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reticulum: Insights from proteomic studies
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The endoplasmic reticulum (ER) is a multifunctional intracellular organelle responsible for
the synthesis, processing and trafficking of a wide variety of proteins essential for cell growth
and survival. Therefore, comprehensive characterization of the ER proteome is of great
importance to the understanding of its functions and has been actively pursued in the past
decade by scientists in the proteomics field. This review summarizes major proteomic studies
published in the past decade that focused on the ER proteome. We evaluate the data sets
obtained from two different organs, liver and pancreas each of which contains a primary cell
type (hepatocyte and acinar cell) with specialized functions. We also discuss how the nature of
the proteins uncovered is related to the methods of organelle purification, organelle purity
and the techniques used for protein separation prior to MS. In addition, this review also puts
emphasis on the biological insights gained from these studies regarding the molecular
functions of the ER including protein synthesis and translocation, protein folding and quality i
control, ER-associated degradation and ER stress, ER export and membrane trafficking, |_..3
calcium homeostasis and detoxification and drug metabolism. -
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1 Introduction general functions including protein synthesis, translocation,

quality control of protein folding, export of proteins from ER to

The endoplasmic reticulum (ER) is an intracellular organelle
responsible for the synthesis, processing and trafficking of a
wide variety of proteins, accounting for about 1/3 of the
proteins in human genome, including hormones, enzymes,
receptors, ion channels and transporters. The ER serves many

Correspondence: Dr. Xuequn Chen, Department of Physiology,
Wayne State University, 5215 Scott Hall, Detroit, Ml 48201, USA
E-mail: xchen@med.wayne.edu

Fax: +1-313-577-5494

Abbreviations: AP, acute pancreatitis; CFTR, cystic fibrosis
transmembrane conductance regulator; COPI, coat protein
complex |; COPIl, coat protein complex Il; ER, endoplasmic
reticulum; ERAD, ER-associated degradation; GRP, glucose-
regulated protein precursor; Hsp, heat shock protein; IHC,
immunohistochemistry; LOPIT, localization of organelle proteins
by isotope tagging; OST, oligosaccharyltransferase; PCP, protein
correlation profiling; PDI, protein disulfide isomerase; rER,
rough ER; sER, smooth ER; SRP, signal recognition particle;
UGGT, UDP-glucose:glycoprotein glucosyltransferase; UPR,
unfolded protein response

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Golgi. In addition, ER is also the site for steroid or xenobiotic
metabolism, intracellular calcium homeostasis and intracellular
signaling [1]. Although universally present, some of these
functions are more abundant in specialized cell types. Proteins
entering the secretory pathway are synthesized on ER bound
ribosomes and co-translationally translocated into ER, where
they are folded with the facilitation of the ER quality control
system. The properly folded proteins are allowed to exit the ER
by coat protein complex II (COPII)-dependent vesicular trans-
port, whereas terminally misfolded proteins are retro-
translocated to the cytosol and degraded by proteasome [2, 3].
Morphologically, ER is composed of a network of sheetlike
flattened saccules or cisternae, tubules and the nuclear envelope
that share a common luminal space and extends throughout
the cell [3, 4]. The ER has specialized subdomains with distinct
morphologies and functions. The rough ER (rER) with
membrane-bound ribosomes is mostly engaged in protein
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synthesis and folding, and the smooth ER (SER), characterized
by the absence of membrane-bound ribosomes, is dedicated to
calcium storage, lipid synthesis and detoxification of drugs. The
transitional ER (tER) is believed the site of newly synthesized
proteins to exit ER. COPII-coated vesicles are believed to
mediate protein export from ER and its anteograde transport to
the Golgi, whereas COPI (coat protein complex I)-coated vesi-
cles mediate retrograde transport to bring back to the ER the
recycling proteins as well as escaped ER-resident proteins [4].

Because of its importance in cell functions, comprehen-
sive characterization of ER proteome is of great importance
to the understanding of its functions and has been actively
pursued in the past decade by scientists in the field of
proteomics. This review evaluates major proteomic studies
of ER proteome published in the past decade. Because of
space limits, we will not be able to include all the
earlier studies and those focusing on purified ribosomes.
Furthermore, the proteomic studies on plant ER proteome
are not included in the discussion. The recent excellent
reviews related to this subject can be found elsewhere [5, 6].
In this review, we evaluate differences between two
organs, liver and pancreas each of which contains a primary
cell type (hepatocyte and acinar cell) with specialized func-
tions. We also discuss how the nature of the proteins
uncovered is related to the methods of organelle purifica-
tion, organelle purity and the technique of protein separa-
tion as well as the MS technologies. In addition to
summarizing the recent studies and comparing relevant
results, this review also puts emphasis on the capabilities
and potentials of proteomic approaches to the molecular
characterization of the ER.

2 Purification of the endoplasmic
reticulum

For organellar proteomic studies of ER, it is critical to
consider the procedure by which it is purified prior to the
analysis. Early cell fractionation studies used differential
centrifugation to isolate nuclear, mitochondrial, microsomal
and cytosol fractions. Microsomes are the membrane vesicles
and sheets that remain in suspension after a 10 or 12000 x g
centrifugation for 10-20min and are then pelleted by
centrifugation at 100 000 x g for 1h. This fraction was shown
to be enriched with RNA (from ribosomes) and enzymes
present in the ER with NADPH Cytochrome C Reductase
normally used as an ER enzymatic marker [7]. However, it
also contains contaminating organelles as shown by enzy-
matic markers and by electron microscopy. Most studies
therefore further fractionate the total microsomes by density-
gradient sedimentation using either a step or continuous
gradient of sucrose [7, 8] or other media such as iodixanol
(OptiPrep) [9]. Because of its attached ribosomes and there-
fore higher density, the rER can be readily separated from
sER and other membrane fractions and collected at an
interface between 1.3 and 1.5M sucrose [8]. Protocols for
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purification from both liver and pancreas have been described
[8-11]. Such fractions are highly enriched but may still
contain some contaminants. In more recent studies, purities
have been assessed by electron microscopy and primarily
Western blotting for known proteins with calreticulin, BiP
and calnexin used as common ER markers [12, 13]. The sER
is harder to separate into its components and specialized
protocols have been used to isolate plasma membrane and
Golgi [8, 14]. The contamination in the ER preparations with
even small amounts of other organelles is an issue because
the dynamic range of proteins in each organelle may range to
3 or even 4 orders of magnitude. This is not a problem for the
major protein components in the ER; however, the highest
level proteins from any contaminating organelles will exceed
the lowest level proteins authentic to the ER. Even a few
percentage of the membrane contamination will lead to
detectable protein identifications. This is the impetus behind
development of methods such as correlation analysis [15, 16]
and enrichment studies [17]. It is crucial during sample
preparations to monitor the enrichment of well-documented
ER markers as well as to monitor the diminishment of the
contaminating organellar markers. Only high-purity ER
samples should be used for the subsequent MS analysis.
Proteins that are found in more than one organelle are
particularly challenging and require independent validation
(e.g. immunohistochemistry (IHC)).

Further fractionation of the rER has involved stripping
ribosomes with high salt and puromycin [12, 18, 19],
extracting with sodium carbonate at basic pH to remove
peripheral proteins and enrich for integral membrane
proteins [19] or extracting hydrophobic proteins into Triton
X-114 [20]. As an alternative to discontinuous gradients,
organelles in a postnuclear supernatant have been separated
on continuous gradients of sucrose or iodixanol [16, 21].
Either peak fractions for an organelle marker have been
evaluated or all fractions used often with the application of
protein correlation profiling (PCP) [16] (see below for more
details). Not only the method for isolating cellular organelles,
but also the downstream sample preparation such as solu-
bilization and subsequent separation of the organellar
proteins will affect the outcomes of the proteomic analysis.
Techniques applied to ER proteomics studies have included
2-DE [13, 22-24], 1-DE followed by LC-MS [20, 22] and 2-D
LC-MS/MS [12, 20] and as will be noted, the LC-MS/MS
approaches have generally led to more protein identifications.

3 Proteomic analyses of the ER

3.1 Proteomics studies on isolated rough and
smooth ER

Because of the importance of the ER in cell function a
number of studies with increasing sophistication have
analyzed the ER proteome. The separation methods, MS
approaches as well as the numbers of proteins identified in
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these studies are summarized in Table 1. In an early study,
Galeva and Altermann [22] analyzed the protein composi-
tion of hepatic microsomes prepared by differential centri-
fugation using 1-DE and 2-DE followed by tryptic peptide
mapping using MALDI-TOF instrument. The proteomic
analysis was carried out on control rats as well as rats treated
with phenobarbital to induce xenobiotic metabolizing
enzymes such as cytochrome(s) P450. A total of 60 and 41
proteins including 22 and 3 membrane proteins were
identified from 1-DE and 2-DE, respectively. Both approa-
ches showed that phenobarbital induced not only cyto-
chromes P450 but also stress-related ER proteins. This study
represented an early effort to compare ER components in
control versus treatment using non-quantitative proteomic
approach.

In a later study, Knoblach et al. [13] conducted the first
systematic identification of ER proteins in mouse liver with
a special emphasis on the identification of new ER luminal
proteins. In this study, the ER vesicles were fractionated
using step sucrose gradient and the quality of the fractio-
nation was carefully assessed by ultrastructural and immu-
nological analysis using ER, Golgi, mitochondria, nuclear
and plasma membrane markers. Totally, 141 proteins were
identified using 2-DE combined with PMF and MS/MS.
Among these proteins, six had not been described
previously. Two newly discovered ER luminal proteins,
ERp19 and ERp46, are members of the PDI (protein disul-
fide isomerase) family of proteins containing one and three
thioredoxin motifs, respectively. Functional analyses of
ERp19 and ERp46 using yeast complementation studies
showed that ERp46 but not ERp19 could substitute for PDI
function in vivo. After its identification as a novel ER protein
in this study, the function of ERp46 has been investigated in
more detail in very recent studies [25, 26]. It was suggested
that ERp46 plays an important role in insulin [26] and
adiponectin signaling [25].

Cells that are specialized in protein secretion, such
as pancreatic cells, are particularly rich in rER. In the
process of cell homogenization, the rER is converted into
ribosome-studded vesicles, the so-called rough microsomes.
Zahedi et al. [19] reported a membrane proteomic analysis of
canine pancreatic rough microsomes, which led to the
identification of a novel ER heat shock protein (Hsp40)
family member, ERj7. Using both SDS-PAGE and 2-D-
BAC/SDS-PAGE with MS/MS analysis, 258 non-redundant
proteins were identified. Because the rough microsomes
were subjected to carbonate extraction to enrich membrane
proteins, a high percentage, 52%, of these proteins
contained at least one transmembrane domain. A number
of the proteins identified were potential candidates for novel
ER proteins including two membrane-resident Hsp40s
(DnaJB12 and ERj7). The authors then characterized and
confirmed that ERj7 was indeed an ER localized type I
membrane protein containing a lumenal J-domain, which
interacts with Hsp70 protein Bip and stimulates its ATPase
activity.
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In a recent study, to comprehensively characterize not
only the normal but also the diseased pancreatic rER
proteome, Chen et al. [12] quantitatively compared the
protein compositions of pancreatic rER between normal and
acute pancreatitis (AP) rats using isobaric tags (iTRAQ) and
2-D LC-MALDI-MS/MS. Pancreatic rER was purified by
ultracentrifugation on a discontinuous sucrose gradient. To
detect lower-abundance ER proteins, ribosomes were then
drastically reduced from rER preparations by high salt and
puromycin treatment. The high purity of the isolated rER
was carefully confirmed by electron microscopy and
Western blotting using the known ER marker proteins as
well as markers for potential contaminating organelles. A
total of 469 unique proteins were revealed from four inde-
pendent experiments including all the major functional
categories, such as protein translation and translocation,
protein folding/chaperone, membrane trafficking, cytoske-
leton, transporter proteins/calcium store, oligosaccharide
biosynthesis, lipid and sterol biosynthesis, secretory and
zymogen granule membrane proteins [12]. In addition to
providing a comprehensive catalog of pancreatic ER
proteome, this study represented the first effort to illustrate
molecular mechanism of exocrine pancreatic disease in the
ER using state-of-the-art quantitative proteomics. This will
be further discussed in the following section.

In another study utilizing highly enriched organelles
isolated from rat liver homogenates, Gilchrist et al. [20]
reported a quantitative organelle map of the secretory
pathway including the rER, sER and Golgi apparatus. In this
study, isolated organelles were solubilized and their protein
content was separated by 1-D SDS-PAGE. Each protein lane
was cut into slices and subjected to trypsin digestion
followed by MS/MS. The redundant peptide counting
approach was used as an index to quantify relative protein
abundance in different samples. The quantitative data were
then analyzed and visualized as for microarray data using
principal component analysis and hierachical clustering. A
set of protein was selected as markers for the ER and Golgi
and other proteins co-clustered with the markers were
assigned to the corresponding organelles. For example,
redundant peptides assigned to the translocon constituent
sec6la, an rER marker, were highly enriched in the three
biological preparations of rER samples, less were observed
in the three SER, and only a few peptides were seen in the
three Golgi samples. In another example, a cluster with
proteins mainly concentrated in smooth microsomes
included the AAA family member p97 as well as the
glycoprotein  folding sensor UDP-glucose:glycoprotein
glucosyltransferase (UGGT).

In the same study [20], in order to detect lower abundant
proteins, organellar membranes from rER and sER fractions
were further subfractionated and analyzed. Taken all these
analyses together, 1430 proteins were assigned to ER and
Golgi after removing biosynthetic cargo and contaminating
proteins from other organelles, among which 832 proteins
were assigned as unique constituents of the ER with no
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peptides detected in Golgi/COPI vesicles. These largely
corresponded to ribosomal proteins, translocon constitu-
ents, molecular chaperones and proteins involved in lipid
oxidation and drug detoxification, as well as proteasome
subunits and ubiquitin ligases involved in ER-associated
degradation (ERAD). In addition, 405 proteins were found to
be shared between the ER and the Golgi. This study
currently represents the most comprehensive label-free
quantitative proteomics analysis of the secretory pathway
including the ER.

3.2 Proteomics studies of ER using protein
correlation profiling from sucrose gradient

Isolated organelles are well suited to proteomics because of
their reduced complexities and enriched protein concentra-
tions, which overcome the dynamic range problem in the
current MS-based proteomics efforts. They can also contri-
bute functional and spatial information about the identified
proteins. However, due to the high sensitivity of mass
spectrometers and the difficulties to purify organelles to
100% homogeneity by biochemical subcellular fractiona-
tions, it has been challenging to distinguish between bona
fide organellar proteins and proteins from contaminating
organelles. The recent developments in proteomics have
made it possible to analyze the protein composition of
organelles using a variety of quantitative approaches. To
address the problems of co-purified organelles, several
groups have utilized quantitative proteomics in the high-
throughput assignment of proteins to subcellular compart-
ments partially separated by centrifugations on a continuous
density gradient.

In one approach, PCP was first introduced to study the
human centrosome [15]. The PCP approach used peptide
ion intensity profiles from given organellar marker proteins
to define a consensus profile through a density centrifuga-
tion gradient, in direct analog to Western blotting profiling
of gradient fractions or specific activity in enzyme purifica-
tion by chromatography. Distribution curves generated from
the intensities of tens of thousands of peptides from
consecutive fractions could then establish organelle-specific
proteins by their similarity to the consensus profile of
the corresponding organelle using mean-squared deviation
(x2 value). In other words, peptides that have similar
profiles share similar organelle associations. In a more
recent study, Foster et al. [16] extended the PCP approach to
localize 1400 proteins from mouse liver homogenates to 10
subellular compartments resolved by rate zonal centrifuga-
tion using continuous sucrose gradient. Among these
proteins, 229 proteins were assigned to ER. The localizations
of some previously unassigned proteins were then
confirmed with biochemical and cell biological methods.
Furthermore, proteomic and genomic data were integrated
to identify networks of coexpressed genes, cis-regulatory
motifs and putative transcriptional regulators involved in
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organelle biogenesis using expression neighborhood analy-
sis. This integrated approach can potentially be powerful on
the basis of accurate subcellular assignments of the identi-
fied proteins.

Different from the above label-free PCP technique,
LOPIT (localization of organelle proteins by isotope tagging)
represents a quantitative approach employing isotope
labeling originally using ICAT [27] and more recently
iTRAQ reagents [28]. In the LOPIT approach, rather than
processing each sample separately, isotopically labeled
subcellular organellar fractions were pooled before the
LC-MS/MS analysis. This approach has the advantage of
reducing the number of steps at which the samples are
processed separately and therefore reducing experimental
variations. As for the PCP approach, LOPIT also begins with
the partial separation of organelles by continuous density-
gradient centrifugation. Protein profiles along the gradient
are quantified by isotopically coded tags in conjunction with
2-D LC-MS/MS. Multivariate statistical techniques are then
used to assign localizations to proteins by comparing their
gradient profiles to those of the established organelle
markers in an unbiased manner. As the first application of
LOPIT to a vertebrate system, Hall et al. [21] conducted a
proteomic analysis of the major organelles of DT40 chicken
lymphocyte cell line. They used the distributions of 102
known organelle-resident proteins as a basis to assign a
further 223 proteins to five organelles including 79 to the
ER. An important finding in this study was that a high
proportion of the identified proteins are not localized to a
single organelle rather a substantial fraction of proteins are
in transit between compartments at steady state reflecting
the dynamic nature of intracellular organelles in eukaryotic
cells.

Although the PCP or LOPIT approach has been
successfully applied in multiple studies and in theory has
the strength to resolve constituents of different subcellular
compartments even if their gradient distributions overlap, it
is worth noting that the advantage of the profiling correla-
tion-based organelle mapping approach over that using
highly enriched organelle samples has been questioned [20].
When the Golgi proteins were compared in two studies, one
using the PCP approach [16] and the other using highly
enriched samples [20], the authors in the later study
concluded that the highly enriched samples may be a
preferred strategy for organellar proteomics [20]. It is clear,
however, that with the PCP approach, the better resolved the
organelles are, the more certain the protein assignments
will be.

3.3 AQuantitative analysis of diseased ER proteome
To assure the production of fully functional protein
molecules, ER possesses a very stringent quality control

system achieved through the association of ER chaperones
with unfolded or misfolded polypeptide chains [2, 3].

www.proteomics-journal.com
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If some proteins fail to assume their native structure
after a prolonged period of time, they are extruded from
ER and degraded by the proteasome in the cytosol [3, 29].
The disruption of the ER homeostasis between protein
synthesis, translocation, folding, export and degradation
can lead to numerous human diseases [30]. For example,
Cystic fibrosis, an inherited childhood human disease, is
primarily triggered by defective folding and export of
transmembrane conductance regulator (CFTR), a multi-
domain cAMP-regulated chloride channel, from the ER [31].
A recent proteomic analysis revealed that the AF508 CFTR,
the most common cystic fibrosis-associated mutant, was
trapped as a folding intermediate in the ER, sequestering
more chaperones and co-chaperones than the wild-type
CFTR [29].

In the past few years, quantitative proteomic technologies
have been utilized not only for characterizing the ER
proteome in normal animal tissues but also for unveiling
protein alterations in ER under disease conditions. Morand
et al. [32] reported a systematic analysis of protein expression
in the hepatic ER fractions to identify new candidate
proteins involved in hepatic complications of insulin resis-
tance and lipoprotein dysregulation. They compared hepatic
ER-associated proteins from chow-fed (control) and fructose-
fed (insulin-resistant) hamsters using 2-DE and identified
34 differentially expressed protein spots by MS/MS. Among
these proteins, ER60, ERp46, ERp29, glutamate dehy-
drogenase and TAP1 were more than 2-fold downregulated,
whereas o-glucosidase, P-glycoprotein, fibrinogen, protein
disulfide isomerase, glucose-regulated protein precursor
(GRP94) and apolipoprotein E were upregulated in the
hepatic ER of the fructose-fed hamster. This study yielded
new targets in the hepatic ER for further investigation
whose expression correlated with the onset of insulin
resistance in the liver.

Alteration of ER functions in pancreatic acinar cells has
been implicated in the pathogenesis of AP [33]. To
comprehensively characterize the normal and diseased rER
subproteomes, Chen et al. [12] quantitatively compared the
protein compositions of pancreatic TER between normal
and AP animals using isobaric tags (iTRAQ) and 2-D
LC-MALDI-MS/MS. A total of 469 unique proteins were
identified and quantified using two different AP models,
arginine-induced [34] and caerulein-induced AP [35].
By quantitatively comparing pancreatitis rER samples
with controls, 37 proteins, 25 in arginine-induced
AP, 6 in caerulein-induced AP and 6 common in both
models, were found significantly increased or decreased.
In arginine AP, almost all the digestive enzymes
showed a dramatic reduction (decreased 50% to over 80%)
and this was fully reproduced in duplicate experiments.
Compared to the large decrease in digestive enzymes,
several ER chaperone proteins including 78 kDa GRP78 also
known as BiP, peptidylprolyl cis—trans isomerases and
ERp27 showed a relatively mild decrease. The proteins
showing increases in AP were those involved in the protein
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translocation and translation and fibrinogen o, B and y
chains. Compared with the significant changes in
arginine AP, caerulein-induced AP showed similarities as
well as differences. Common features between these two
different animal models included the mild decreases in
several ER chaperone proteins and the substantial increases
in fibrinogen o, B and y chains. In contrast to arginine-
induced AP, only a few digestive enzymes showed mild
decrease in caerulein-induced AP and several proteins
functioning in protein translocation showed slight
decreases rather than increase as detected in arginine AP. In
spite of their common features, the different protein
changes in these two animal models reflected different
molecular mechanisms in AP pathogenesis, which will
inspire future investigations. These results suggested that
the early stages of AP involve changes in multiple RER
proteins that may affect the synthesis and processing of
digestive enzymes.

4 Combined database of ER proteins

The above reviewed studies analyzed the ER mainly from
two organs, liver and pancreas each of which contains a
primary cell type (hepatocyte and acinar cell) with specia-
lized functions. We did not include data sets from
crude microsomes listed in Table 1 [36, 37] because a
significant portion of the identified proteins are from
co-purifying organelles. In order to assess the protein
compositions of liver and pancreas ER, we generated a
master list from four studies that both carried out extensive
purifications and identified a large number of proteins
[12, 13, 19, 20]. The table which is present in Supporting
Information Table 1 included two data sets of rat and
mouse liver and two from rat and canine pancreas.
We put the ER data sets in the Gilchrist et al., study in two
separate columns, one for proteins unique for ER, the other
one for proteins common between ER and COPI. Despite
recent progress in proteomics and data annotation tools,
performing a direct comparison of several data sets (often
from different organisms) published by different groups
remains difficult and time consuming. Owing to the data-
base redundancy it is not always possible to match
sequences by their accession numbers. In addition, protein
accession numbers reported in the literature may become
obsolete, which complicates sequence retrieval. To do the
comparison, proteins were retrieved from the EBI Interna-
tional Protein Index and the NCBI databases. In the cases
where the accession numbers became obsolete, we attemp-
ted to retrieve the original sequence. Sequences were
correlated to their accessions using BLAST (Basic Local
Alignment Search Tool). Since we compared proteins from
different organisms we did not expect to find exact matches,
therefore sequences had to be at least 65% identical over at
least 50% of the sequence length. This approach does not
guarantee identification of the orthologous sequences,
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rather we expected to find the closest homolog. We then
proceeded to identify the closest human homolog, which is
also listed in the table along with the categorization by
GeneOntology as to Molecular Function, Cellular compo-
nent and Biological Process.

Together 1536 proteins were identified in one or more
data sets. Although some were identified in multiple sets
others were present in only one, most likely due to the
specialized nature of the purification and sample prepara-
tion. We performed no further curation of the data sets
beyond that performed by the authors. Some of the 1536
proteins are likely from contaminating organelles but not all
known proteins have appeared in the proteomic data sets,
thus the numbers of ER proteins are likely to change with
further study. A total of 1003 proteins were found in liver
(736 of these where specific to liver ER), 202 in pancreas ER
only and 331 in both tissues. A previous compilation of
human ER proteins from the literature contained about 500
proteins [38]. Further research is needed to determine ER
proteins common to all cell types and those that are tissue
specific.

A major future need is to confirm the localization as
true ER components for these 1500 proteins. Some are
known to be localized in the ER by prior IHC or functional
studies, but this information is not available for most.
The first confirmatory approach when specific antibodies
are available is to confirm the presence and enrichment
by Western blotting of the organelle fraction used for

Translocation

Ribosome

ER stress
ATre!  signaling

Ca?* homeostasis |

Proteomics 2010, 10, 4040-4052

proteomic analyses. This confirms the presence of the
proteins identified by MS/MS but does not establish
whether the protein is present in the organelle of
interest or is from co-purified contaminants. To resolve
this requires immunolocalization in the intact cell or for
some organelles on isolated organelles stuck to a glass
slide. Unfortunately, not all antibodies used for WB
work for IHC. The alternative is to express a tagged protein
in the cell type in question and visualize its location
by IHC or fluorescence of fluorescent protein chimeras.
Here attention has to be paid to the fact that overexpression
may alter its cellular localization. It also needs to be
determined whether specific proteins are uniquely localized
in an organelle or are present in multiple cellular
compartments.

5 Molecular architecture of the ER
unveiled by proteomic studies

In this section, we will discuss the biological insights gained
from the above reviewed proteomic studies regarding the
molecular functions of the ER with the emphasis on protein
synthesis and translocation, protein folding and quality
control, ER export, ERAD and calcium homeostasis (Fig. 1).
MS-based proteomic studies have made significant contri-
butions to the understanding of the molecular compositions
of the ER. As will be revealed in the following sections,

Cytosol

Hsp40/Hsp70,

__PDI/Ero_J

ER lumen

Figure 1. Overview of molecular functions of the ER. Major ER functions are illustrated in this diagram. These include protein synthesis
and translocation machinery, protein folding and quality control, ER export, ERAD, ER stress signaling, and calcium homeostasis. The
names of some of the key molecules in each functional module are provided. Most of these proteins have been detected and some are
quantified in proteomic studies reviewed here. More details on the indicated molecules can be found in the text or in the Supporting
Information Table 1. CRT: calreticulin; DER1: derlin 1; OST: oligosaccharyltransferase; Stim 1 or 2: stromal interaction molecule 1 or 2;
UGGT: UDP-glucose:glycoprotein glucosyltransferase.
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modern proteomic technologies have the capability to
identify and more importantly quantify almost all the play-
ers in ER machinery. MS-based proteomic analysis has the
potential and is expected to play an increasingly significant
role in comprehensively understanding the molecular
architecture of ER, quantifying dynamic changes in ER
proteome under different physiological and pathophysiolo-
gical conditions.

5.1 Protein synthesis and translocation

Secretory proteins and many transmembrane proteins are
synthesized on ribosomes bound to the ER membrane.
Their synthesis or translation involves a number of initia-
tion and elongation factors that participate often transiently
in the process [39] and are the primary sites for controlling
the rate of translation [40]. The emergence of the amino
terminal of the nascent proteins, the signal peptides, from
the ribosome leads to interaction with the translocon and co-
traslationally translocated across the ER membrane [37, 38].
The emerging signal peptide binds the signal recognition
particle (SRP) and docks onto the translocon through the
SRP receptor [41, 42]. As a result, the nascent polypeptides
directly enter the translocon pore [43], which consists of the
SEC61a, B and y subunits. In addition, signal peptidase,
oligosaccharyltransferase (OST), TRAM, TRAP, Sec62,
Sec63, BiP and GRP170 (also called oxygen-regulated
protein 150) comprise associated protein complexes that
assist in the signal sequence-mediated targeting, co-trans-
lational translocation and processing of nascent polypeptide
chains [43-45].

Proteins involved in protein synthesis and translocation
comprised one of the largest functional groups among all
identified ER proteins (Supporting Information Table 1).
For the protein translational machinery, essentially all the
86 known ribosomal proteins from both subunits have been
observed in pancreatic and 78 in liver RER. In addition, 22
known initiation, elongation and termination factors such as
eukaryotic initiation factors 2, 3, 4A, 4B, 4G, 4H, 5A, and the
eukaryotic elongation factors 1o, B, v and 2 and other
associated proteins such as the polyA binding proteins have
been observed in the proteomic analyses. Because not all
initiation factors remain associated with ribosomes during
translation, a lower fraction of known initiation factors was
observed in ER proteomic studies than for ribosomal
proteins. In terms of the protein translocation, ER proteo-
mic studies unveiled a large number of proteins in this
category including components of SRP and both o and
subunits of its receptor, the heterotrimeric SEC61 complex,
SEC62 and SEC63 as the translocase, signal sequence
receptor subunits and SEC11 signal peptidases which
bind and remove signal peptides in ER lumen. In addition,
several subunits of OST complex have been identified
including STT3-A, ribophorin I, ribophorin II, OST48
and DADI. Shibatani et al. [23] carried out proteomics
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analysis of isolated ribosome-associated membrane protein
from canine rough microsomes using native gel electro-
phoresis to resolve protein complexes and they reported
the identification of the known subunits of OST as well
as two previously uncharacterized proteins, DC2 and
KCP2 that co-purified with these subunits. It is the newly
identified proteins that can be associated with specific ER
structures or functions through their experimental context
that has been one of the early payoffs of ER proteomics
studies.

5.2 Protein folding and quality control

The ER provides an optimized environment for protein
folding and maturation: the ER lumen has unique oxidizing
potential that supports disulfide bond formation during
protein folding, and a very high protein concentration to
form a gel-like protein matrix of chaperones and folding
enzymes [2, 46—48]. As a versatile protein folding factory, ER
contains a specialized set of chaperones and folding
enzymes including members of Hsp proteins from Hsp40,
Hsp70 and Hsp90 families, peptidyl-prolyl cis—trans
isomerases, oxidoreductases, glycan-trimming enzymes and
lectins [2, 3, 47, 49, 50]. Many such proteins have been
detected as abundant proteins by multiple proteomics
analyses of the ER proteome discussed in this review
(Supporting Information Table 1). In the purified rough
microsomes from mouse liver, Knoblach et al. [17] detected
BiP, GRP94, lectin-like chaperones (calnexin, calreticulin),
peptidylprolyl isomerases, thiol disulfide oxidoreductases
(PDI, PS5 (CaBP1), ERp72, ERp57, ERp44, ERp29 and
ERp46). Among these, a number of proteins including
ERp19, ERp46 and Erj7 were identified as novel ER proteins
by MS-based proteomic studies [13, 19]. Quantitative
proteomics revealed these same chaperones to be in similar
concentrations in rough and smooth microsomes from rat
liver [20].

Besides providing a unique folding environment, the
ER has a crucial quality control role to permit only
correctly folded proteins to leave ER and reach their
final destinations. ER chaperones especially BiP and
calnexin/calreticulin are active in ER quality control to
proofread newly synthesized proteins [2, 3, 48] If
persistently misfolded, these proteins are ultimately
degraded. In addition, UGGT acts as the folding sensor
[51] to monitor local deviations from the native state
and allow the incompletely folded substrate to reassociate
with calnexin and/or calreticulin for an additional
folding cycle. Polypeptides fulfiling the quality control
requirements are released from this sensor system and can
exit ER to their final destination. Essentially all the above-
mentioned critical components of the quality control
machinery have been identified as abundant proteins in
multiple ER proteomics studies (Supporting Information
Table 1).
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5.3 ER stress, the unfolded protein response and
ER-associated degradation

The accumulation of unfolded or misfolded proteins in the
ER lumen induces a coordinated adaptive program called the
unfolded protein response (UPR) [52]. The UPR is activated
by ER stress, an imbalance between the demand of client
proteins on the ER and the organelle’s folding capacity [53].
The UPR alleviates stress by (i) inhibiting protein synthesis,
(i) upregulating protein folding capacity by enhancing
synthesis of ER chaperones, and (iii) activating degradation
pathways associated with the ER [54]. The three ER-resident
transmembrane protein sensors of ER stress are: the kinase
and endoribonuclease inositol requiring element 1 [55], the
PKR-like ER kinase [56] and the basic leucine-zipper-activat-
ing transcription factor 6 [57]. The activation of the UPR may
lead either to cell survival, by triggering the synthesis of ER
chaperone proteins along with a decrease in general protein
translation or to programmed cell death, apoptosis. A
number of ER stress response proteins have been identified
in the reviewed proteomic studies including ERS-1, ERS-25,
stress-induced phosphoprotein 1, ER-associated dnaJ protein
3 (ERdj3), protein chaperones (Hsc70/Hsp90, Hsp5, Hsps,
Hsp10, Hsp40, Hsp60, Hsp72, Hspl05, HSJ2, stress 70
protein mitochondrial or 75kDa glucose-regulated protein
(GRP75), GRP78 or BiP, GRP58 or ERp57, GRP94), UPR
(UBX domain protein 4, X-box binding-like-1) (Supporting
Information Table 1). However, the ER-resident transmem-
brane sensors PKR-like ER kinase, inositol requiring element
and leucine-zipper-activating transcription factor 6 were not
reported in the published proteomic analyses likely because
of low copy number, insolubility or poorly ionizing frag-
ments, although the first two are the most likely because the
GPMdb reports for these proteins indicate relatively few or no
identifications (thegpmdb.org).

Some misfolded proteins are beyond rescue and will
never be able to pass the ER quality control standards. These
terminally misfolded proteins are cleared from ER by the
process called ERAD. In ERAD, the misfolded proteins are
retro-translocated to the cytosol and become subject to
ubiquitination and subsequent degradation by the multi-
subunit 26S proteasome complex [58, 59]. Multiple compo-
nents of the ERAD machinery have been identified in the
ER proteomic studies. These include SEL1L, OS-9, Derlin-1
and 2 and E3 ubiquitin-ligase gp78 as well as AAA family
member p97 and multiple subunits of the proteasomal
endopeptidase complexes (Supporting Information Table 1).

5.4 ER export and membrane trafficking

Once the newly synthesized proteins are fully folded, they
are exported from ER, generally believed via COPII-coated
vesicles [4, 60]. A number of proteins involved in vesicular
transport between ER to Golgi have been detected in several
of the proteomics studies reviewed here (Supporting Infor-
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mation Table 1). Components of the COPII protein
complexes such as Sec23A, Sec24A and Sec24D were also
detected in the same fraction. This is consistent with the fact
that the smooth microsomes used in this study are
derivatives of the tEr, which contains the ER exit sites. In
addition to the coat proteins, several proteins that recycle
between the ER and the cis-Golgi to mediate the vesicular
transport between these compartments was reported in
several proteomic studies (Supporting Information Table 1).
These proteins included ERGIC-53, also called LMANI, a
cargo receptor of several soluble glycoproteins, the P24
family members 2, 5, 6, 9 and 10, RablA, Sec22b, the
SNARE protein-mediating transport between ER and Golgi
and the KDEL receptor. In addition to the proteins involved
in COPII transport, several components of the COPI coat
including subunit o, f’ and § were detected in smooth
microsomes fraction in the study by Gilchrist et al. [20].

5.5 Calcium homeostasis

The ER plays a major role in Ca®" homeostasis and
signaling. The lumen of the ER contains a total Ca®"
concentration of 1-3 mM with a free Ca*"* concentration of
60—400 uM [61]. This is brought about by the presence of
Ca®" transporting ATPases of the Serca and Spca families
although the latter is primarily localized to the Golgi [62]
and a number of low to medium affinity Ca®"-binding
proteins including calreticulin, calnexin, Bip, Grp94,
calumenin and the reticulocalbins [61, 63]. The Serca 2
isoform, which is broadly expressed, was found in both
pancreas and liver and examples of the other Ca®"-binding
proteins were also observed. Stim 1 and 2 (stromal interac-
tion molecule 1 and 2) are recently discovered ER Ca®"
sensor, which upon depletion of Ca** stores signal to the
plasma membrane to increase Ca*" influx [64]. Both forms
of Stim were observed in pancreas, which may indicate its
abundant expression in this tissue type. The presence of
Ca®" in the ER lumen serves two functions [65]. First, it
facilitates the chaperone action of a number of foldase
proteins as shown by the fact that Ca®>" depletion will
initiate an UPR. It has been speculated that the higher Ca**
in the lumen mimics the extracellular Ca®" and helps
proteins assume a stable conformation for secretion.
Second, the luminal Ca** provides a reservoir for release of
Ca”" into the cytoplasm by gated ion channels, the IP; and
Ryanodine receptors (IP;R and RyR). Essentially all the
Ca®"-binding proteins have been identified in multiple
studies while the ion channels and pumps have been
identified only to a limited extent. This may be due to the
tissue-specific expression of some proteins such as the
IP;Rs (only Type 2 was found) and RyRs (none found) but is
most likely due to their being large hydrophobic proteins
expressed at low abundance as more targeted studies using
immunoblotting have shown their presence in liver and
pancreas.
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5.6 Detoxification and drug metabolism proteins

The ER is the site of a group of enzymes that metabolize
endogenous hydrophobic molecules and exogenous foreign
molecules termed xenobiotics that include molecules in
food as well as drugs. The proteins involved include the
cytochrome p450 family (CYPs), UDP-glucuronyl transfer-
ase, glutathione S-transferase (GSTs) and carboxyl
esterases. These proteins show organ, cell type and species
specificities [66]. The human genome contains 57 and the
mouse genome 102 CYPs. They are present primarily in
the ER or the inner mitochondrial membrane and 15
CYPs all from the CYP1, CYP2 and CYP3 families meta-
bolize xenobiotics. Because of the localization of this func-
tion most studies have been carried out in liver and a
number have utilized MS. When rat liver microsomes were
fractionated on a 1-D gel 24 drug metabolizing proteins
were identified, while only three were found by evaluation of
2-D gels [22]. Lane et al. identified 16 cytochrome P450s
from mouse liver microsomes and showed the effect of a
toxin to alter their expression [67]. In a more recent study,
the yield of CYPs was improved by better membrane solu-
bilization and 26 mouse liver CYPs were identified [68].
Rodlich et al. identified 18 CYPs in microsomes prepared
from human liver biopsies and demonstrated eight phos-
phorylation sites [69]. In another recent study of human
liver, the coverage of CYPs was improved by analysis of
sequential thin slices (0.2mm) from 1-D gels and this
allowed demonstration of single amino acid polymorphisms
[70]. The five comprehensive ER proteomic studies in
Supporting Information Table 1 show a clear tissue-specific
pattern. The two liver studies identified a large number of
proteins in this category. Gilchrist et al. [20] identified 54
proteins classified as detoxification although some are
actually involved in biosynthetic reactions. By contrast, the
pancreas studies identified only a few detoxification
enzymes.

6 Future perspectives

Proteomic studies of the ER have led to insights into
the normal functions as well as disease-related changes
of this versatile organelle. With continuing improvements
in MS and informatics technologies, we are approaching
the goal of obtaining the complete, accurate and per-
manent proteome for ER. However, several issues need
to be taken into account and some currently are still
challenging. First, because subcellular fractions cannot
reach 100% purity, it is inevitable to detect proteins from
co-purified organelles by increasingly sensitive MS
approaches. Therefore, rigorous confirmation, with inde-
pendent techniques, of the subcellular localization of
newly identified ER proteins is required for definitive
conclusions. The correlation profiling strategy provides a
high-throughput way for organelle proteomic analysis;
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however, it does not completely overcome the problem
and still require the independent validations. The combi-
nation of correlation profiling with high-resolution
organelle isolation might yield more authentic protein
inventories. Currently, the most powerful validation is by
IHC. Second, molecular dynamics at the cytosolic and
luminal surfaces of the ER have to be taken into
consideration. The composition of the ER is subject to
change based on molecular interactions occurring on both
cytosolic and luminal sides of the ER membrane. These are
particularly challenging to analyze. Dynamics of protein
interactions in organelles is often controlled by post-
translational modifications including phosphorylation,
acetylation and ubiquitination. Characterizing such modifi-
cations in a quantitative and dynamic manner is the key for
a thorough understanding of the regulation of the ER
functions. Third, in addition to the ubiquitously expressed
ER proteins, we and others have found the presence of
tissue-specific proteins which correlate with specific func-
tions of the tissue. Analysis of more tissues and cell types
beyond liver and pancreas is essential to understand which
ER proteins are general and which are tissue specific.
Identification and confirmation of more such tissue-specific
ER proteins will shed light on the adaptation of ER function
to tissue-specific demands and regulations. Last, but not
least, it cannot be emphasized enough that the most useful
proteomics data on the ER has been quantitative in nature.
As the complete complement of ER proteins in different
tissues is established, attention will shift to understanding
alterations of the organellar proteome during diseases,
in response to physiological perturbations and genetic
manipulations.

7 Note added during revisions

We thank a reviewer for calling our attention to a recent
study of ER proteins from mouse liver [71]. Using 1-DE
and LC-MS/MS, this study identified 903 and 1042
proteins in rER and sER, respectively. Among these
proteins, 662 proteins were common to both rat [20] and
mouse liver ER proteome. The authors proposed that
these common proteins were essential for the maintenance
of ER function [71].
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