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Enriched endoplasmic reticulum (ER) and Golgi membranes subjected to mass spectrometry
have uncovered over a thousand different proteins assigned to the ER and Golgi apparatus of
rat liver. This, in turn, led to the uncovering of several hundred proteins of poorly understood
function and, through hierarchical clustering, showed that proteins distributed in patterns
suggestive of microdomains in cognate organelles. This has led to new insights with respect
to their intracellular localization and function. Another outcome has been the critical testing
of the cisternal maturation hypothesis showing overwhelming support for a predominant role
of COPI vesicles in the transport of resident proteins of the ER and Golgi apparatus (as
opposed to biosynthetic cargo). Here we will discuss new insights gained and also highlight
new avenues undertaken to further explore the cell biology of the ER and the Golgi apparatus
through tandem mass spectrometry.

Most biosynthetic proteins destined for the
plasma membrane and secretion, as well

as resident proteins of endosomes, lysosomes,
the endoplasmic reticulum (ER), and the Golgi
apparatus originate with cotranslational trans-
location into the ER. This is followed by care-
fully controlled folding and quality control. The
ER is also a major site for sensing cellular stress
and for cholesterol and phospholipid biosyn-
thesis and constitutes a vast continuous endo-
membrane system that often pervades the entire
cytoplasm. The ER commences as the nuclear
envelope extends to rough (ribosome-studded)

membranes, and ends with tripartite-like struc-
tures of tubular smooth (ribosome-free) ER.

The ratio of rough and smooth ER is cell
type specific. Stem cells have little rough ER
and smooth ER (Murphy et al. 1971; Cheng
and Leblond 1974), whereas cells highly special-
ized in protein secretion, such as in the exocrine
pancreas, have extensive rough ER with little
to no smooth ER (Palade and Siekevitz 1956;
Jamieson and Palade 1967). By contrast, liver pa-
renchymal hepatocytes have a near equal abun-
dance of rough and smooth ER with the latter
associated with glycogen storage and elimination
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of exogenous steroids through a multitude of
P450-driven oxidation pathways (Bruni and Por-
ter 1965; Loud 1968; Estabrooket al. 1971; Blouin
et al. 1977; Reed and Backes 2012). At the other
extreme, Leydig cells of the testis are specialized in
cholesterol metabolism to form testosterone and
are enriched with smooth ER (Mori and Chris-
tensen 1980). Emanating from the ER of all cell
types in mammals are discrete export sites that
are distributed throughout the cell, sometimes
numbering in the hundreds. ER export is con-
trolled by the COPII coat machinery, which has
been characterized through proteomics analy-
ses in yeast (Otte et al. 2001) and is coupled to
microtubule- and dynein/dynactin-dependent
transport directed toward the central juxta-nu-
clear Golgi apparatus (COPII vesicles are dis-
cussed in Lord et al. [2013]). This occurs in ve-
sicular/tubular clusters (VTCs) that seemingly
undergo a maturation/distillation process (Sa-
raste and Kuismanen 1984) such that when ar-
riving at the cis-face Golgi stacks, biosynthe-
tic cargo appears more concentrated. This is
achieved, at least in part, through a continuous
removal of ER export machinery components
(e.g., p58, p24, and SNARE proteins) that are
then returned to the ER via vesicular transport
intermediates controlled by the COPI coat
machinery. This apparent “distillation” process
continues throughout the secretory pathway
from as far as the trans-part of the Golgi appa-
ratus (Miesenbock and Rothman 1995). Wheth-
er or not such distillation occurs through intra-
Golgi cisternal transport or through direct de-
livery to the ER is part of ongoing investigation,
including the extent of recycling (see below).

The Golgi apparatus is morphologically dis-
tinct from the ER because of its juxtanuclear
position, and at the ultrastructural level, ap-
pears as a ribbon-like structure of laterally in-
terconnected stacks of flattened cisternae, each
having a network of extensive fenestrated mem-
branes associated both at their cis- and trans-
face. Biosynthetic cargo here, undergo extensive
posttranslational modifications including the
maturation of N-linked oligosaccharides, and
the addition of O-linked oligosaccharides. At
the trans-face, cargo is sorted and packaged
for transport either to the plasma membrane

or to the endosomal endomembrane system.
Some specialized cargo is also packaged and
concentrated into dedicated membrane struc-
tures for regulated secretion.

The functional and morphological demar-
cation between the ER and the Golgi apparatus
is usually assumed to be complete, giving rise to
the notion of two independent organelles—
each with their own distinct functions. Because
of the extensive recycling that takes place, how-
ever, the two organelles appear functionally
intertwined. Indeed, inhibition of the Golgi-
located ARF1 guanine nucleotide exchange fac-
tor GBF1 results in a rapid collapse of the Golgi
apparatus into the ER (Misumi et al. 1986; Oda
et al. 1987; Fujiwara et al. 1988; Lippincott-
Schwartz et al. 1989; Claude et al. 1999). As
ARF1GDP to ARF1GTP conversion is obligatory
to COPI recruitment and vesicle formation and
subsequent recycling, the effect of BFA seems at
first counter intuitive, but can be explained
through the additional role of COPI as a pro-
tective coat on cisternal membranes, i.e., BFA-
induced dissociation of COPI coat from Golgi
membranes enables uncontrolled formation of
Golgi-derived tubules that within minutes fuse
with the ER, collapsing most of the Golgi into
the ER. Strikingly, removal of BFA equally rap-
idly leads to the reformation of individual func-
tional Golgi stacks positioned at the various
ER exit sites and after microtubule-dependent
transport, coalesce into the central and juxtanu-
clear Golgi apparatus. Thus, the two organelles
are temporally as well as spatially linked to en-
able productive communication and trafficking
for the process of protein secretion, as well as
lipid biosynthesis. This link gives rise to some
unexpected functions (see below).

ORGANELLE ISOLATION AND MASS
SPECTROMETRY

Isolation of the ER and Golgi apparatus from
cultured cells, as well as the parenchyma of or-
gans, has been well documented (Schneider et al.
1953; Ernster et al. 1962; De Duve and Beaufay
1981; Balch et al. 1984; Gilchrist et al. 2006). This
led to the uncovering of the molecular machin-
ery for protein translocation across membranes
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(Blobel and Dobberstein 1975), the machines
for protein folding and processing (De Lorenzo
et al. 1966; Haas and Wabl 1983), and the ma-
chines for the egress of newly synthesized pro-
tein out of the ER for further processing and
sorting in the Golgi apparatus (Zanetti et al.
2012). In this way, our knowledge base of the
translocon, cotranslational transport of proteins
across the ER membrane, the role of molecular
chaperones, and the various coats and GTPases
regulating the structure and functions of the ER
and Golgi apparatus has been built.

For organelles, as for any other characteriza-
tion methodology (EM, marker enzyme, west-
ern blot enrichment), organelle enrichment and
assessment of degree of homogeneity is a crite-
rion well accepted by the subcellular fraction-
ation community. For the ER and Golgi appara-
tus, electron microscopy (especially of samples
processed by the Baudhuin filtration apparatus
[Baudhuin et al. 1967]) enables a random view
of degree of homogeneity, which is further doc-
umented by morphometry. For our studies at
least, isolated organelles are denatured and the
proteins are solubilized in SDS, followed by 1-D
SDS PAGE. The ensuing gel lanes are then divid-
ed into 1–2 mm slices, sliced into smaller cubes,
and subjected to in-gel trypsin digestion. Eluted
peptides are then available for characterization
through tandem mass spectrometry (LC-MS/
MS). Subcellular fractionation and SDS-PAGE
both contribute to a necessary decomplexing
of the sample, enabling maximum coverage of
protein content. Further decomplexing can be
achieved through biochemical fractionation
(e.g., phase separation through TX114 to enrich
for membrane-bound proteins, or salt wash
of membranes) (Gilchrist et al. 2006; Au et al.
2007). When performed quantitatively, assign-
ment of proteins to their cognate organelle is
achieved as an additional outcome, along with
direct estimates of protein contamination from
other membrane structures, cytosol, and the ex-
tracellular space. For proper identification and
assignment of the multitude of proteins con-
tained in each organelle; however, mass spec-
trometry data needs to be matched to databases,
and this seemingly simple step is not as straight-
forward as one would think.

PEPTIDE MATCHING

As shown with the distribution of 20 equimolar,
highly purified human test proteins sent to 27
different international labs, regardless of the
mass spectrometer and software used to match
tandem mass spectra from fragmented tryp-
tic peptides to cognate peptide sequences, the
match is usually (but not always) failsafe; how-
ever, subsequent matching to cognate proteins
remains difficult. Indeed, of the 27 labs, only
seven were able to do this correctly (Bell et al.
2009). This was not because the quality of the
tandem mass spectra generated was poor. Rath-
er, inadequacies in databases and software for
matching peptides to proteins were mainly at
fault. Even today, databases remain a major hur-
dle for large-scale projects that depend on the
characterization of proteins by mass spectrom-
etry. When organelles are added to the mix, the
data can be overwhelming in complexity. The
NCBI nonredundant database has the advan-
tage of being the most complete and annotated
for nonhuman sequences, but unfortunately,
uses accession numbers that change or are dis-
continued. As with the proteomes of the ER and
the Golgi apparatus (Gilchrist et al. 2006), the
community has a hard time taking full ad-
vantage of the study as this requires painstak-
ing (manual) updating of old accession num-
bers to new ones. As a consequence, large-scale
proteomics studies often end up as data ceme-
teries with zero value to the community. Other
databases, such as Uniprot, are easier to han-
dle, but such databases are usually incomplete
(especially for rodents) (Bergeron et al. 2010).
The best curated and most highly annotated
database for human proteins is currently the
Swiss-based NeXtProt, which, hopefully, will
retain their accession numbers over time, thus
ensuring the value of proteomics studies to
the community. Another hurdle is encountered
with proteins having related sequences (e.g.,
small GTPases, P450s), which are each encoded
by individual genes. Search engines do not yet
distinguish between peptides shared between
closely related proteins and those that are pro-
teotypic giving rise to a multitude of errone-
ous assignments. For variants (isoforms, splice
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variants, SNPs) encoded by the same gene,
BLAST is currently the only safe way to achieve
correct assignment of peptide sequences to the
cognate protein.

QUANTITATIVE PROTEOMICS

For the cell biologist, visualization of the fre-
quency of peptides assigned to specific se-
quences affords a ready assessment as to not
only the protein identity, but also a very good
approximation of its relative abundance (Fig.
1). Initially thought of as a qualitative method,
tandem mass spectrometry is now considered
highly quantitative. Although specialized meth-
ods exist for quantification (often through ad-

dition of heavy isotope labeled peptides, cultur-
ing cells in the presence of heavy isotope labeled
amino acids, or feeding rodents heavy isotopes
(Smolka et al. 2001; Ong et al. 2002; von Haller
et al. 2003; Kruger et al. 2008; Graumann et al.
2012; Zeiler et al. 2012), so-called label free
quantification often suffices and is convenient
and remarkably accurate. Counting the number
of tandem mass spectra assigned to a peptide in
cognate proteins is one such method, referred
to as redundant peptide counting or spectral
counting (Gilchrist et al. 2006; Bergeron and
Hallett 2007). The other is through the ion
currents carried by the peptides unique to
each protein (Campbell-Valois et al. 2012; Lud-
wig et al. 2012). Either method is applicable,
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Figure 1. Quantitative proteomics of 20 recombinant human proteins. Frequency of tandem mass spectra
assigned to tryptic peptides in 20 recombinant human proteins (gene symbol). The results are shown as a
peptide heat map representation for each of the 20 proteins. Each protein was present at equimolar abundance in
the mixture. Intensity of red indicates abundance of tryptic peptides characterized by tandem mass spectrom-
etry. Blue represents a tryptic peptide of 1250 Da. Each of the 20 proteins contained one or more peptides of this
mass, but of a different primary sequence. Abscissa scale indicates the number of amino acid residues. (From Bell
et al. 2009; reprinted, with permission, from the author and Nature Publishing Group # 2009.)
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although redundant peptide counting appears
to be more universally employed. The typical
dynamic range achieved through redundant
spectra counting is about three orders of mag-
nitude. Ion current intensity offers (in theory)
a higher dynamic range, but is limited in its
lack of resolution of the peak base and the sto-
chastic assignment of the highest peak, still a
feature of most mass spectrometers even today.
The ideal would be a combination of the two,
deploying full peak area integration, yet this
seemingly obvious feature is still missing. Nev-
ertheless, label-free quantification (as applied)
is sufficiently powerful to enable cell biology-
type discoveries as shown in key papers (Blon-
deau et al. 2004; Cox et al. 2005; Gilchrist et al.
2006; Kislinger et al. 2006; Silva et al. 2006) and
below.

HIERARCHICAL CLUSTERING

After matching the tandem mass spectra to cog-
nate proteins, these can then be sorted con-
veniently using the same type of programs as
developed to cluster microarray data. As seen
in Figure 2A for isolated rough microsomes,
smooth microsomes, Golgi fractions, and Gol-
gi-derived COPI vesicles from rat liver homog-
enates, this enables a ready visualization of
which proteins are enriched in which samples.
It also enables the visualization of which subsets
of proteins codistribute. Because there are more
subsets of proteins that codistribute than there
are organelles, this predicts the presence of mi-
crodomains through codistributing proteins.
Using a Pearson coefficient of correlation of
.0.90, we predict that as manyas 24 such micro-
domains may be present in the ER, Golgi, and
COPI vesicles. Functionality of these microdo-
mains can be inferred when clusters containing
proteins involved in translation, translocation,
protein folding, and ER-associated degradation
(ERAD) are analyzed (Fig. 2B). For example,
when ERAD constituents are visualized through
proteomics, they segregate into the smooth ER
compartments, easily distinguished from the
translocon and translation-associated proteins,
as proposed previously by other studies (Grois-
man et al. 2011).

EXPANDING THE ER–GOLGI AXIS OF
FUNCTIONAL INTERRELATIONSHIP

Visualization of one such subset of codistribut-
ing proteins was the first indication that the
protein folding enzyme ERp44 codistributes
with Golgi resident proteins (Fig. 3A) (Gilchrist
et al. 2006). This was unexpected as previous
studies showed an ER localization, as would
be expected for a soluble lumenal protein with
a cleaved signal peptide and carboxy-terminal
KDEL sequence. Indeed, localization of an
ERp44-EGFP fusion placed this squarely in
the ER, with little of the protein being present
in the Golgi apparatus (Anelli et al. 2002, 2003).
Comparative quantitative mass spectrometry
data, however, suggested the opposite (Gilchrist
et al. 2006). Indeed, using a mono-specific an-
tibody to ERp44 provided by P. Scherer (UT
Southwestern), we were able to confirm its pro-
teomics-based Golgi localization through in-
direct immunofluorescence (Fig. 3C). Most in-
vestigators now agree that ERp44 is located in
the Golgi apparatus in most cells and this has
enabled a functional elucidation of a vital mech-
anism that depends on the ER–Golgi inter-
face (Fraldi et al. 2008; Mariappan et al. 2008).
The Golgi location for ERp44 and its retrograde
trafficking also explains its function as a protein-
folding enzyme, protein disulfide reductase,
specific for the last interchain disulfide bonding
of oligomers such as polymeric Ig (Cortini and
Sitia 2010).

Another protein surprisingly assigned to the
Golgi through proteomics and confirmed to co-
distributewith Golgi markers isER mannosidase
I (Fig. 3B). This protein catalyzes the removal of
the outermost mannose residue on the B-chain
of high mannose N-linked glycoproteins gener-
ated in the ER (Gonzalez et al. 1999). Although
not noticed in our original resource, Pan et al.
(2011), showing a Golgi location with a mono-
clonal antibody to the protein, prompted re-
examination of the resource. The assigned LC-
MS/MS data clearly indicates a Golgi location.
It is further highly concentrated in functional
Golgi-derived COPI vesicles generated under
conditions in which GTP hydrolysis is permitted
(Lanoix et al. 1999) but not in vesicles generated
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Figure 2. Hierarchical clustering and identification of ER microdomains. (A) Hierarchical clustering of 1146
proteins characterized in isolated rat liver rough microsomes (RM), smooth microsomes (SM), Golgi (G), and
COPI vesicle (C) fractions, as described in Gilchrist et al. (2006). 24 different clusters of proteins are identified.
(B) Selected proteins related to translation, translocation, ER folding, ERAD (p97, ubiquitin-proteasome), and
cytosolic folding are shown. The relative distribution of the proteins is indicated (abundance) as a percent of
total peptides.
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in the presence of nonhydrolysable GTP. ER
mannosidase I also appeared absent in both
rough and smooth ER membranes. As with
ERp44, the substrates of the enzyme (high-man-
nose linked N glycoproteins) are in the ER. A
retrograde trafficking step to bring the enzyme
to its substrate could assure that this manno-
sidase action is restricted to mature N-linked
glycoproteins in the ER or for ERAD (Pan et al.
2011), further extending the ER–Golgi axis of
functional interrelationships.

THE CALNEXIN CYCLE AS EXTENDED
ER MICRODOMAINS

The overall coordination of folding of N-linked
glycoproteins in the ER is regulated by the cal-
nexin cycle (Ou et al. 1993; Ellgaard and Helen-
ius 2003). Briefly, newly synthesized N-linked

glycoproteins are glycosylated with 14 sugars
donated from a dolichol-linked lipid via oligo-
saccharyl transferase (Das and Heath 1980). Fol-
lowing the sequential removal of the terminal
glucose by glucosidase I (Hettkamp et al. 1984;
Bause et al. 1989), the glycoprotein may then be
recognized by the protein malectin (Schallus
et al. 2008; Chen et al. 2011; Galli et al. 2011),
potentially for presentation to glucosidase II for
removal of the second glucose residue (Burns
and Touster 1982; Reitman et al. 1982; Pelletier
et al. 2000). The resulting mono-glucosylated
glycoprotein is then a client for association
with calnexin or calreticulin (Hammond et al.
1994; Zapun et al. 1997; Schrag et al. 2003).
These proteins shelter the polypeptide of the
glycoprotein beneath an extended arm made
of three (calreticulin) to four (calnexin) tandem
repeats of hydrophobic residues and proline
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Figure 3. Predicted ER proteins uncovered in the Golgi apparatus. (A) Codistribution of the PDI family member
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and COPI vesicle fractions. (C) Colocalization of ERp44 with the Golgi marker GM130. Scale bar, 25mm. (From
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residues arranged in a hairpin (Schrag et al.
2001). This sequesters the partially folded newly
synthesized glycoprotein as a monomer, and al-
lows for the action of the PDI ERp57 (Zapun
et al. 1998), itself in association with the extend-
ed arm (Pollock et al. 2004). The glycoprotein
associates and dissociates with calnexin/calreti-
culin until its stable folding conformation is
achieved. During dissociation, competition
with soluble glucosidase II enables a stochastic
removal of the terminal glucose in competition
with reassociation with calnexin (Zapun et al.
1997; Chevet et al. 2010). If the unglucosylated
glycoprotein is folded, it moves on for manno-
sidase processing by ER man I or for reglu-
cosylation by a soluble lumenal protein folding
sensor termed UDP-glucose denatured glyco-
protein glucosyl-transferase (UGGT), for an-
other round of calnexin/calreticulin association
(Taylor et al. 2003, 2004; Trombetta and Parodi
2003). This is repeated multiple times until pro-
ductive folding is complete (Zapun et al. 1997)
or terminated through a channeling of the gly-
coprotein to degradation, a process initiated
by the HTM1/EDEM complex removing the
C-chain mannose of the N-glycan and through
the lectin OS9, to the endoplasmic reticulum-
associated protein degradation (ERAD) ma-
chinery (Molinari et al. 2003; Szathmary et al.
2005; Christianson et al. 2008; Clerc et al. 2009;
Groisman et al. 2011). The glycoprotein to be
degraded is first subjected to Sec61-dependent
and presumably, a derlin machinery-dependent
retrotranslocation followed by a p97 ATPase
complex-dependent import into the protea-
some for degradation (Lilley and Ploegh 2004,
2005; Wahlman et al. 2007; Stolz et al. 2011). The
distribution of the proteins of the calnexin cycle
in isolated rough and smooth ER, Golgi, and
COPI fractions is shown in Figure 4 (data from
Gilchrist et al. 2006). Mapping the distribution
of tandem mass spectra for each protein of the
calnexin cycle reveals a progression of the max-
imum concentrations of each protein, from
mainly rough ER (for sec61, the ribophorins,
glucosidase I, and malectin- corresponding to
clusters 2 and 3 in Fig. 2A) to equal concentra-
tions in rough and smooth (for calnexin, calre-
ticulin, and ERp57 clusters 7 and 8 in Fig. 2A), to

more enriched in smooth ER (Glucosidase II,
UGGT cluster 10 in Fig. 2A), and finally Golgi
(ERp44 cluster 23 in Fig. 2A), thereby recapitu-
lating the spatial and temporal aspects of folding
and glycoprotein-dependent quality control.

There were several proteins observed for the
first time at the protein level in the Gilchrist et al.
(2006) resource. By combining database search-
es from other large-scale projects in various or-
ganisms, it is possible to gain further insight into
the functions of some of these novel proteins.
For example, a screen for genes that affect IRE1
expression (a sensor for the unfolded protein
response; see Gardner et al. [2013] for more in-
formation on IRE1) in yeast (S. cerevisiae) un-
covered a new protein complex termed the ER
membrane protein complex (EMC). The EMC
was shown to be comprised of six integral mem-
brane proteins postulated to regulate quality
control of newly synthesized integral membrane
proteins (Jonikas et al. 2009). As shown in Fig-
ure 5A, when the rat homologs are mapped, the
proteins are found in abundance in which, as
expected, the higher molecular weight proteins
reveal more tandem mass spectra than the low
molecular weight ones. All six members of the
complex reside largely in the rough ER and all
partition into the detergent Triton X-114, as
predicted for integral membrane proteins (Fig.
5A). Hence, these proteins can now be reclassi-
fied along with their previously predicted hu-
man homologs (Jonikas et al. 2009). Because
the complex is seen to be more enriched in rough
ER than smooth ER, then a prediction is that the
ER quality-control function of this complex may
be close to or part of the translocon.

PROTEIN CLASSIFICATION AND LESSONS
LEARNED IN THE GOLGI APPARATUS

Public databases (such as GO) attempt to gather
proteins into classifications; however, our expe-
rience has been that this classification tends to
be less informative than the categories we select-
ed for the secretory pathway (Gilchrist et al.
2006). We found that 22 different categories
enabled a comprehensive grouping of all the
proteins in the ER–Golgi resource. When the
comparison was made based on the relative
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abundance of the proteins characteristic for
each category, the secretory cargo family was
immediately seen as enriched in the Golgi frac-
tion (Fig. 5B). This supports earlier morpho-
logical studies showing the concentration of bi-
osynthetic material as it progresses through the
secretory pathway, with the highest concentra-

tion seen in the interface between the ER and
the Golgi apparatus, and with little or no fur-
ther concentration across the Golgi stack (Da-
han et al. 1994; Martinez-Menarguez et al. 1999;
Oprins et al. 2001). There are striking examples
of cargo condensation, however, also in the
Golgi stack. Collagen formation studies (Grasse
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1957) and scale formation in certain algae (Mel-
konian et al. 1991) can be readily observed in
Golgi stacks giving rise to intra-cisternal struc-
tures that are similar in size to the overall cisterna
in a cis to trans direction. These studies consti-
tute hallmark studies that argue in favor of the
cisternal maturation/progression model for in-
tra-Golgi transport. More recent work by Luini

and colleagues confirms and affirms that pro-
collagen traverses the Golgi stack without ever
leaving the cisternae (Bonfanti et al. 1998). The
question how intra-Golgi cargo condensation
is driven is unclear, but presumably involves a
gradual lowering of pH in a cis– trans direction,
coupled with high Ca2þ and intrinsic conden-
sation properties of the proteins themselves as
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observed for cargo proteins destined for regulat-
ed secretion (Mosley et al. 2007). With a contin-
uous maturation and condensation of biosyn-
thetic material taking place such that it remains
within the lumenal space of the Golgi cisternae
and the cisternae themselves move in a cis-to
trans direction, the question is whether or not
the resident components of the Golgi apparatus
(e.g., SNARE proteins, glycosylation enzymes)
move with the biosynthetic cargo. Quantitative
immune-electron microscopy suggested that
this was not the case showing that glycosylation
enzymes seemed restricted to predominantly
two (e.g., the medial and trans cisternae) but
sometimes more cisternae, giving rise to distinct
but overlapping distributions (Nilsson et al.
1993; Rabouille et al. 1995). In a cisternal mat-
uration/progression scenario, this suggests ex-
tensive recycling of glycosylation enzymes such
that these move, cisternae to cisternae, in the
opposite direction to that of the biosynthetic
cargo. Indeed, COPI vesicles are more enriched
in Golgi resident proteins as exemplified by in
the protein modification category (for COPI
vesicles generated with hydrolysable GTP),
whereas the COPI coat is most enriched in the
COPI vesicle fraction generated with nonhydro-
lysable GTP. Interrogation of the data for those
proteins, which increase in COPI vesicles over
parent Golgi fractions, reveals that only Golgi
residents are enriched (Fig. 5C). This directly
supports the maturation model for Golgi trans-
port as argued elsewhere (Nilsson et al. 2009;
Bergeron et al. 2010; Nakano and Luini 2010;
Gannon et al. 2011). An important note here is
the combination of enriched Golgi membranes
and the generation of vesicles using such mem-
branes in vitro. As pointed out by de Duve, en-
richment of the particulate as promoted by Pal-
ade may give rise to limitations if part of the
particulate or structures associated with the par-
ticulate does not follow the enrichment of the
main component. Enrichment of Golgi mem-
branes is perhaps here a good example in which
Golgi-derived COPI vesicles have distinct sedi-
mentation properties compared to cisternal
membranes. De Duve would have argued, and
correctly so in this case, that gradient profiling is
the preferred strategy if wanting to encompass

cisternal Golgi membranes as well as smaller
transport intermediates associated with the Gol-
gi apparatus (e.g., COPI- and clathrin-coated
vesicles). Another point made by de Duve was
that a protein might reside in multiple locations
and its activity not necessarily correlated with its
main biological activity (e.g., ERp44).

ALTERNATIVE STRATEGIES

Adhering to the de Duve dictum, gradient pro-
filing of whole cell extracts with the purpose of
assigning proteins to their cognate organelle(s)
has been attempted, albeit with somewhat lim-
ited success. Analytical fractionation through
rate zonal (density) centrifugation separates or-
ganelles partially across the sucrose gradients. In
proteomics, marker proteins were used to dis-
tinguish the sedimentation properties to define
the organelle distributions in gradients (Dunk-
ley et al. 2004). In an approach termed “protein
correlation profiling” (PCP), Foster and co-
workers (2006) attempted analytical fraction-
ation of whole cell extracts, followed by assign-
ment of detected proteins to cognate organelles.
Because of the inherent limitation in dynamic
range with the mass spectrometers used at that
time, this limited the amount of low abundance
proteins that could be assigned to the various
organelles across the gradient. As, typically, the
Golgi apparatus only makes up about 1%–2%
of total membranes in a cell, the study is biased
against proteins of this organelle. Indeed, only
19 genuine Golgi resident proteins were detect-
ed. In contrast, 48 proteins assigned to the Golgi
apparatus by the PCP approach were contami-
nants. Kislinger and coworkers relied on another
approach based on rate sedimentation centri-
fugation to separate organelles over a gradient
(Kislinger et al. 2006). Again, the limited dy-
namic range of the mass spectrometers used
prevented a comprehensive accounting of pro-
teins. For example, the group resolved 12 cyto-
chrome P450s in liver microsomes. By contrast,
using enriched ER membranes in combination
with triton X-114 extraction to enrich for mem-
brane proteins enabled a total of 34 cytochrome
P450s to be resolved along with their relative
abundance (Gilchrist et al. 2006). With HPLCs
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that operate at higher pressure, peptides can
now be separated to a much higher degree using
longer columns packed with beads of smaller
diameter. This results in a dramatic decomplex-
ing of peptides eluted from the loading car-
tridge along with a sharpening of peaks giving
rise to an improved signal-to-noise ratio and,
hence, increased dynamic range. Using this ap-
proach, Geiger et al. (2012) identified up to
10,000 proteins from a cell extract in a single
run showing the power of this method. Im-
provements in mass spectrometers themselves
have also contributed to higher dynamic range.
It will therefore be of interest to revisit PCP and
variants thereof to evaluate the ability to cor-
rectly and comprehensively assign proteins to
correct organelle(s).

Elucidation of protein–protein interactions
provides new information through “guilt by as-
sociation” and has proven successful at all levels
of cell biology and biochemistry. When per-
formed as global strategies, this should provide
key information aiding in the functional eluci-
dation of complete proteomes. This has been
attempted in yeast through genetically engi-
neered open reading frames to include protein-
epitope tags that can be used to purify the pro-
tein along with its interactors. Another ap-
proach, termed top-down interactomics, uses
native-gel electrophoresis followed by mass
spectrometry to elucidate protein complexes in
tissue or tissue culture extracts. In one such
study, Dejgaard and coworkers succeeded in
separating and characterizing the native ribo-
some–translocon complex from canine pancre-
as microsomes (Dejgaard et al. 2010). The native
complex identified was larger than that predict-
ed, and confirmed earlier work by Meyer and
others (Hortsch et al. 1986; Savitz and Meyer
1990), showing that the p180/ribosome recep-
tor is indeed a constituent of the ribosome–
translocon complex. Additional components
such as CLIMP63, glucosidase I, and BAP31
were also assigned to the ribosome–translocon
complex giving rise to a native size of 4 MDa
rather than the previously predicted size of 2
MDa. When combined with software similar
to that deployed in the PCP approach above,
numerous protein complexes can now be ob-

served in a given sample negating the need for
eptitope tagging and affinity-based isolation.
When dealing with human tissue, this offers a
great advantage over conventional interactom-
ics-based strategies.

CONCLUSION AND OUTLOOKS

The technological advances in mass spectrom-
etry have allowed for reliable, quantitative iden-
tifications of the protein make-ups of a variety
of subcellular organelles. The combination of
quantitative mass spectrometry and hierarchical
clustering algorithms predicts functional micro-
domains within the rough and smooth ER. The
analysis of the constituents of the calnexin cycle
reveals a spatial distribution of the proteins that
is coincident with the progression of successive
steps in productive glycoprotein folding. Be-
cause ER readily fragments during homogeniza-
tion, the use of antibodies coupled to magnetic
beads to isolate subdomains (as was used to re-
veal subpopulations of COPI vesicles [Lanoix
et al. 2001]) may enable the isolation to homo-
geneity of predicted microdomains segregated
into different fragments of ER. From what we
have learned so far, it is safe to say that the ER
and the Golgi are multitasking organelles acting
not only in series, but also collaborate to enable
novel mechanisms that require temporal and
spatial separation such as that observed with
ERp44 and possibly, ER mannosidase I. Other
membrane interfaces such as the GERL in which
ER cisternae interdigitates with the trans-most
Golgi cisternae or associate with the phospho-
lipid surface of mitochondria or lipid droplets
are likely to provide interesting twists on mech-
anisms previously ascribed to either organelles
(Novikoff and Yam 1978; Halter et al. 2007; En-
glish et al. 2009; Lynes et al. 2012). To underscore
this notion, a subset of ER resident proteins have
emerged as constituents of maturing phago-
somes giving rise to a mechanistic basis for an-
tigen cross presentation in innate immunity
(Gagnon et al. 2002; Houde et al. 2003; Cebrian
et al. 2011; Campbell-Valois et al. 2012). The ER
also generates peroxisomes (Titorenko et al.
1997; Titorenko and Rachubinski 1998; van
der Zand et al. 2012), and a further specialized

J. Smirle et al.

12 Cite this article as Cold Spring Harb Perspect Biol 2013;5:a015073



subset of ER is found beneath the cell membrane
of many cells (English et al. 2009). The Golgi
apparatus, on the other hand, contributes part
of its machinery to lipid droplet biogenesis, re-
vealing a mechanistic link previously thought to
be exclusive to that of the ER. Complete com-
pendiums of ER and Golgi membranes along
with a complete functional elucidation of each
constituent have not yet been achieved and will
require combinations of biochemistry, clever
fractionation strategies, mass spectrometry, in-
teractomics-based studies, immune-based lo-
calization, and genetic interference (e.g., knock-
down or knockout). Technological advances will
help in this continuous endeavor.
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