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Despite more than six decades of successful Golgi research, the fundamental question as to
how biosynthetic material is transported through the secretory pathway remains unanswered.
New technologies such as live cell imaging and correlative microscopy have highlighted the
plastic nature of the Golgi, one that is sensitive to perturbation yet highly efficient in regaining
both structure and function. Single molecule-microscopy and super resolution-microscopy
further adds to this picture. Various models for protein transport have been put forward,
each with its own merits and pitfalls but we are far from resolving whether one is more
correct than the other. As such, our laboratory considers multiple mechanisms of Golgi trans-
port until proven otherwise. This includes the two classical modes of transport, vesicular
transport and cisternal progression/maturation as well as more recent models such as
tubular inter- and intra-cisternal connections (long lasting or transient) and inter-Golgi
stack transport. In this article, we focus on an emerging inductive technology, mass spec-
trometry-based proteomics that has already enabled insight into the relative composition
of compartments and subcompartments of the secretory pathway including mechanistic
aspects of protein transport. We note that proteomics, as with any other technology, is not
a stand-alone technology but one that works best alongside complementary approaches.

PROTEOMICS AS ATECHNOLOGY

s described and thoroughly discussed in a
Arecent commentary (Nilsson et al. 2010),
mass spectrometry (MS)-based proteomics as
currently deployed is correlative despite its
high mass accuracy. Yet it allows for a compre-
hensive and quantitative characterization of
the protein composition of entire organelles,
substructures, protein complexes, and bio-
chemical fractions (e.g., detergent fractions
upon phase separation). In a typical proteomic

study, protein samples are separated accord-
ing to their size using gel electrophoresis, i.e.,
Polyacrylamide Gel Electrophoresis or PAGE
(e.g., SDS-PAGE) or by both size and isoelectric
point, i.e., 2-D PAGE. Gel fragments containing
separated proteins are then subjected to pro-
tease digestion in-gel, usually with trypsin, to
generate peptides that are then subjected to
liquid chromatography (LC). From the LC
column, these peptides then enter the mass
spectrometer where they are subjected to a first
or parental MS scan. Using this parental scan,
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either all the peaks or a selection can be sub-
jected to fragmentation followed by another
MS scan (termed tandem mass spectrometry
[MS/MS] and when combined with LC,
LC-MS/MS). The molecular weights (MWs)
of observed peptides and their fragmented
counterparts are calculated and then compiled
and parsed with a database or databases using
a search engine such as Mascot. Simplistically,
peptides of predicted open reading frames
are generated in silico and used to match the
MS-derived data. By correlating calculated
MWs with predicted ones, and combining this
with peptide sequence coverage, they can be
identified. Using the relative abundance of the
redundant peptides identified for each protein,
they can be quantitated. The correlative aspect
allows identification at a probability level that
is usually 95% or higher. This number can be
set empirically as a trade-off between the rate
of false positives and that of assumed correct
positives in which the former can be gauged
by deploying a database where each open read-
ing frame has been reversed. Using this reference
database, it is possible to set search parameters
such that confidence in the end is 95% or
higher. Nevertheless, protein identification
may still be ambiguous even at a 95% or higher
confidence as databases are full of erroneous
annotations and multiple redundant entries
that necessitate manual curation. These errone-
ous annotations include subcellular localization
showing mitochondrial proteins in the nu-
cleus, ER chaperones in the plasma membrane
and so forth. Proteomics-based publications
are therefore full of proteins in new and exciting
locations usually without attempts to back up
such data through independent validation (for
example, by immunofluorescence). This has
contributed to the wariness that cell biologists
and others have of (MS)-based proteomics.

LIMITATIONS OF PROTEOMICS

The biggest limitation of (MS)-based proteo-
mics as applied today is its limited dynamic
range. Typically, MS instruments yield only
3—4 orders of magnitude dynamic range. Prac-
tically, using plasma as an example, one would

need 6—8 orders of magnitude as plasma levels
of serum albumin and interleukin 6 (IL6) differ
by 6 orders of magnitude in their respective
concentrations, albumin being the more prom-
inent one. To increase the dynamic range, it is
possible to pre-enrich the sample through
subcellular fractionation prior to analysis. As
covered in a previous review (Bergeron et al.
2010), the distinction is made between purify-
ing an organelle to apparent homogeneity or
to correlate relative sedimentation behavior
under various conditions. With quantitative
(MS)-based proteomics, the two can be com-
bined such that the desired dynamic range is
achieved as well as enabling correlation of
uncharacterized proteins with known marker
proteins as envisaged by de Duve (De Duve
1964). Indeed, using intracellular membranes
enriched through fractionation, it is possible
to track simultaneously thousands of proteins
across gradients. Uncharacterized/novel pro-
teins of a compartment or substructure can
then be localized by their ability to codistribute
with known marker proteins of a particular
organelle or substructure. Using bioinformatics
tools (e.g., principal component analysis [PCA]
and hierarchal clustering algorithms), proteins
can then be grouped together with those that
display a similar sedimentary behavior. This
can easily be extended to biochemical proper-
ties as revealed through detergent solubility,
detergent partitioning, salt resistance, and so
on. Using this approach, which we term the pro-
tein microscope (Bell et al. 2007), it is feasible
to tease out function through “association.”
Protein contaminants from undesired struc-
tures are also revealed by this approach, as these
show no correlation. We are currently combin-
ing this approach with high-resolution native
gel electrophoresis following gradient frac-
tionation (Dejgaard et al. 2010). This combina-
tion of methods enables physical native protein
complexes to be isolated and characterized
quantitatively. This technology is readily ap-
plicable today and ought to be of interest to
cell biologists and those from associated fields
as an alternative to coimmunoprecipitation
or Fluorescence Resonance Energy Transfer
(FRET) microscopy. With this article, we wish
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to demonstrate that (MS)-based proteomics
can be a powerful tool by focusing on a long-
standing question as to the composition of
intra-Golgi transport carriers termed COPI
vesicles and how these relate to transport of
newly synthesized proteins through the secre-
tory pathway.

SETTING THE STAGE FOR STUDYING THE
CONTENT OF COPI TRANSPORT VESICLES

Two models of protein transport through the
secretory pathway have dominated the Golgi
field for more than five decades; the cisternal
maturation/progression model (Grasse 1957)
(CMPM) and the vesicular transport model
(Jamieson and Palade 1967) (VIM). Early elec-
tron microscopy (EM) studies had shown that
Golgi stacks consist of flattened -cisternae
stacked close together and connected laterally,
cisterna to cisterna, via highly fenestrated
regions. Approximately 100—150 such stacks
are joined together laterally to yield the Golgi
ribbon (the Golgi). Each Golgi stack also has
fenestrations on the cis- and the frans-side and
this gave rise to an early notion that membranes
would assemble at the cis-side and disassemble
at the trans-side. Cisternal ER membranes, filled
with biosynthetic material, were thought to
break off from the ER and align themselves
with previously detached ER-derived cisternae
giving rise to the stacked appearance of the
Golgi. Hence, the CMPM, as originally postu-
lated, depended on a constant input of mem-
branes and biosynthetic material from the ER.
This was disproved by Palade and Jamieson
(Jamieson and Palade 1968) who showed that
intracellular transport and biosynthesis of
proteins are independent of each other. When
protein synthesis was inhibited; there was no
discernable loss of Golgi stacks or apparent
changes in morphology and the CMPM was
therefore largely abandoned.

The CMPM was replaced by the VTM, which
depicts small 50- to 70-nm vesicles as transport
carriers of biosynthetic material from the ER
to the Golgi and from cisterna to cisterna
within the Golgi stack (intra-Golgi transport).
In the 1980s and the 1990s, the molecular and
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functional framework of transport vesicles
were successfully delineated through yeast
genetics, EM, and biochemistry (Rothman
and Fine 1980; Novick et al. 1981; Orci et al.
1986; Barlowe et al. 1994). These studies identi-
fied both COPII and COPI vesicles as responsi-
ble, respectively, for transporting biosynthetic
material out of the ER, and for moving this
from cisterna to cisterna. Much of this success
was based on the use of an in vitro transport
assay that monitors transfer of N-acetylglucos-
amine onto the N-linked oligosaccharide of a
temperature sensitive mutant of the G protein
of vesicular stomatitis virus (VSV-Gyg4s). The
temperature-sensitive G protein allowed for a
pulse-like release from the ER with a subsequent
positioning in the Golgi stack upon transfer to
ice. When performed in CHO cells deficient
in N-acetylglucosaminyltransferase I (GlcNAc-
T1), this yielded Golgi stacks suitable as do-
nors for transport carriers (e.g., COPI vesicles).
During the 1980s and the 1990s, much of the
emphasis was placed on this in vitro transport
assay, monitoring the transfer of VSV-G from
donor to acceptor Golgi. This assay built on pre-
vious studies of transport of viral proteins
through the secretory pathway at a time where
most viewed Golgi stacks as stable membrane
entities, compartments, populated by specific
sets of processing enzymes (e.g., glycosylation
enzymes).

It was then assumed that through cisternal
compartmentalization, Golgi-resident glycosy-
lation enzymes, and other processing enzymes
could act in an orderly manner on the bio-
synthetic material as it moved from cisterna to
cisterna via COPI vesicles. Biochemical frac-
tionation experiments and immuno-EM sup-
ported this view. Glycosylation enzymes acting
on the N-linked high mannose form were local-
ized to the early part of the pathway (e.g.,
the cis-Golgi network and the cis-cisternae)
whereas enzymes acting on N-linked complex
oligosaccharides were found later in the
pathway (trans-Golgi and the trans-Golgi net-
work) (Roth and Berger 1982; Dunphy et al.
1985). The notion of strictly compartmental-
ized Golgi-resident glycosylation enzymes was
challenged in the mid-1990s through double
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immuno-EM studies showing that glycosyla-
tion enzymes distributed across the Golgi
stack in gradient-like distributions (Nilsson
et al. 1993; Rabouille et al. 1995). Here, classi-
cal medial and a trans enzyme were shown
to occupy the same cisterna. There were
arguments as to the validity of summing up
gold particles over multiple stacks, which was
subsequently addressed using quantitative
photo-oxidation of EGFP tagged to N-acetylga-
lactosaminyltransferase 2 (GalNAc-T2) reveal-
ing a gradient-like distribution across a single
stack (Grabenbauer et al. 2005). Such enzyme
distributions pointed to a more dynamic organ-
ization of Golgi-resident glycosylation enzymes
within the Golgi apparatus and opened up for
the possibility of continuous recycling to offset
the flow of biosynthetic material (see Saraste
and Kuismanen [1992] for a modified CMPM).

At that time, a mechanistic framework for
recycling had already been established for
proteins that reside in the ER and in the inter-
face between the ER and the Golgi apparatus.
Both soluble (Munro and Pelham 1987) and
transmembrane (Nilsson et al. 1989) constitu-
ents were shown to display discrete sorting sig-
nals that are sufficient to ensure the return
proteins from the Golgi apparatus to the ER.
Both operate through COPI vesicles as shown
by Cosson and Letourneur who discovered
that coatomer, a 7 subunit coat complex, binds
directly to the cytoplasmic ER/Golgi sorting
signal K(X)KK-COOH showing that COPI
vesicles, at least in part, are involved in retro-
grade transport (Cosson and Letourneur
1994; Letourneur et al. 1994). The question as
to whether COPI vesicles could also be involved
in retrograde transport of Golgi resident glyco-
sylation enzymes from later parts of the Golgi
stack (medial and trans cisternae) remained
open. At the end of the 90s, two parallel in vitro
studies suggested that indeed, COPI vesicles
were able to transfer GIcNAc-T1 activity using
the transport assay described above and that
they did so efficiently (Lanoix et al. 1999; Love
etal. 1998). Fractions enriched in smaller mem-
branes consistent with vesicles were shown to
contain most of the GIcNAc-T1 needed for
glycosylation of VSV-G, the latter confined to

larger membrane structures (e.g., cisternae)
(Cosson and Letourneur 1994). In a subsequent
study it was shown that formation of the small
membrane structures were sensitive to bre-
feldin A, a fungal metabolite, that inhibits
COPI vesicle formation and stimulates tubule
formation (Lin et al. 1999). At the same time,
an independent study using vesicles formed in
vitro using highly purified rat liver Golgi frac-
tions showed that these contained glycosylation
enzymes at higher concentrations than those
found in the Golgi cisternae (Lanoix et al.
1999). A corresponding depletion of biosyn-
thetic material into such vesicles was also
observed. Importantly, such vesicles were by
EM morphologically consistent with COPI
vesicles, required coatomer, ADP-ribosylation
factor 1 (ARF1), energy and cytosol to form,
and were functional as deduced by their ability
to efficiently transport GlcNAc-T1 in the in
vitro transport assay described above.
Incorporation and concentration of glyco-
sylation enzymes into COPI vesicles were shown
to require hydrolysis of GTP by ARF1 suggest-
ing an active and selective sorting event (Lanoix
et al. 1999). This explained why, up until that
time, COPI vesicles studied by EM and bio-
chemistry had appeared empty of resident
glycosylation enzymes as these were usually
purified in the presence of nonhydrolysable
GTP, GTPvS. Without GTP hydrolysis, sorting
is inhibited, rendering the interpretation of
analyzed COPI vesicles difficult. A subsequent
study showed that there is more than one pop-
ulation of COPI vesicles that predominantly
contain resident Golgi proteins (Lanoix et al.
2001), however, this does not exclude subpopu-
lations also involved in anterograde transport
(Pelham and Rothman 2000). That anterograde
subpopulations of COPI vesicles exist is sup-
ported by a study that used different tethering
factors to capture COPI vesicles followed by
western blotting to indicate that vesicles with
marker proteins of biosynthetic proteins were
different from those with resident proteins
thus suggesting that both anterograde and
retrograde COPI transport vesicles coexist
(Malsam et al. 2005). Attempts were made
to complement the above in vitro studies by
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examining the distribution of biosynthetic
material as well as Golgi resident enzymes by
immuno-EM in cell lines. Whereas the highly
abundant biosynthetic cargo protein albumin
could be shown to be restricted to Golgi cister-
nae (Dahan et al. 1994; Martinez-Menarguez
et al. 1999) the distribution of mannosidase II
(Mann II) in NRK cells was inconclusive as
two labs, prominent in their respective profi-
ciency in EM, came to completely opposite con-
clusions as to the incorporation of Mann Il into
COPI buds and peri-Golgi vesicles (Martinez-
Menarguez et al. 2001; Cosson et al. 2002).
Both studies used the same antibody and the
same cell type, NRK cells, clearly pointing to
a limitation of immuno-EM as a technique
when examining the content of small vesicular
structures such as COPI vesicles. Arguments
as to the validity of the data obtained with in
vitro formed vesicles were also put forward
based on earlier studies (Quinn et al. 1984;
Takamori et al. 2006; Dupuy and Engelman
2008) indicating that the protein concentration
of transmembrane proteins in the Golgi cister-
nae was already very high. Therefore, further
sorting/concentration through ARF regulated
GTP hydrolysis seemed unlikely (Pelham and
Rothman 2000). In other words, transmem-
brane proteins were so highly concentrated
in Golgi cisternae they were not expected to
concentrate further in COPI vesicles. A new
approach was needed, one that could quantita-
tively compare the entire protein content of
COPI vesicles with that of Golgi cisternae.

USING PROTEOMICS TO DETERMINE THE
CONTENT OF COPI VESICLES

Alarge-scale protocol was developed for the for-
mation of COPI vesicles using highly purified
rat liver Golgi membranes (>100 times over
homogenate) as a source material, rat liver
cytosol, an ATP regenerating system and a
recombinant dominant negative mutant of
a-SNAP to prevent fusion of formed vesicles.
As a control, vesicles were also generated in vitro
in the presence of GTPvS. Following purifica-
tion of vesicles through gradient sedimentation
followed by gradient floatation, vesicles were
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extensively characterized by western blotting
and electron microscopy, including morphom-
etry and immuno-labeling, the latter using
antibodies directed to the cytoplasmic domains
of p24 proteins of early Golgi cisternae. Vesicle
fractions were then subjected to solubilization
and separation by SDS-PAGE followed by
quantitative LC-MS/MS. The protein content
of these formed vesicles was also compared to
the other membranes of the secretory pathway,
smooth and rough endoplasmic reticulum, as
well as Golgi cisternae. The resulting MS data
were then used to search a nonredundant rat
database to yield peptide and protein identifica-
tions. Protein identification required extensive
manual curation involving manual BLAST steps
to ensure that annotated peptides did indeed
correspond to the correct protein (more than
one peptide of a protein is usually observed
making peptide assignment and protein iden-
tification feasible). Quantification was per-
formed through redundant peptide counting
enabling fractions to be compared through
PCA. This analysis showed that the protein
composition of each structure analyzed differed
significantly. This was important as it had
previously been suggested that COPI vesicles
generated in vitro represent Golgi fragments
rather than bona fide COPI vesicles (Kweon
etal. 2004). PCAwithout any functional assign-
ments of proteins showed that analyzed COPI
vesicles were clearly distinct entities compared
to Golgi cisternae. The control, vesicles gener-
ated in the presence of GTPyS, were also found
to be distinct from COPI vesicles and Golgi
cisternal membranes (Gilchrist et al. 2006).
PCA was followed by hierarchical clustering
in order to group proteins according to their rel-
ative enrichment/de-enrichment (abundance)
across the different fractions analyzed. As vali-
dation, the degree of coclustering of the seven
subunits of coatomer, the coat complex of
COPI vesicles, was monitored. As coatomer is
a highly stable cytosolic complex attaching to
both cisternal membranes as well as vesicles in
a GTP-specific manner, these would be pre-
dicted to cocluster. Six subunits were found
to be tightly coclustered with the seventh sub-
unit adjacent to this cluster demonstrating the
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robustness of the approach taken. It is here
important to realize that coatomer present in
the different fractions was solubilized and indi-
vidual chains separated by SDS-PAGE followed
by in-gel trypsin digest and analysis by LC-MS/
MS in the presence of thousands of other
peptides derived from other proteins present
in the fraction. The ability to reconstruct the
coatomer complex, based purely on relative
enrichment—de-enrichment, validates, in our
opinion, the coclustering approach we term
the protein microscope. With the PCA revealing
that each membrane component analyzed is
distinct, it was possible to ask which proteins
contribute to this. A simple criterion was used
to highlight all proteins that were enriched in
COPI vesicles over that of the Golgi cisternae.
Importantly, all proteins with known functions
were, without exception, found to be enriched
in COPI vesicles and these were Golgi resident
proteins. This showed that en masse, COPI
vesicles generated from purified Golgi mem-
branes, in vitro, preferentially incorporate
resident constituents of the secretory pathway
rather than biosynthetic materials. Also, that
such preferential incorporation requires hydrol-
ysis of GTP (by ARF/ARFGAP [Lanoix et al.
1999]) as control vesicles generated in the pres-
ence of GTPyS revealed no such enrichment.
With vesicles generated under permissive GTP
hydrolysis conditions, there was more than a
twofold enrichment of Golgi resident proteins.
Using the protein density observed in synaptic
vesicles (Takamori et al. 2006), there is theoret-
ically room for at least a three-fold concentra-
tion of membrane proteins in Golgi cisternae
(Nilsson et al. 2009). This makes it possible
for COPI vesicles to concentrate Golgi-resident
proteins. This points to COPI vesicles as having
amajor role in recycling at all levels of the secre-
tory pathway, consistent with earlier findings
showing that proteins endowed with a luminal
KDEL sequence can recycle via the KDEL recep-
tor all the way back from the TGN (Miesenbock
and Rothman 1995).

Whether a twofold enrichment is sufficient
to ensure that all Golgi resident proteins can
be recycled in the context of a CMPM remains
to be seen. We presently know very little in terms

of the half-life of COPI vesicles, how quickly
they form, and how fast they are consumed
through fusion with the adjacent cisterna. It is
therefore impossible to determine the relative
contribution of COPI vesicles to overall trans-
port vis-a-vis the CMPM or the VITM or other
scenarios. Also, and as noted above, our find-
ings do not exclude possible subpopulations
of anterograde transport vesicles or the addi-
tional roles of transient tubules and direct inter
cisternal continuities in these transport events.
We do know that membrane proteins along
with lipids may also recycle from the TGN to
the ER via a COPI-independent pathway, which
interestingly, is the preferred route taken by
certain toxins to gain access to the ER (Girod
et al. 1999). Isolation and LC-MS/MS charac-
terization of COPI vesicles coupled with in vivo-
based microscopy should yield more insight
into the nature of COPI vesicles and how these
relate to the overall question of protein trans-
port in the Golgi apparatus.

USING PROTEOMICS AND THE PROTEIN
MICROSCOPE TO IDENTIFY AND
CHARACTERIZE NEW GOLGI PROTEINS

Of the approximately 20,300 proteins predicted
by the human genome and a similar number in
rodents, more than half have little or no docu-
mented function. About a thousand or more
have never been observed at all by any method.
When proteins of unknown function are uncov-
ered, whether indirectly via cDNA cloning, high
throughput microscopy-based screens or more
recently through tandem mass spectrometry,
they are often proved to be biologically relevant.
If these “novel” proteins are linked to an organ-
elle then it is the major function of the organelle
that can give the greatest insight into protein
function. Calnexin, for example, was purified
from the ER as an integral membrane phos-
phoprotein. The primary sequence was deduced
from Edman degradation of derived peptide
sequences that allowed selection of primers for
c¢DNA cloning. This information rapidly led
to its function as lectin/chaperone. In turn,
this led to the uncovering of a glycan-based
code for glycoprotein folding, a process which
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ensures the spatial temporal coordination of
productive folding and presentation to the ER
exit machinery through the calnexin cycle
(Schrag et al. 2003). Calnexin also retains
misfolded glycoproteins in the ER to present
them to the ER associated degradation ma-
chinery (Chevet et al. 2010). Protein folding
and quality control proteins are the most abun-
dant resident proteins of the ER (Gilchrist et al.
2006).

A similar trajectory of discovery has been
followed for the novel Golgi protein first un-
covered by tandem mass spectrometry and orig-
inally named GPP34 (Golgi peripheral protein
of 34kDa) and published online in October
2000 (Bell et al. 2001). The tandem mass
spectrometry identified unambiguously tryptic
peptide sequences that did not match any
known protein in the protein database but did
in the EST database. The full-length sequence
was deduced from EST sequences, as were those
of predicted orthologs in several species includ-
ing yeast and human. By analytical fractionation
and immune labeling at the LM and EM level
the protein was localized to the stacked cisternae
of the Golgi apparatus. Wu et al. indepen-
dently identified this same protein by proteo-
mic analysis of isolated Golgi apparatus,
naming it GMX33 (Golgi matrix protein of
33 kDa) with its full-length sequence deduced
by ¢cDNA sequencing. In budding yeast the
gene is nonessential but complemented by the
mammalian gene (Tu et al. 2008; Corbacho
et al. 2010). The annotation in yeast is VPS74
(Vacuolar protein sorting-associated protein
74) due to an effect on sorting of proteins to
the vacuole. The X-ray structure of VPS74 sug-
gests an association with the short amino termi-
nus stub of the type II integral membrane
proteins of Golgi located sugar transferases
(Schmitz et al. 2008). A postulated direct asso-
ciation of VPS74 with the cytosolic domain
of Golgi located sugar transferases (Tu et al.
2008) seems very surprising since mammalian
GPP34 complements yeast VPS74 but no
sequence similarity is known for yeast and
mammalian Golgi located sugar transferases.

Despite this caveat much more is now under-
stood for mammalian GPP34. The human
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ortholog (known as GOLPH3-golgi phospho-
protein 3) was uncovered as the first example
of a Golgi located oncoprotein (Scott et al.
2009). This astonishing observation was a con-
sequence of a genome wide array based on a
comparative hybridization study of 307 solid tu-
mors from nonsmall cell lung carcinoma, ovar-
ian carcinoma, prostate cancer, and melanoma
to screen for amplified genes casually linked
to these tumors. GPP34/GOLPH3 was found
when overexpressed to transform mouse embryo
fibroblasts and confer anchorage independent
growth in immortalized human melanocytes.
Overexpression also led to the activation of the
mTOR pathway and was associated with cell
size regulation. Melanoma tumors overexpress-
ing GPP34/GOLPH3 were highly aggressive in
immune deficient mice with the mTOR pathway
activiated. Not surprisingly, rapamycin treat-
ment inhibited the TOR pathway and markedly
diminished the tumors.

More recently, GPP34 has been identified
as the major Golgi protein associated with
the Golgi located phospholipid phosphtidyl
inositol 4-phospate in mammals (Dippold
et al. 2009) and yeast (Wood et al. 2009). In
mammalian cells, Dippold et al. have shown
that GPP34 may also be responsible for the
Golgi ribbon; the structure that links different
stacked Golgi cisternae into one continuum. It
has been postulated that the flattened cisternae
themselves are maintained by an association of
GPP34/GOLPH3 with myosin 18a connected
to F-actin.

There were more than 70 proteins of
unknown function uncovered by proteomics
of highly purified Golgi fractions (Gilchrist
et al. 2006). By applying the protein micro-
scope, these unknown proteins are seen to
codistribute with proteins of known function
(Gilchrist et al. 2006). Since Golgi membranes
and COPI vesicles were also compared with
both rough and smooth ER, it was possible to
highlight ER proteins in their respective
compartment through hierarchical clustering.
Through this, a new function was uncovered
for ERp44 (endoplasmic reticulum resident
protein 44), which belongs to the family of
protein disulfide isomerases that have evolved
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to catalyze disulfide bond formation coincident
with productive protein folding. Functional
and localization studies using ERp44 EGFP
fusion proteins had established this member
as an ER resident protein along with its client
proteins (Anelli et al. 2002, 2003). Studies also
showed that ERp44 has a role in the ER reten-
tion of ERO1 (Bertoli et al. 2004; Qiang et al.
2007); the inositol trisphosphate (IP3) receptor
(Tateishi et al. 2005) and the secretory cargo
protein adiponectin (Wang et al. 2007). Rather
than belonging to the ER, however, we found
this that protein, through proteomics, to be
almost exclusively localized to the Golgi
apparatus, a postulate confirmed by indirect
immunofluorescence using an antibody to the
endogenous protein (Gilchrist et al. 2006). In
fact, ERp44 was found concentrated about
14-fold in Golgi membranes compared with
ER membranes. The question immediately
arose as to how a predominant Golgi location
could be reconciled with a function of ERp44
in protein folding and the retention of ER
membrane proteins and soluble secretory pro-
teins. The answer found in the spatial and tem-
poral requirements of protein maturation where
ERp44 acts as a retention protein for ERO1,
the IP3 receptor and adiponectin, retrieving
these proteins as they escape from the ER. For
adiponectin, its regulated secretion in fat cells
is a consequence of a signaling pathway that
abrogates its recycling via ERp44 (Wang et al.
2007; Wang et al. 2008; Wolf 2008; Phillips
etal. 2009; Long et al. 2010). Importantly, client
proteins that do not associate via cysteine resi-
due oxidation to the thioredoxin motifs of
ERp44 include the formylglycine-activating
enzyme (Mariappan et al. 2008). This protein
must be presented to a Golgi located ERp44,
which then returns it to the ER and presents it
to sulfatases to catalyze formation of formylgly-
cine. This is crucial for function and so far, all
known mutations in humans that cause multi-
ple sulfatase deficiency are those of the formyl-
glycine activating enzyme that only affect the
transport of this enzyme to the Golgi apparatus
(Fraldi et al. 2008; Dierks et al. 2009). If unable
to first associate with the Golgi localized ERp44,
transport defective mutants of formylglycine

activating enzyme are unable to recognize the
sulfatases preventing their maturation into
active enzymes (Mariappan et al. 2008).

CONCLUDING REMARKS

Despite technical caveats and challenges cur-
rently facing MS-based proteomics, its applica-
tion in cell biology has already proven fruitful.
Insights into the composition of a COPI vesicle
generated in vitro has extended their role in
recycling to all levels of the secretory pathway.
Most notably, COPI vesicles transport Golgi res-
ident glycosylation enzymes. Further work
examining the composition of subpopulations
of COPI vesicles should test for the possibility
of vesicles predominantly carrying biosynthetic
cargo, presumably in the anterograde direction.
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