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The recent finding that the human genome comprises

between 21 000 and 39 000 genes, a number much

lower than expected, has in no way simplified the com-

plexity associated with the understanding of how cells

perform their functions. Elucidation of the molecular

mechanisms underlying cell functions will require a

global knowledge of the expressed proteins, including

splice variant products, their post-translational modi-

fications, their subcellular localizations and their

assembly into molecular machines as deduced from

protein–protein interactions, at any given time during

the life of the cell or under any cellular conditions. Cur-

rent and expected advances in mass spectrometry and

bioinformatics might help the realization of these goals

in a shorter time than is currently predicted.

Although promising, the information gathered in the last
few years from large-scale proteomics programs indicates
that analysis of whole cells or tissues might be too complex
for the available technology and not suited for the study of
proteins that are present in low copy numbers [1,2]. There
are currently several limitations to the analysis of complex
samples. First, although the total number of gene products
present in any given cell is estimated to be around 10 000,
the effective number is likely to be several fold higher
owing to splice variants and the wide variety of possible
post-translational modifications [2]. Second, when one
considers the large variation in the level of expression of
various proteins in a cell or tissue (which can range from
3–4 to over 10 orders of magnitudes), the complexity
becomes such that proteins in low abundance are inevit-
ably masked by those in high abundance [3]. Since most
of the regulatory proteins such as kinases, GTPases and
certain membrane receptors are present in low copy
numbers, important layers of information are missing
from studies of whole cells or tissue. In several cases, the
low abundance proteins become even more elusive because
of the limited amount of material available for analysis
(e.g. from medical biopsies). Although genomic approaches
have taken advantage of amplification methods such as
the polymerase chain reaction, proteomics is still limited
by the inability to amplify the protein content of any
biological sample.

Nevertheless, biologists can use various approaches to
concentrate and enrich the low abundance proteins of
interest. For example, the total protein content of cells can
be simplified by fractionation methods based on affinity
procedures to isolate groups of proteins displaying similar
features (lectin-based isolation of glycoproteins, the use of
specific antibodies to isolate phosphoproteins, etc.). This
procedure has the advantage of simplifying the complexity
of crude cell or tissue extracts, thereby maximizing the
probability of detecting low abundance proteins in the
mass spectrometer; even so, this technique does not pro-
vide information on the location of proteins in the cell,
organ or tissue under analysis. The organization of the
eukaryotic cell into subcompartments of specialized func-
tion, the organelles, provides a unique opportunity to link
proteomics data with functional units. It is thus not
surprising that, for cell biologists, identifying the proteins
or ‘players’ present in organelles has always been con-
sidered an important step towards understanding the
molecular mechanisms governing their functions. Here,
we discuss how proteomics analysis of organelles is
helping to unravel novel concepts in cell biology, leading
to a better understanding of complex cellular processes in
health and disease.

Cell biologists isolate organelles

The first observation of cells under the electron microscope
in the late 1940s and early 1950s indicated a level of
organization that was much more elaborate than had
previously been assumed [4]. A new world was revealed,
where compartmentalization was achieved by intracellu-
lar membranes. In 1974, the Nobel Prize in Physiology or
Medicine was awarded to Albert Claude, George Palade
and Christian de Duve for their discoveries concerning the
structural and functional organization of the cell. These
founding fathers of modern cell biology were among the
first to subfractionate the eukaryotic cell into functional
compartments, leading to the first molecular characteriz-
ation of mitochondria, lysosomes, peroxisomes and the
entire secretory apparatus (for an historical review see [5]).

Refinement of the methods and media used for sub-
cellular fractionation has provided the means to analyze
the composition of isolated organelles and develop cell-free
assays to study and reconstitute complex cellular pro-
cesses (for a recent review, see [6]). However, a majorCorresponding author: Michel Desjardins (michel.desjardins@umontreal.ca).
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limitation is the difficulty in assessing the degree of purity
of these fractions. At best, a level of enrichment can be
assigned by measuring the level of expected proteins of
these fractions compared with the starting materials and
the decrease, or lack of, markers from other compart-
ments. Using these criteria, various levels of enrichment
have been claimed for various organelles in the literature.
Recently, the improved ability to generate highly enriched
organelle preparations has provided what might turn out
to be a key approach to compensate for the lack of ampli-
fication methods to study protein samples. The advantage
of using an organelle approach to analyze the cell proteome
and characterize its low abundance proteins is illustrated
in Figure 1.

Characterization of the protein content of organelles
began long before the introduction of the neologism
‘proteomics’ and the use of the mass spectrometer. The
advance of high-throughput methods of analysis has simply
changed the scale at which this effort can be undertaken
(Figure 2, Box 1). Accordingly, major research programs to
analyze the proteome of each of the cell organelles are
currently underway in various laboratories.

The cell map

Like maps of the New World, cell maps [7] are valuable
tools for further discovery. Beyond the generation of simple
lists of proteins, organelle proteomics studies are leading
to major discoveries in cell biology and are contributing to
reshape our understanding of the cell and its organelles
(Figure 3). It is beyond the scope of this article to report

and comment on all the studies performed to analyze and
identify proteins from cellular organelles. Selected examples
have been chosen that have led to the uncovering of
paradigms which themselves have generated unexpected
hypotheses regarding cellular functions.

The nucleus

The long-standing model of the nucleus as a compartment
in which the nuclear components are randomly distributed
is being revisited as more and more studies indicate
the existence of a higher level of structural organization
[8]. Recent proteomics analysis has contributed to that
view. Among the subcompartments of the nucleus, the
nuclear envelope is one of the least characterized. Analysis
of purified nuclear envelope by matrix-assisted laser
desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS) led to the identification of 148 proteins,
of which 19 were ‘new’ proteins (predicted gene products)
[9]. Of these new proteins, two integral membrane
proteins (LUMA protein and one related to Unc-84A of
Caenorhabditis elegans) were identified. Overexpression
of these proteins in COS-7 cells and immunofluorescence
staining confirmed their localization in the inner nuclear
membrane where they are likely to interact with the
nuclear lamina. The nuclear pore complex, a substructure
of the nuclear envelope of prime importance in the control
of the trafficking of molecules between the nucleus and the
cytoplasm, has also been thoroughly analyzed by proteo-
mics. A total of 174 proteins were identified from yeast
nuclear pore preparations, of which 29 were localized to
the nuclear pore by immunoelectron microscopy, enabling
a fine molecular characterization of this structure. This
in turn led to a radical new hypothesis on the mechanism
of transport of cargo across the nuclear pore in which a
stochastic mechanism selects for cargo transport into and
out of the nucleus [10].

In the nucleus, the transcription of genes into mRNA
involves the removal of introns by a splicing process
performed by the multiprotein/RNA complex named
spliceosome [11]. High-throughput proteomics led to the
identification of 292 proteins associated to spliceosomes
assembled in vitro [12,13]. Several new proteins were
identified, including 20 related to transcription, sug-
gesting a direct physical connection between this process
and splicing.

The nucleolus is defined as the site of rRNA synthesis
and assembly of the ribosomal subunits. Proteomics
analysis led to the identification of 271 gene products
from a HeLa cell preparation of nucleoli, of which more
then 30% were previously uncharacterized or unknown
[14], and expression of fluorescently tagged proteins
confirmed nucleolar localization for at least 18 of them.
Of interest, results suggested that a dynamic reorganiz-
ation of the nucleolus proteome could occur in response to
the metabolic state of the cell. Moreover, one of the new
proteins identified, paraspeckle protein 1 (PSP1), was
shown to shuttle between the nucleolus and a novel
location within the nucleus, named paraspeckle [15],
suggesting its involvement in a complex spatiotemporal
regulation of transcription within the nucleus [16].

Figure 1. Organelle proteomics brings a new resolution to cellular processes.

When identical amounts of proteins from a total macrophage lysate or purified

subcellular phagosome preparation are loaded onto separate 2-D gels, several

hundred spots are identified in each gel. In principle, all the proteins present in the

phagosome preparation (organelle) should be present in the total cell lysate (TCL)

from which the phagosomes came. However, superimposition of the two gels

(merge) reveals that only 20 or so of the phagosome protein spots are detected in

the total cell lysate, of which actin is the most prominent, indicating that more

than 90% of the phagosome proteins would have been undetected by analysis of

the total cell lysate alone.
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The endocytic apparatus: clathrin-coated vesicles and

lysosomes

The endocytic pathway has been extensively studied.
Surprisingly, only a few studies have taken advantage of
proteomic approaches to identify proteins associated to the
various organelles of this pathway, despite established
protocols for their isolation. Nevertheless, information has
been gathered using organelle proteomics, allowing the
identification of new proteins and the refinement of our
understanding of the molecular mechanisms involved in
endocytosis. Endocytosis through clathrin-coated vesicles
is a major pathway by which proteins and membrane
components are internalized. Mass spectrometric analysis
of purified clathrin-coated vesicles led to the identification
of around 250 proteins, of which 10 were novel proteins
[17]. Further characterization of these novel proteins
allowed for the identification of a novel gene product
displaying an epsin N-terminal homology (ENTH) domain,
a membrane-interacting module found in several endo-
cytic proteins [18]. This protein, named enthoprotin, was

found to interact with the clathrin adaptor protein AP1
and, through its C-terminal, to the clathrin heavy chain, to
stimulate clathrin assembly [17].

Lysosomes, considered for many years as the end com-
partment of the endocytic pathway, were among the first
organelles to be described by cell biologists [19]. Their
electron-microscopic appearance as dense membrane-
bound vacuoles staining for acid phosphatase, used for
their identification, rapidly drew attention to that com-
partment. The properties of lysosomes were first discussed
at length at the first international symposium held by the
Ciba Foundation in 1963 [5]. By virtue of their centrifugal
properties, lysosomes were isolated and found to be asso-
ciated with a variety of acid hydrolases. Several more
hydrolases were found in lysosomes, raising their number
to ,50 [19,20], but it took many years to begin identifying
some of the membrane proteins associated with these
organelles. The first proteomics analysis of lysosomes
focused on the identification of new hydrolases, isolated on
the basis of their affinity for the mannose 6-phosphate

Figure 2. High-throughput proteomics platform. Proteomics analyses actively challenge and reshape several concepts in cell biology and diseases. A key aspect for this

success is the integration of several steps in a seamless process enabling the identification of key proteins. Although the current technology might not be suitable for

the meaningful analysis of complex samples such as cells or tissues, study of the cell subcompartments, the organelles, provides a unique way to access and identify low

abundance proteins in a biological sample. This example illustrates the high-throughput platform used by Caprion Pharmaceuticals for the analysis of plasma membrane

samples purified by immunoisolation from human tumor biopsies. The immunoisolation procedure on magnetic beads (MB) allows for the isolation of highly enriched

fractions displaying the typical morphology of the plasma membrane with microvilli and coated pits. A single analysis in the mass spectrometer enables the identification

of thousands of peptides, leading to the formal identification of several hundred proteins. Thorough bioinformatics analyses are required to annotate and help make sense

of terabytes of data generated in a typical high-throughput analysis. ER, endoplasmic reticulum; GPCRs, G-protein-coupled receptor; PM, plasma membrane.
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receptor involved in their exit from the Golgi apparatus
and their targeting to endocytic compartments [20,21].
This approach led to the identification of cystatin F, a
cysteine proteinase inhibitor [22] that could be involved
in the control of cysteine peptidase activity known to
be essential for antigen presentation in various blood
cell lineages [23], and CREG (cellular repressor of E1A-
stimulated genes), a secreted protein that might participate
in a signaling cascade important for the differentiation of
pluripotent stem cells [24].

Using a 2-D gel-based approach, Huber’s group com-
pared the protein profiles of early and late endosomes and
found that several protein spots were selectively enriched
in late endosomes [25]. One of the highly enriched proteins
turned out to be a novel 14-kDa protein (p14) associated to
the cytoplasmic side of late endosomes and lysosomes. p14
was shown to function as an adaptor protein essential for
the assembly on endosomes of the MP1–MAPK scaffold
complex crucial for signal transduction [26]. These find-
ings suggested that, in addition to the direct modulation of

the enzymatic activity of kinases, the localization of sig-
naling units might exert a regulatory function to signal
transduction. Proteomics analysis of purified lysosomes
also led to the identification of protein of the g-secretase
complex [27], providing an interesting new twist to the
search for the biogenesis of Alzheimer’s disease.

The exosome

Although exosomes were first observed, while following
the fate of internalized transferrin receptors, as small
vesicles present within multivesicular bodies bearing the
receptor at their external surface [28], the term ‘exosome’
was first used to describe vesicles released by reticulocytes
during their maturation into red blood cells [29]. Exosomes
are generated by the invagination of membrane vesicles
within maturing late endocytic organelles. They are
secreted by a variety of cells after fusion of late endocytic
multivesicular bodies with the plasma membrane [30].
The presence of major histocompatibility complex (MHC)
class II molecules on the exosome membrane and the

Box 1. Mass spectrometry-based proteomics for system biology

The late 1980s witnessed an unparalleled expansion of mass spec-

trometry (MS) into protein chemistry, and the technological advances

that led to this contribution played a key role in the numerous large-

scale proteomics efforts that are currently under way. The discovery and

development of matrix-assisted laser desorption ionization (MALDI)

[64,65] and electrospray MS [66] (recently recognized by the 2002 Nobel

Prize in Chemistry) have enabled the identification and quantitation of

trace levels of proteins from complex cellular extracts, thereby pro-

viding indispensable structural tools to biochemists and cell biologists.

Three MS-based proteomics approaches have emerged to face the

overwhelming complexity of the protein make-up of the cell and the

extensive diversity of protein variants, isoforms and modifications

(glycosylation, sulfation, phosphorylation, acylation, etc.). All three

approaches involve gel electrophoresis and/or liquid chromatography

before MS analysis (for a review, see [67]). 2-D gels have been the

hallmark of proteomics research for several decades [68] to compare

protein expression across different cell extracts, whereas identification

of protein spots digested within the gel is obtained using MALDI MS and

mass fingerprinting. The application of this technique must be balanced

with its current limitations with respect to dynamic range, the under-

representation of membrane proteins and proteins of high and low

molecular weight or extreme isoelectric point [69]. A second approach

involves protein separation by sodium dodecyl sulfate–polyacrylamide

gel electrophoresis, excision of gel slices, tryptic digestion and analysis

of the resulting peptides using capillary liquid chromatography–

electrospray MS. Gel-based protein identification places the lower

boundary of identification at ,5–50 femtomoles. A third approach

avoid gels altogether and involves in-solution protein digestion

followed by 2-D liquid chromatography (strong cation-exchange and

reverse-phase C18 chromatography) coupled to electrospray MS [70].

Peptide ions are sequenced through collisional activation of

MS-selected tryptic peptide ions (detected in the survey scan), a

process that gives rise to cleavage of the amide bonds and formation of

discrete sequence ions that retain the charge at the C-terminus (y-type)

or N-terminus (b-type) of the peptide backbone (Figure Ia). Compre-

hensive protein identification is typically made using product ion

spectra obtained through iterative exclusion of previously acquired ions

(Figure Ib). Such an approach can be both sample- and time-consuming

given that gel bands typically contain several tens of proteins with more

than 2000 peptide ions, including native tryptic peptides, unspecific

cleavages and multiple peptide protonation (same peptide resulting in

different m/z values). A more sample-efficient approach involves the

identification of differentially abundant proteins from related cell extracts

using an inclusion list of selected precursor ions, as shown in (b) for

normal and tumor colon samples.

Figure I.
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ability of exosomes derived from B lymphocytes to induce
an antigen-specific T-cell response led to the proposal that
exosomes might be involved in antigen presentation [31].
Dendritic cell (DC) exosomes displaying MHC class I
and class II molecules can prime a specific cytotoxic
T-lymphocyte response that can eradicate or suppress the
growth of established murine tumors [32]. These proper-
ties are somehow related to another type of microvesicles,
termed apoptotic blebs, which are released from apoptotic
cells [33]. Proteomics analyses of DC-derived [34,35] and
B-cell-derived [36] exosomes led to the identification of
about 50 proteins. The presence of several proteins
formally identified on endosomes confirmed the endocytic
origin of exosomes and the fact that they are biochemically
and morphologically distinct from apoptotic blebs [35].
Interestingly, although MHC class II molecules were found
to be present in detergent-soluble regions at the plasma

membrane, they were present, together with tetraspanins,
in insoluble parts of exosomes, suggesting their incorpor-
ation in tetraspanin-containing detergent-resistant mem-
brane microdomains during the formation of exosomes
[36]. Thorough identification of the molecules present on
exosomes is of interest considering the possibility of using
these vesicles in the development of cancer vaccines [37].

The Golgi membrane

2-D gels are notoriously difficult for separating and
characterizing integral membrane proteins [38]. There-
fore, attempts using 1-D gels have been preferred in the
characterization of integral membrane proteins by mass
spectrometry. Hence, after purification of the hepatic Golgi
complex by a recently developed methodology [39], Triton
X-114 partitioning, an approach enabling the enrichment
of proteins that have affinity for lipids, was used to

Figure 3. The cell map. Several studies using organelle proteomics have led to a better understanding of the molecular mechanisms involved in the regulation of the

function of various cellular organelles. Values were extracted from the following references: phagosome [48,49,50,57; M. Desjardins, unpublished]; nucleolus [14–16];

spliceosome [12,13]; exosome [34–36]; lysosome [20,21,27]; spindle pole [58]; mitochondria [59–62]; Clathrin-coated vesicle [17]; lipid raft [63]; Golgi [40–42]; nuclear pore

[10]. ER, endoplasmic reticulum; SILAC, stable-isotope labeling with amino acids in cell culture.
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separate integral membrane proteins. Using this approach,
81 proteins were characterized by mass spectrometry. In
addition, more than 40 sequence tags were identified that
did not correspond to sequences found in the database.
Remarkably, a prominent protein previously unassigned
was characterized as a novel Golgi protein associated with
the cytosolic surface of the organelle. Proteomics analyses
by two separate groups identified this protein as GMx33/
GPP34 [40,41,42]. Furthermore, N-acetylation of rab6 [42]
and the SNARE GS28 (J.J.M. Bergeron, unpublished)
were detected, representing the first evidence for such
post-translational modifications of these proteins.

Two approaches have been pursued to assess whether a
protein is truly associated with the Golgi membrane. The
first involves the use of electron-microscopic immuno-
localization either on cryosections of the isolated fraction
or on isolated organelles to verify the location of the
characterized protein. This has helped provide insight into
several proteins the have been elucidated in the proteo-
mics effort, including Golgi-located SNAREs and contami-
nants such as the endoplasmic reticulum (ER) protein,
calnexin [42].

The phagosome

Phagocytosis is the process by which cells internalize large
particles for degradation along the endocytic/phagocytic
pathways. It plays key roles in the nutrition of unicellular
organisms, the handling of apoptotic cells, tissue remodel-
ing and the control of infection by intracellular pathogens
[43,44]. Phagocytosis is initiated by the binding of particle
ligands to a variety of receptors at the cell surface, enab-
ling the reorganization of cytoskeletal elements and the
recruitment of the plasma membrane to form extensions
leading to particle engulfment. Newly formed phagosomes
interact rapidly with organelles of the biosynthetic and
endocytic apparatus, enabling their gradual transform-
ation into phagolysosomes in which proteolytic degra-
dation occurs. The proper maturation of phagosomes is
pivotal for antigen processing and presentation at the cell
surface, an essential mechanism by which the spread of
infection by intracellular pathogens is restricted. Never-
theless, pathogens have evolved ways of avoiding the
harsh environment of phagolysosomes, and survive in
their hosts by subverting the molecular mechanisms
associated with phagosome maturation. The molecular
means by which pathogens act on their host cells is still
largely unknown, although different mechanisms appear
to be used by the various infectious agents [45].

To understand further the function of phagosomes at
the molecular level and how they are compromised by
intracellular pathogens, we have initiated the proteomics
analysis of latex bead-containing phagosomes. The unique
advantage of this approach is that the use of low-density
latex microparticles enables the isolation of highly enriched
phagosome preparations, away from all the other cell
organelles, by a single centrifugation step on a sucrose
gradient [46,47]. These phagosome preparations display
key features of genuine phagosomes/phagolysosomes, such
as their fusogenic properties and the high content of
hydrolases needed for antigen processing [48]. So far,
520 proteins have been identified in these phagosome

preparations using MALDI-TOF MS and nanoelectro-
spray MS/MS, of which 150 have been published [48,49].
Although several of these proteins (e.g. hydrolases and the
proton pump ATPase) were expected in a compartment
involved in the killing and degradation of microorganisms,
the nature of some of the other proteins, including several
proteins of the ER, revealed unexpected features of
phagosomes (Figure 4).

Although textbooks indicate that phagosomes originate
from invaginations of the plasma membrane (PM), which
accordingly contributes most of the membrane of newly
formed phagosomes, we were able to show that a signifi-
cant part of the phagosome membrane is made of ER [50].
This membrane is recruited onto nascent phagosomes con-
taining latex particles, as well as Salmonella, Leishmania
or red blood cells, by a process that appears to involve its
direct fusion with the PM, underneath phagocytic cups
[50,51]. As surprising as this might have seemed, data in
the literature supported the possible fusion of ER with the
PM. Indeed, Rothman’s group found that vesicles contain-
ing the PM t-SNARE Sso1/Sec9c could fuse with vesicles
displaying the ER v-SNARE sec22, a process that follows
the principles described by the SNARE hypothesis [52].

The surprising finding that ER contributes to phago-
some formation raised the question of whether this
membrane is used simply to spare the PM or whether it
contributes to some of the functional properties of the
phagosome [44].

ER-mediated phagocytosis: a new membrane for new

functions

As mentioned above, a key aspect of phagocytosis is its
role in the degradation and processing of peptides derived
from intracellular pathogens for antigen presentation and
the elaboration of an efficient adaptive immune response.
Peptides derived from intracellular pathogens are norm-
ally presented on MHC class II molecules in the phago-
some lumen, in contrast to peptides present in the cell
cytoplasm, which are normally loaded in the ER and
presented at the cell surface on MHC class I molecules
[53]. Despite this apparent segregation, several studies
have reported that antigens from intracellular pathogens
can be presented on MHC class I molecules and trigger a
CD8 þ T-cell response. Because antigens from intracellu-
lar pathogens are normally presented on MHC class II
molecules, triggering a CD4 þ T-cell response, their pre-
sentation on class I molecules is referred to as cross-
presentation [54]. Faced with these results, models had to
be proposed, within the cellular context, for phagosomes
originating from the PM and unrelated to ER. Thus, a
process allowing for the transfer of peptides from the
phagosome lumen to the cell cytoplasm (for further pro-
cessing by the proteasome) and then to the ER lumen,
where class I molecules are loaded, was proposed [55]. This
process would require the retrotranslocation of peptides
from the phagosome lumen to the cytoplasm, the ubiqui-
tination and proteosomal degradation of these proteins in
the cytoplasm, the translocation of the processed peptides
in the ER lumen for loading on MHC class I molecules and
the delivery of the loaded peptides to the cell surface
(through the secretory pathway). Proteomics analysis of
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latex-bead-containing phagosomes shed some light on
the possible mechanisms involved in cross-presentation.
MS/MS analysis indicated that proteins involved in each
of the steps of the cross-presentation pathway are present
on purified phagosomes [49]. Detailed studies confirmed
that phagosomes are competent organelles for exogenous
peptide cross-presentation, and functional for peptide
retrotranslocation, ubiquitination and proteosomal degra-
dation, as well as peptide translocation back to the phago-
some lumen where loading on MHC class I molecules
occurs [49,56].

Concluding remarks

The approach of studying biological processes by focusing
on single proteins or small groups of proteins is essential
and remains the most efficient way to decipher the
tremendous complexity of the molecular mechanisms
involved in cell functions. However, it must be kept in
mind that, in many cases, the information generated in
this way is used to generate models that are necessarily
simplistic views of much more elaborate processes. In this
respect, several of the models presented in cell biology
textbooks can be compared to images obtained using low-
resolution digital cameras. The use of high-throughput

proteomics will undoubtedly be useful to provide the
higher level of resolution needed to generate the detailed,
more global, view needed to fully comprehend the nature of
subcellular interactions. Current approaches are mainly
focusing on identifying proteins of the various organelles.
This should pave the way to more integrated studies in
which the features of these proteins will be investigated,
including their post-translational modification, the level of
their expression, the nature of their interacting partners
and how all of these features are modulated in various
conditions such as health and disease. In some cases,
analysis of suborganelle fractions (e.g. lipid microdomains)
might be needed to decrease the complexity of the sample
further for meaningful mass spectrometry analysis. In
most cases, bioinformatics tools will have to be developed
to handle the large and intricate sets of data generated by
high throughput approaches (Boxes 2 and 3).

However, organelles are not fixed entities but rather
dynamic structures interacting with each other and
remodeling themselves in response to various stimuli.
Accordingly, it is unlikely that a definite fixed proteome
can be assigned to any of the cell subcompartments.
Analysis of the cell organelles in various conditions will be
needed to understand the dynamic nature of integrated

Figure 4. A new face for phagosomes. Proteomics analyses have identified over 500 proteins present in highly enriched phagosome preparations. Three new concepts in

the biology of phagosomes validated by thorough cell biology studies are presented. The formation of phagosomes at the cell surface was shown to involve the direct

recruitment of the endoplasmic reticulum [50]. This process was further shown to confer phagosomes with new functional properties, including the ability to process

exogenous peptides for antigen cross-presentation [49]. Accordingly, our model proposes that peptides from intracellular pathogens would be generated by the direct and

sequential action of various hydrolases in the phagosome lumen. These peptides would then be retrotranslocated to the cytoplasmic side of phagosomes by a chaperone-

aided process involving sec61. The proteosomal degradation machinery, including ligases and proteasomes, would then associate transiently to phagosomes to further

process the retrotranslocated peptides into shorter peptides that would then be translocated back to the phagosome lumen where loading on MHC class I molecules would

occur. Lastly, proteomics analyses led to the characterization of lipid microdomains on the phagosome membrane, indicating that specialized functions, such as membrane

fusion, might occur of specific foci of the phagosome membrane [57]. GPCRs, G-protein-coupled receptor.
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cell functions. Indeed, who could have imagined that from
a single preparation routinely used to generate one data
point (e.g. the presence of a protein by western blot),
scientists can identify several hundred proteins, measure
their level of expression and evaluate some of their post-
translational features? Despite recent successes, proteo-
mics is not the Holy Grail. Any identified protein remains
a name on a list, or at best a potential resident marker.
Because the concept of ‘pure’ organelle does not exist,
demonstrating the presence of these proteins on the
organelle by other approaches, such as immunofluores-
cence or tagged expression, is still an important step.
Clearly, considering the large number of proteins that can
now be identified in any complex sample, each of them
cannot be validated individually. However, a degree of
confidence builds up as more and more proteins are
validated. Hopefully, proteomics analysis will soon
become a tool available to all cell biologists, allowing the
emergence of high-resolution models of cell function in
health and disease.
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