR regulations. At the same time, MS has enabled
the identification of protein-protein interactions that facilitate ER PQC, as well as PTMs that
play a role in ER PQC [20,21]. In this review, we discuss and highlight a number of
investigations and techniques involving MS-based proteomics that have been pivotal in
investigating mechanisms of ER stress and PQC.
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PQC mechanisms are driven by protein-protein interactions with a diverse set of proteostasis
factors motivating efforts to identify the critical components. On the one hand, MS has aided
in the global profiling of proteostasis components, as well as changes during disease states
and drug treatments. On the other hand, affinity purification — mass spectrometry (AP-MS)
has been the most widely used technique to characterize protein-protein interactions
enabling interactomics studies [21]. Additionally, liquid chromatography — tandem mass
spectrometry (LC-MS/MS) instrumentation and methods have continued to advance as a
robust system for investigations across a myriad of sample types, yielding great depth,
precision, and throughput in protein identification and quantification [22—24]. In AP-MS, a
protein of interest (bait) and interacting proteins (prey) are copurified via affinity bead
matrix. After subsequent wash steps to rid the sample of non-specific background, the
purified protein and interaction partners are eluted from the bead matrix, digested using one
or multiple proteases, and subsequently analyzed via LC-MS/MS [Fig. 3A]. A control AP-
MS sample, often using an untagged bait or sample lacking the bait all together, is
traditionally used to delineate true interacting proteins from non-specific background bound
to the bead matrix during affinity purification. Other methods to investigate interactions take
advantage of proximity labeling using a modified biotin ligase (BiolD) or ascorbic acid
peroxidase (APEX) fused to the bait protein of interest [Fig. 3B] [25,26]. Exogenously
supplied biotin substrates are then activated by the enzymes and covalently modify proteins
in close proximity to the bait, where the proximity radius is controlled by the lifetime of the
activated substrate. This method is useful as biotin enrichment with streptavidin matrix has
great specificity and efficiency. AP-MS experiments may utilize protein crosslinkers to
covalently link interacting proteins [Fig. 3C]. This is particularly useful in the case of
studying protein-protein interactions within the ER-PN, as these interactions are often
transient (having fast on-off rates) in nature. Furthermore, the identification of crosslinked
peptides can provide structural insight into how these interactions take place [27]. Some
crosslinkers, such as DSP, allow interacting proteins to be disassociated under reducing or
other chemically controlled conditions prior to protease digestion and LC-MS/MS analysis.
DSSO contains an alkyl-sulfoxide linker that is cleavable using collision induced
disassociation (CID). This cleavage after CID leaves diagnostic ions in the MS/MS spectra
that allow for identification of crosslinked peptides. Cleavage of DSSO via CID allows for
MS3-based methods to then sequence the given peptides [28]. Lastly, quantitative methods
such as stable isotope labeling with amino acids in cell culture (SILAC) or isobaric labeling
such as tandem mass tags (TMT) have aided in quantifying changes in interaction that take
place during ER PQC and disease states [Fig. 3D-E] [29-32]. SILAC labeling with “light”
or “heavy” amino acids, commonly lysine and arginine, induces a mass shift in peptide m/z
that allows the abundance of peptides to be quantified from both samples. TMT compounds
consist of an amine reactive group to covalently bind peptides, a mass normalizing linker
region to ensure all TMT labels have the same mass prior to analysis, and finally a reporter
group that is liberated after CID that provides an indirect quantitative readout of peptide
abundance. TMT and TMTpro labeling have allowed up to 11plex and 16plex multiplexing
experiments respectively.

Of course, these technological advancements do not come without some drawbacks. On the
whole, low abundance or proteins lacking peptides that ionize well can still be difficult to

Exp Cell Res. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wright and Plate

Page 4

identify via LC-MS/MS. AP-MS often requires protein engineering to incorporate epitope
tags for affinity purification, or if no such tag is created, an affinity matrix must be
manufactured using antibodies that recognize the endogenous protein. Some proteins may
not be amenable to epitope tag incorporation, and conversely generating antibody
functionalized affinity matrix can be laborious and costly. Proximity labeling methods often
suffer from high non-specific background labeling, especially for very abundant proteins, as
is the case for many proteostasis components. Careful controls have to be implemented to
distinguish true interactions from non-specific background. While isobaric tagging can
increase sample throughput compared to SILAC, co-isolated peptides during fragmentation
can produce distortions in protein ratio quantification across samples if using LC-MS/MS,
but this can be improved with newer instrumentation and eliminated with MS3
quantification [33,34].

Most of the investigations discussed here utilize AP-MS and have largely been separated
into two categories: (1) proteostasis network-centric investigations focused on the
topological arrangement and functions of ER-PN components with one another, and (2)
client-centric investigations focused on the coordination and engagement of ER-PN
components with specific client proteins routed through the ER.

Proteostasis Network-Centric Investigations

In this review, we chose to highlight three subsets of proteostasis-centric investigations:
chaperone-assisted protein folding, protein degradation, and UPR activation. These
categories are not all-encompassing and could easily be broken down into further
subcategories.

ER chaperoning complexes

Chaperone/co-chaperone systems and other protein folding complexes are essential to
maintaining ER proteostasis. The Hsp70/40 chaperone system and the calreticulin/calnexin
cycle are perhaps the most notable examples [6,10]. In the ER, the lone Hsp70 BiP/GRP78
facilitates protein folding and relies on interactions with many Hsp40/J-Domain containing
proteins that can directly bind clients to recruit BiP for protein folding, recruit other factors
to aid in ERAD, and additionally regulate the ATPase activity of BiP [5,35,36]. In the case
of glycoproteins, the ER lectins calreticulin and calnexin coordinate with the protein
disulfide isomerase PDIA3/ERp57 and glucosyltransferase UGGT1, along with other glycan
modifying enzymes to facilitate glycoprotein folding [10]. AP-MS has aided in the
identification of such interactions and complexes.

An early study by Meunier et al. found ER-PN subcomplexes that were hypothesized to be
responsible for the processing of ER clients [37]. AP-MS led to the identification of a
number of ER components including UGGT1, ERd]j3, PPIB, SDF2L1, GRP94, CALR,
PDIA, PDIA3, PDIAG, besides BiP, which had been previously identified. Further
characterization of preformed ER-PN complexes detailed novel chaperone engagement and
rearrangement, for instance showing that BiP, GRP94, ERd]j3, and GRP170/HYOU1 could
exist as large complexes even in the absence of a client. Additionally, the authors identified a
BiP-associated complex including GRP94, GRP170, PDIAG, PPIB, and SDF2L1.
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Ultimately, this study provided new insight detailing that the formation of ER complexes can
concentrate chaperones and folding components onto newly synthesized clients during
folding. This was the first investigation to provide evidence for the existence of ER
subnetworks from which client proteins are shuttled from one complex to another to
facilitate folding.

In subsequent years, a number of studies on global protein-protein interactions in yeast
provided further discoveries into ER-PN organization [38,39]. In 2009, Gong et al.
published a study of the global landscape of the yeast chaperone network — including all 63
known chaperones [40]. This dataset included a mixture of AP-MS and the Saccharomyces
Genome Database (SGD) data. As the authors characterized ER chaperones (human
homologs denoted in parentheses throughout the rest of the paper) including, ERj5 (ERdj5/
DNAJC10), HIj1 (DNAJB4), Jem1, Sec63, Scj1 (DNAJC11), Kar2 (BiP), and Lhsl
(HYOUL), revealing key ER-PN components and chaperone organization. All identified ER
components were found to interact with various cytoplasmic, nuclear, and mitochondrial
components. This organelle crosstalk included interactions across organelle-specific
Hsp70/40 systems, along with specific ER Hsp40 to cytosolic Hsp104s and prefoldin
proteins. Additionally, the “promiscuity” of given proteostasis components as measured by
the number of clients they could bind, revealed ER chaperones to be the least promiscuous
(most specific), as compared to PN components found in other organelles. Furthermore, the
authors detailed how Scj1/DNAJC11 may play a key role in ER to cytoplasmic and nuclear
chaperone communication. On the whole, this work described unseen connectivity between
ER chaperone networks and other organelles.

Subsequently, the ER chaperome of mammalian cells was further detailed through a
combinatorial approach termed ER membrane yeast two-hybrid system and affinity
purification (ER-MAP) [41]. Rather than utilizing antibodies that recognized particular ER-
PN components, the authors used a unique method of directly functionalizing sepharose
matrix with BiP, PDIA5, PDIAL, ERp29, ERp72, FKBP13, PPIB, PDIA3, or EDEM1-3 for
subsequent AP-MS of ER complexes. They identified subnetworks of interactions within the
ER across protein folding classes including BiP with peptidyl prolyl isomerases (PPIs) and
protein disulfide isomerases (PDIs), further highlighting the role of BiP as a hub for ER
multiprotein complexes [35]. Additionally, ER degradation enhancing alpha mannosidase
like proteins (EDEMSs) were found to interact with PDIs and other oxidative folding
components. Particularly, PDI and PPI interactions were specific and formed exclusive pairs.
This was especially the case for ERp72 and PPIB. Further work revealed the concerted
ability of ERp72 and PPIB interactions to increase the rate of immunoglobulin 1gG
processing in vitro. These results were particularly revealing as disulfide formation and
prolyl isomerization are thought to be the rate-limiting steps of many ER clients [42,43].
Overall the findings uncovered a diverse ER-PN functional landscape and a humber of novel
interactions between proteostasis components. The concerted effort of these subnetworks
can increase protein folding efficiency, further corroborating results and speculations
proposed by Meunier et al. [37].

Exp Cell Res. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wright and Plate

Page 6

ER membrane complex and transmembrane proteins

With many transmembrane proteins being implicated in protein folding disease states, for
instance cystic fibrosis transmembrane conductance regulator (CFTR), potassium voltage-
gated channels, GABAA receptors, and Niemann-Pick disease C1 protein (NPC1),
elucidating specific ER-PN and mechanisms responsible for folding of such clients has been
a key research area [44]. One complex responsible for the processing of transmembrane
clients is the ER membrane protein complex (EMC). Since its identification in 2009,
multiple investigations have characterized the importance of the EMC [45-48], yet many
questions still remained as to whether the EMC played a direct or indirect role in membrane
protein biogenesis, what substrates it acted on, and what role the EMC played during client
insertion into the membrane. In 2018, a seminal study by Shutleff et al. tackled these
questions [32]. Utilizing SILAC and AP-MS for comparative interactome screening of
EMC3, an EMC subunit, the authors identified specialized yeast membrane protein
chaperones Sop4 (EMC7) and Gsf2 (EMCS6), along with other oxidative folding
components, Erol, and general chaperones Ssal, Ssh1 (both Hsp70 homologs), and Kar2. A
series of knock-out experiments of membrane chaperones 1lm1 and Sop4 revealed the EMC
could directly bind transmembrane clients to aid in folding. With interactions between
transmembrane clients, membrane protein-specific chaperones, general chaperones, and the
ribosome itself, the EMC acts as a hub for transmembrane protein folding and processing
within the ER. Furthermore, using BiolD, the authors found that the EMC can interact
cotranslationally with clients, showing a specificity for difficult to fold transmembrane
proteins such as transporters and ion channels with charged residues within the lipid bilayer.
These findings also held true in mammalian cells, ultimately establishing foundational
principles for the action of the EMC. Mass spectrometry experiments in further studies were
critical for determining that the EMC is needed for membrane insertion and PQC of diverse
transmembrane proteins, for instance connexin 32 involved in Charcot-Marie Tooth disease
and sterol homeostasis enzymes [49,50].

ER-associated degradation (ERAD) and ER-phagy

If folding and trafficking of ER clients fails, degradation of misfolded or damaged clients
plays an equally important role in maintaining ER proteostasis [12,14,51]. Additionally,
turnover of the ER itself plays a key function in ER homeostasis, acting to remove
aggregated clients and damaged ER regions, or alter the size and shape of the ER during
stress and recovery [13,14,52]. Much work has been dedicated to elucidating PQC
mechanisms associated with the two major degradation pathways associated with the ER:
ERAD and ER-phagy.

In 2006, Carvalho et al. characterized a new ERAD pathway for integral membrane proteins,
termed ERAD-M [53]. Pathways facilitating ERAD of luminal, or membrane clients with
misfolded or damaged cytosolic domains, termed ERAD-L and ERAD-C respectively, were
previously defined [54,55]. While it was clear that different ERAD substrates employed
differing routes of degradation, the organization of ERAD machinery within those pathways
and whether clients with misfolded transmembrane domains used the same or a different set
of ERAD pathways remained unclear. By characterizing the interactomes of yeast ubiquitin
ligases involved in ERAD-C and ERAD-L, Doal0 (MARCHF®6), and Hrd1 (HRD1)
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respectively, the authors defined the complexes implicated in the given ERAD pathways
[53]. The Doal0 complex proved to be relatively simple including Ubc7(UBE2G2), Cdc48
(VCP), Npl4 (NPLOC4), and Ubx2 (FAF2). Hrd1, Hrd3 (SEL1L), Derl (DERL), and a
novel complex component, Usal (HERP), formed the majority of the Hrd1 complex.
Accessory components including Yos9 (0S-9), Ubx2, and Cdc48, highlighted some
overlapping complex components between ERAD-C and ERAD-L pathways. Further
characterization revealed that the Hrd1 complex was used to facilitate ERAD-M [53].
Additional work by Christianson, Olzman, et al. meticulously detailed these ERAD
complexes in mammalian cells to gain further insight into ERAD subnetworks [56]. The
authors defined the major ERAD subnetworks, including SEL1L-HRD1, Gp78, the E3
ubiquitin ligase-26S proteasome, and provided the first identification and characterization of
the mammalian EMC. Using model ERAD-L, ERAD-C, and ERAD-M substrates, they were
able to detail how these subnetworks utilized adaptive mechanisms to facilitate degradation
on a client-specific basis. A recent comprehensive interactome study of 25 poorly
characterized ER transmembrane E3 ubiquitin ligases and associated complexes revealed
new insights into the role of RNF26 in controlling STING levels and associated innate
immune signaling pathways [57].

Since it was first characterized, ER-phagy/Reticulophagy (a contraction of the endoplasmic
reticulum and macroautophagy) has proven to play a key role in ER protein homeostasis and
ER stress [52,58,59]. As such, key regulators and mechanisms of this process have been
further studied, and three of the five ER-phagy receptors have been identified and
characterized using AP-MS. Grumati et al. performed a comparative interactome screen of
reticulon related proteins (RTN1-4) thought to play a role in ER-phagy by recruiting cargo
into autophagosome structures [60]. Preliminary work confirmed RTN3 was necessary for
ER fragmentation and delivery to the lysosome. The authors found that this class of proteins
shared the majority of interacting proteins, yet the full-length isoform of RTN3 was the only
one found to act as an autophagy receptor by interacting with GABARAP-L1, an essential
protein for autophagosome maturation. Subsequently, Smith et al. used a similar approach
and defined the novel interaction of a previously uncharacterized protein, CCPG1, with
GABARAP [61]. The authors defined the CCPGL1 interactome, leading to the identification
of a robust interaction with an additional autophagy component, FIP200. Further
characterization showed that CCPG1 expression was regulated by the UPR and drove ER-
phagy via distinct interactions with GABARAP and FIP200. In 2019, Chino et al.
discovered and characterized the most recently identified ER-phagy receptor, TEX264 [62].
Similarly, using comparative interactome screening of LC3B — another protein involved in
autophagosome formation, the authors identified TEX264 as a unique interactor displaying
high specificity yet no known role in autophagy. Follow up work characterized the TEX264-
LC3B interaction and led to the identification of TEX264 as a major ER-phagy receptor. In
two of the three cases presented here, CCPG1 and TEX264, the ER-phagy receptors were
either poorly annotated or had no assigned function, highlighting the ability of AP-MS to not
only define protein-protein interactions and mechanisms of PQC but discover new or
previously unappreciated biological function of those proteins.
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Adapting ER proteostasis through the Unfolded Protein Response

As the dysregulation of the UPR is implicated in a number of disease states and has even
emerged as a drug target to combat such diseases, characterizing the regulation and
consequences of UPR activation has become major topic of ER PQC investigations
[17,63,64]. In particular, studies have determined how UPR activation coordinates the
upregulation of ER proteostasis factors to influence PQC mechanisms, and furthermore how
the modulation of the UPR can be used to combat such protein folding diseases.

Shoulders et al. developed a cell line where chemical genetics tools enabled preferential
activation of the ATF6 and IRE1/XBP1s arms of the UPR in isolation or in combination
[Fig. 2], independent of ER stress [31]. This allowed for the characterization of changes to
the ER-PN composition using SILAC-based quantitative proteomics, revealing distinct, and
overlapping gene products of each UPR arm that are used to remodel the ER-PN.
Particularly, XBP1s activation provided a more concerted impact on many ER proteostasis
pathways. This is in line with IRE1-XBP1s signaling being the single UPR arm conserved
from yeast to humans [17,19]. On the contrary, ATF6 specifically upregulated key
proteostasis factors in distinct pathways, such as the Hsp70 and Hsp90 chaperones BiP and
GRP94, disulfide isomerase PDIA4, as well as several degradation factors. At the same time,
several other degradation pathways were cooperatively upregulated through both XBP1s and
ATF6 arms.

AP-MS studies on the UPR sensors has produced insights into the mechanisms of regulation
during ER stress adaptation. For instance, an IRE1 interactome revealed the E3 ubiquitin
ligase CHIP to be a key interactor demonstrating that CHIP-mediated K63-linked
ubiquitination plays a role in the UPR regulation [65]. This modification was discovered to
play a critical role in controlling the pro-apoptotic activation of the TRAF2/IJNK pathway,
and is significantly increased under ER stress [66]. As IRE1 undergoes increased
phosphorylation during UPR induction, ubiquitination of IRE1 is similarly elevated.
Increased signaling of the IRE1/TRAF2/IJNK pathway antagonized cellular senescence.
These findings revealed another connection between ER stress and UPR activation to aging
[67]. Sepulveda et al. conducted a complementary interactome screening of IRE1 under
basal and ER stress conditions to investigate regulatory mechanisms of UPR activation [68].
In this study, the collagen-specific chaperone Hsp47/SERPINHL1 stood out as an interactor
that potentiated the activation of IRE1. Specifically, the authors found that Hsp47 and BIP,
often thought of as the major regulator of the UPR, bound to IRE1 with the same affinity
[69]. This regulation by Hsp47 held true in D. melanogaster and mouse models of ER stress.
The authors proposed a model whereby Hsp47 competes with BiP during UPR activation
titrating BiP off from the luminal domain of IRE1 further tuning the IRE1 response of the
UPR [68].

Another investigation probed the role ubiquitination plays in the regulation of translational
machinery during ER stress and UPR activation [70]. Higgins, Gendron et al. used
quantitative diGly proteomics to characterize the ubiquitin modified proteome
(ubiquitylome) under conditions of the ER stressors DTT, tunicamycin, and epoxomicin.
The authors found that diGly peptides corresponded with proteins enriched in functions
related to mRNA translation and were localized to the cytosolic ribosome. Time-course
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analysis revealed ubiquitylome remodeling of the 40S ribosome as an early UPR event
necessary to inhibit protein translation. Furthermore, authors showed that PERK and elF2a
phosphorylation were necessary but not sufficient to mount UPR-induced regulatory
ubiquitination of the 40S ribosome. Insults to this process resulted in elevated sensitivity to
UPR-induced cell death, with this regulatory mechanism holding true in D. melanogaster
and yeast as well.

Client-Centric Investigations

While many investigations have focused on elucidating mechanisms of PQC by investigating
subnetworks of the ER-PN, these investigations do not provide an integrated view of how
these subnetworks converge to perform the concurrent folding, processing, secretion and
degradation of clients routed through the secretory pathway. To address these questions, MS-
based studies have also focused on investigating mechanisms of PQC for protein clients, in
particular ones involved in protein misfolding and aggregation disease. These client-centric
investigations provide a holistic view of client processing by integrating ER-PN subnetworks
and have aided in the development of therapeutic treatment strategies for disease states.

Loss-of-function protein misfolding diseases

Cystic fibrosis (CF) is one of the most prevalent protein folding diseases caused by loss of
function of the chloride ion channel CFTR, responsible for salt homeostasis in polarized
epithelial cells [71]. This results in an inability to clear mucus from the respiratory tract and
can lead to chronic infection, respiratory failure, and ultimately death. The most prevalent
CFTR mutations in CF patients, deletion of phenylalanine 508 (AF508), results in improper
processing of this ion channel [72]. While AF508 CFTR can be functional as an ion channel
if trafficked to the plasma membrane, improper folding, and rapid degradation within the
secretory pathway result in a loss of expression at the cell surface. To investigate the
molecular mechanisms associated with CFTR processing, Pankow et al. detailed the
interactomes of WT and AF508 CFTR [29,73]. Using a comparative AP-MS based
interactome analysis, the authors identified 638 total high confidence interactors with 576
and 430 for AF508 and WT CFTR respectively. While some interactions between the two
proteins remained the same, the relative abundance of those interactions significantly
differed for a number of them. Moreover, 208 and 62 interactors were found to bind
exclusively with AF508 and WT CFTR respectively, highlighting gain of novel interactions
as a hallmark of AF508 misprocessing. Furthermore, well-established correction treatment
that can restore CFTR biogenesis and trafficking (either by lowering cell culture temperate
to 26-30°C, or addition of histone deacetylase inhibitor SAHA) correlated with the
abolishment of mutant-specific proteostasis network interactions [74,75]. Many of these
interactions were associated with ERAD and heat-shock assisted protein folding, among
others. The authors went on to further detail that inhibition of key interactors associated with
ER retention, trafficking, and degradation promoted the maturation of AF508 CFTR.
Ultimately this study resulted in a comprehensive mapping of the WT and AF508 CFTR
interactomes, provided some of the first insight into the molecular mechanisms of
temperature correction for AF508 CFTR, and generally detailed disease-specific alterations
that take place and may be implicated in other protein misfolding diseases. Follow-up
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interactomics studies on additional CFTR mutant variants and clinically-approved small
molecular correctors and potentiators, VX-809 and VX-770 respectively, have expanded our
understanding of the role of proteostasis dysregulation in CF [76]. These studies have
established a methodology that can be further expanded to other genetic disorders to
implement precision medicine-based approaches for clinical treatment of such diseases.

Collagen proteinopathies such as osteogenesis imperfecta (10) and Ehlers-Danlos syndrome
are caused by divergent missense mutations in collagen that lead to misprocessing and
improper protein secretion resulting in weakened connective tissue [77]. AP-MS of collagen
I expressed in fibrosarcoma cells was used to define the collagen I PN interactome [78].
Comparative SILAC-based quantitative interactomics identified the non-canonical protein
disulfide isomerase ERp29 as a crucial factor promoting collagen retention under ascorbate-
limited conditions, a critical cofactor required for post-translational modifications on
collagen [79]. A recent follow-up study characterized the PQC defects of the C1163R
variant in the C-pro trimerization domain of collagen a2(l) associated with 10 resulting in
complete loss of secretion [80]. Comparative studies uncovered increased associations with
a broad set of proteostasis factors, including BiP, GRP94, co-chaperones, and several PDIs
that pointed to a disruption of disulfide network formation and improper targeting of the
collagen mutant to ERAD by Hsp70/40 chaperone networks.

Congenital hypothyroidism (CH) can arise from a number of different mutations in genes
involved in thyroid hormone biosynthesis. One such gene is thyroglobulin (Tg), the secreted
iodoglycoprotein which serves as the precursor for thyroid hormone production. Mutations
in the Tg gene can lead to a loss in secretion, ultimately resulting in a decrease or complete
loss of thyroid hormone production. Most recently, our lab used a TMT-based multiplexed
comparative interactome workflow to elucidate the molecular basis of mutant Tg
misprocessing. Common imbalances such as increased chaperoning, oxidative folding, and
engagement by ERAD targeting factors were found to be associated with CH-mutant Tg
processing. We further characterized mutation specific changes in engagement with the
oligosaccharyltransferase (OST) complex that suggest a distinct role for mutant Tg
degradation [81].

Protein aggregation diseases

AP-MS studies have also shed light on ER proteostasis defects that promote secretion of
gain-of-toxic function protein variants involved in protein aggregation disease, for instance
interactions and PQC mechanisms implicated in the processing of amyloidogenic
immunoglobulin light chain (LC) protein responsible for light-chain amyloidosis (AL) [30].
Secretion of destabilized LC can result in the formation of toxic extracellular aggregates
leading to systemic organ damage in AL, in particular cardiac amyloidosis [82]. Previous
studies showed that selective, stress-independent activation of the ATF6 branch of the UPR
preferentially reduced the secretion of destabilized LC (ALLC) while leaving a non-
amyloidogenic LC and intact 1gGs unscathed [83]. Yet, the molecular mechanisms
associated with this selective PQC enhancement were not well characterized. By comparing
the proteostasis interactomes of ALLC in the presence of ATF6 activation, XBP1s
activation, or both, the authors were able to identify key interactions and thus deduce
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mechanisms responsible for the decreased secretion of the aggregation prone ALLC. XBP1s
activation decreased overall ALLC engagement of ER protein folding components, yet
increased routing towards degradation, and only modestly reduced secretion. Conversely,
ATF6 activation resulted in increased engagement with a subset of ER proteostasis
components with ALLC, particularly BiP, GRP94, ERdj3, HYOUL, and PDIA4. The authors
further showed that ATF6 activation promoted increased engagement of these ER-PN
components with non-amyloidogenic LC, which suggested these increased interactions are
independent of client stability. Overexpression of these key ER-PN components showed that
the reduction in ALLC secretion is coordinated by ATF6-mediated activation of a
cooperative set of proteostasis factors, as overexpression of these individual ER-PN
components only partially mimicked the reduction in ALLC secretion found with ATF6
activation [30]. This work highlighted the targeting of proteostasis pathways as a therapeutic
intervention for such protein folding and amyloidogenic diseases as it established the
mechanism of ATF6-dependent reduction of ALLC secretion [17,83,84].

Viral proteostasis clients

While many client-centric investigations have focused on protein folding diseases, a number
of studies investigating viral host-pathogen interactions involving the ER-PN have also
emerged. Hafirassou et al. mapped the interactome of the dengue virus (DENV) non-
structural protein 1 (NS1) [85]. DENV, like other flaviviruses, uses the ER membrane for
replication by forming invaginations to assemble the replication complex (RC) [86]. NS1
plays a variety of roles during DENV infection, including acting as a cofactor during DENV
replication. Furthermore, it is the only viral non-structural protein secreted from infected
host-cells, and extracellular NS1 disrupts the glycocalyx of endothelial cells increasing
vascular leakage, which is the hallmark of Dengue hemorrhagic fever [87]. Yet, the host
factors involved in viral replication and secretion of NS1 were not well characterized. The
authors mapped 499, 654, and 438 host-NS1 interactions across Daji, HeLa, and HAP1 cells
respectively and found 270 host factors to interact across all three cell lines [85]. The NS1
interactome was enriched in ER components involved in ERAD including SEL1L, AUP1,
HM13, and the large majority of the OST complex. Further investigation into these host
components allowed the authors to delineate host restriction factors found to combat viral
production, including ER residents NOMO1, NCLN, NCSTN, PGRMC1, MLEC, and
RCNL1 and host dependency factors found to promote viral production including Sec63,
Sec61A1 and other ER translation and translocation components, STT3A, STT3B, DDOST,
and other N-glycosylation components, along with ERAD components previously
mentioned. Follow up investigations revealed that glycosylation of NS1 by the OST complex
is critical for the folding and stability of the protein, as inhibition of OST complex resulted
in decreased DENV infection [85,88].

A different study by Coyaud et al. used two complementary approaches, AP-MS and BiolD
to map the Zika virus (ZIKV) interactome [89]. Expressing all 10 ZIKV proteins, the
authors found that, similar to the DENV interactome, interacting partners were enriched in
ER components. Major ER-localized proteins included members of the signal peptidase
complex (SPC), EMC, and the BAT3 complex. The authors also found that ER protein
folding components prolyl 4-hydroxylase subunit B (P4HB), the lectin calnexin (CANX),
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along with the ER-phagy receptor FAM134B localized into in these capsid protein-
associated structures. Ultimately, these findings revealed that the capsid plays a diverse role
in remodeling ER membranes. Additionally, NS3 was found to associate with the ubiquitin
proteasome system (UPS), the degradation system responsible for clearing a number of
proteins from the cell, including ER clients [14]. Overall, 7 of the 10 expressed ZIKV
proteins localized or associated with the ER in some way, highlighting their involvement in
forming virus-induced membrane structures used for RC formation.

A tour-de-force comparative AP-MS study mapped the interactomes of DENV and ZIKV
flavivirus proteins across human and mosquito cell lines [90]. This was the first study to
perform a systematic comparison of flavivirus-host interactions in primate and vector host
cells. In line with previous studies, the authors found that viral proteins interacted with host
components associated with the ER. Specifically, translocon and calreticulin cycle ER-PN
components were found to have distinct interactions with DENV proteins. Additionally, p62,
a key accessory protein required for the degradation of a number of substrates and organelles
was also identified, potentially highlighting its involvement in DENV protein turnover, or
turnover of the ER itself during DENV infection. Investigations into ZIKV in human and
mosquito cells allowed the authors to identify key components across flavivirus strains and
cell types that may be viable host-centric therapeutic targets. OST subunits STT3A, STT3B
and RPN2 as well as HYOU1 and trafficking component interactions were conserved across
DENV and ZIKV and the different cell types. The authors identified the Sec61 translocon
and signal recognition particle receptor (SRPR) as the most conserved interactors across all
flavivirus strains and cell types, and revealed that cotranslational protein translocation
inhibitors nearly abolished viral production, even when cells were treated post-infection.
Furthermore, inhibiting protein translocation did not affect cell viability. This suggested that
inhibition of the Sec61 translocon may serve as a viable anti-viral target. This work
highlighted distinct and conserved host-pathogen interactions across multiple flavivirus
species and strains and host cell types, furthermore highlighting the ability of AP-MS to not
only identify interactions with ER components but identify potential therapeutic targets.
Recently, a similar comprehensive AP-MS interactome characterization of 26 SARS-CoV-2
viral proteins revealed important leads for repurposing existing and approved therapeutics
that target the identified host cell interactors for COVID-19 treatment [91].

Future Perspectives

Mass spectrometry has clearly proven to be a valuable tool to biological investigations of
protein-protein interactions, and as we presented here its impact on elucidating particularly
mechanisms of ER stress and PQC. As technology and methodology continues to advance,
the scope of mass spectrometry will expand to yield deeper insights into these biological
processes., Many underexplored areas of ER stress and PQC still remain, where mass
spectrometry would be a well-suited method to make further discoveries. For example, in
many of the cases presented here the added complexity of how PTMs on clients and ER-PN
components influence mechanisms of PQC are not fully characterized. As a follow up study
to the CFTR interactome profiling, Pankow et al. showed that a PTM code on CFTR is
altered for AF508 CFTR and this alteration correlated with an inability to properly fold and
localize to the plasma membrane [92]. The authors further speculated that similar codes may
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be present in other transmembrane proteins. PTMs have also been implicated in the stability
and activity of ER proteostasis components including BiP and PDI. N-terminal arginylation
promotes the degradation of BiP via autophagy through p62 binding [93]. Additionally,
AMPylation of BiP plays a key role in its chaperoning activity, particularly during ER stress
[94]. A number of other BiP modifications, including, phosphorylation, acetylation, ADP-
ribosylation, methylation, and more have been mapped and provide insight into BiP activity
and subsequent proteostasis mechanisms [95]. A similar regulatory mechanism was recently
documented for PDI as it was found that phosphorylation alters PDI oxido-reductase activity
to become a “holdase” to attenuate ER stress [96]. How these PTMs on individual
proteostasis components regulate the network of proteostasis subcomplexes and their
coordination to mediate proper PQC have yet to be realized.

One limitation that current mass spectrometry-based methods have when identifying
proteostasis interactions, as well as PTMs, is that interactions in the ER are very dynamic
and highly transient in nature and identifying these interactions and modifications using
current methods only provides a snapshot of the state of the ER at a given time. Future
methods for elucidation of these protein-protein interactions or PTMs in a time-dependent
manner would allow for a more complete understanding of ER stress and PQC mechanisms,
illuminating previously unseen or poorly understood mechanisms [97].
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Figure 1. Secretory proteostasis and protein quality control is governed by the activity of ER
protein folding, trafficking, and degradation pathways.

Proteins routed for secretory environments cotranslationally enter the ER and engage with
chaperones and other folding factors or enzymes that aid in client protein folding. Upon
reaching a properly folded confirmation, client proteins are packaged and targeted towards
secretory environments through engagement with vesicle trafficking machinery. Conversely,
client protein unable to reach their proper conformation are routed towards degradation
pathways such ERAD or autophagy (ER-phagy). Arrows denoted in the figure are meant to
exemplify interactions with different protein folding pathways of the ER. Routing is highly
client-specific and a given protein client may not engage with all of the proteostasis factors
and pathways.
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Figure 2. ER protein quality control capacity in metazoans is monitored by the three branches of
the unfolded protein response.

The UPR is regulated by three signaling branches consisting of IRE1, ATF6, and PERK.
Yeast lack the ATF6 pathway and only contain the most evolutionarily conserved IRE1 and
PERK branches.
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Figure 3. Affinity purification — mass spectrometry and tool compounds to elucidate protein-
protein interactions implicated in protein quality control.

A. Schematic detailing a typical AP-MS workflow. B. Proximity labeling MS often uses a
biotin ligase-tagged protein of interest to biotinylate interacting proteins. Biotinylated
proteins can then be affinity purified and analyzed via LC-MS/MS to identify interacting
partners. C. Protein crosslinkers can be used to aid in affinity purification of interacting
proteins by covalently linking them and can subsequently be used to identify crosslinked
peptides in some cases. D. Stable isotope labeling with amino acids has aided in quantitative
mass spectrometry experiments. Blue asterisks indicate atoms where heavy isotopes can be
incorporated. E. Isobaric labeling has additionally aided in quantitative mass spectrometry
investigation as well as increased throughput through multiplexing. Blue asterisks indicate
points where heavy isotopes can be incorporated.
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