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Abstract

The field of organellar proteomics has emerged as an attempt to minimize the complexity of the
proteomics data obtained from whole cell and tissue extracts while maximizing the resolution on
the protein composition of a single subcellular compartment. Standard methods involve lengthy
density-based gradient and/or immunoaffinity purification steps followed by extraction, one-
dimensional or two-dimensional gel electrophoresis, gel staining, in-gel tryptic digestion and
protein identification by mass spectrometry. In this paper, we present an alternate approach to
purify subcellular organelles containing a fluorescent reporter molecule. The gel-free procedure
involves fluorescence-assisted sorting of the secretory granules followed by gentle extraction in a
buffer compatible with tryptic digestion and mass-spectrometry. Once the subcellular organelle
labeled, this procedure can be done in a single day, requires no major modification to any
instrumentation and can be readily adapted to the study of other organelles. When applied to
corticotrope secretory granules, it led to a much enriched granular fraction from which numerous
proteins could be identified through mass spectrometry.
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1. INTRODUCTION

As a whole, the field of proteomics aims to identify all proteins present in a tissue or cell
type in a given set of conditions at a specific time. However, this endeavor has proven
extremely complex due to the thousands of proteins being potentially expressed at a
dynamic level varying from a few copies to millions of copies within a single cell.

In an effort to circumvent the ensuing data complexity, a subfield of proteomics has
emerged and proposes analysis of the proteome of individual subcellular compartments. In
the last few years, numerous studies have been published and led to the identification of
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anywhere between one hundred to a few thousand proteins specific to many organelles[1,2],
including the cell nucleus in terms of its content in the nuclear envelope [3] and the
nucleolus [4], the endoplasmic reticulum [5], the Golgi apparatus [6], the secretory
lysosomes [7], the phagosome [8], clathrin-coated vesicles [9] and the mitochondrion [10].
The resulting information has been of the utmost importance in unraveling the specific
overlapping and non-overlapping protein composition of cellular compartments as well as
their specific roles in biological processes.

In nearly all the subcellular proteomics studies including those above listed, the general
methodology relies to a great extent on subcellular fractionation allowing recovery of the
organelle through careful selection of physical properties. Hence, following cell or tissue
lysis, it is usual to submit the lysate to one or many rounds of differential centrifugation.
Velocity and equilibrium centrifugation have established their capability in the past fifty
years to separate cellular components differing by density. Once the centrifugation steps are
complete, the organellar content is extracted and the proteins are further separated by 1D- or
2D-SDS-PAGE. Upon gel staining, the bands or spots are excised; the proteins are
proteolytically digested and are ultimately identified by analyzing their peptides by mass
spectrometry. However, in the case of a complex endocrine tissue such as the pituitary gland
containing five morphologically distinct endocrine cells, applying this lengthy procedure
(4872 hrs) to analyze the protein content of secretory granules of a single cell type would
represent a sizeable task. Hence, in order to do so, it is preferable to rely on using a cell line
representative of a given cell type and this, even if the above described method is rendered
less efficient when applied to cell cultures [11].

In addition to the difficulty and the duration of the procedure, we aimed at simplifying it for
two other main reasons. Firstly, it is still unclear how representative the proteome of an
organelle is when taking into perspective the time at which cells are extracted and the time
at which MS data is made available following days of preparation, even in the presence of
protease inhibitors. Secondly, even after optimization, most steps involved are not very
efficient, thereby necessitating large amounts of starting biological material. For example,
SDS-PAGE leads unavoidably to staining artifacts, loss of sample and poor separation of
very high (over 100 kDa) and very low (under 15 kDa) molecular weight proteins.
Consequently, the development of alternative or complementary approaches for subcellular
fractionation in organellar proteomics is needed and advocated [2].

Fluorescence assisted cell sorting (FACS) is routinely employed to perform selective
enrichment of cell populations bearing specific markers based on fluorescence [12,13]. In
1985, Murphy’s group first described the concept of single organelle fluorescence analysis
(SOFA) and subsequently suggested its application to sort single organelles [14]. The term
fluorescence-assisted organelle sorting (FAOS) has been introduced to describe the use of
flow cytometry to sort subcellular structures and components. However, this represents a
most challenging task as the organelles to be sorted are routinely 10 to 100 times smaller
than the original cells. Furthermore, the resistance of the target organelle to the shear and
tear fluid forces in the cell sorter is severely limited. Nonetheless, publications have
described sorting of organelles such as endosomes [15], mitochondria [16] and phagosomes
[17] using various fluorescent probes. However, due to technical constraints, most of these
were analytical in nature and none went as far as conducting a proteomic analysis of the
sorted organelle although demonstration of significant level of enrichment was
accomplished [18].

The dense-core secretory granule is the ultimate compartment in the regulated pathway of
secretion. Originally perceived as a simple storage compartment, it is now known to be
actively involved in cargo selection, maturation, and secretory processes. However, much

Proteomics. Author manuscript; available in PMC 2010 November 22.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gauthier et al.

Page 3

remains to be defined in terms of the mechanisms implicated and the proteins involved, and
further understanding of this organelle could shed light on several normal and pathological
endocrine processes. Proteomics studies of the secretory pathway [5] as well as that of
various secretory vesicles and/or granules have been published, some very recently. Relying
on classical purification and analysis protocols, the proteomes of atrial secretory granules
[19], pancreatic zymogen granules [20,21], chromaffin granules [22], insulin-containing
granules [23] and synaptic vesicles [24,25] were documented.

The present work focuses on the development and application of a simple subcellular
fractionation strategy to the study of the pituitary corticotropes dense-core secretory
granules which does not use density gradient centrifugation and gel separation. It involves
gentle cell lysis, brief centrifugation, improved FAOS and LC-MS. Using relatively small
numbers of cultured cells, it led to identification of more than 100 proteins, including small
molecular weight proteins and granule-associated proteins. More importantly, it can be
accomplished within a day following proper cell culturing and using readily available
facilities.

2. MATERIALS and METHODS

2.1 Cell culture and immunocytochemistry

Materials—Unless otherwise stated, all chemicals, solutions and solvents were of the
highest possible grade purchased from Sigma-Aldrich. Primary antibodies (anti-calnexin,
anti-giantin, anti-prohibitin, anti-ERp29, anti-PIST, anti-cathepsin B, anti-Cdk9, anti-RPLS,
anti-chromogranin A and anti-GFP were purchased from Abcam. Cell culture material was
purchased from Invitrogen.

Cell culture and immunocytochemistry—The AtT-20 cells stably expressing the-
PHM-mGFP fusion protein were generated as described [26]. Briefly, AtT-20 were
transfected with an expression vector encoding for amino acids 1-407 of the peptidyl-
glycine a-amidating monooxygenase enzyme fused in frame with monomeric green
fluorescent protein. AtT-20 and AtT-20-PHM-mGFP cells were grown in DMEM-F12
containing 10% fetal calf serum, 10% NuSerum, penicillin/streptomycin/glutamine and 0.5
mg/mL G418 in T175 flasks at 37°C in 109% CO, atmosphere. They were regularly passaged
when confluence reached 90-95%. Fresh medium was added to the cells 16-20 hrs before
they were collected. Cells were usually kept for no more than 20 generations in order to
maintain phenotype and steady levels of fluorescence. WT and PHM-mGFP transfected
cells were indistinguishable in appearance and growth properties. Colocalization of ACTH
with PHM-mGFP in the secretory granules was seen using a Zeiss LSM510 confocal
microscope following procedures previously described [26].

2.2 Cell lysis and fluorescence-assisted organelle sorting (FAOS)

Cell lysis—All the following steps were performed at 37°C. When cells reached 90-95%
confluence, they were trypsinized and collected in warm fresh medium. Latrunculin B and
nocodazole (Sigma-Aldrich) were added to a final concentration of 5 pM each and the cells
were allowed to incubate for 20 min with occasional gentle agitation. The cells from a single
T175 flask were pelleted, washed once in PBS and resuspended in 1 mL of sucrose solution
(0.34 M sucrose, 10 mM HEPES, 0.3 mM EDTA, protease inhibitor cocktail (Roche), 5 uM
latrunculin B, 5 uM nocodazole). From this point on, all steps were carried at 4°C. Two cell
lysis procedures were evaluated namely the use of a 2 mL Potter homogenizer (Kontes) and
the use of a freeze-thaw procedure. However, submitting them to one freeze (5 min)-thaw (2
min) cycle consistently resulted in over 90% cell lysis as seen under light microscope and
thus, this method was used in the current study. The cell extract was further incubated 5 min
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on ice, and then centrifuged on a bench-top centrifuge at 1 500 x g for 5 min to remove
nuclei, unbroken cells and large debris. The 1 500 x g supernatant was collected and diluted
with one third volume of cold PBS with EDTA (25 mM final). This final sample was
immediately submitted to flow cytometry.

FAOS—Flow cytometry sorting of the secretory granules was performed using a MOFLO
ultra high speed cell sorter (Dako) equipped with an Innova 90C ion laser (Coherent) tuned
at 488 nm and 200 mW. Threshold was adjusted on the side scatter (SSC) set in linear mode.
Green florescence was detected in FL1 using standard filters for GFP detection (530/30).
The threshold was adjusted to optimize granules detection, in which case the sorting rate
was in the range of 3 000-5 000 events per second, even if over 25 000 events per second
were detectable at maximum sensitivity. Since this equipment is usually employed to sort
whole cells (6-25 pm), the neutral filter was removed to increase sensitivity in the lower
size range and the sample pressure was set to 20 psi (1.38 bars).In order to define reference
settings, 450 nm sky blue, 530 nm nile red, 840 nm sky blue and 840 nm nile red control
beads (Spherotech) were used to obtain a size and fluorescence estimate of the detected
events. A population of event presenting characteristics similar to those expected from
secretory granules and known from electron microscopy and literature (relative homogeneity
in size, approximately 300-500 nm) was rapidly identified on the density plot representation
(X-axis: fluorescence, Y-axis: size, Color-code: density or number of events) using the
previously mentioned beads. All sorted events were smaller than 500 nm, as fluorescent as
nile red 530 nm beads (positive control for fluorescence), and at least 10 times more
fluorescent than sky blue 450 nm beads (negative control for fluorescence). Non-transfected
WT AtT-20 cells were also analyzed and results confirmed the absence of endogenous green
fluorescence (data not shown). Propidium iodide staining was routinely conducted to
confirm the absence of DNA left in the samples after centrifugation and before sorting to
exclude intact nuclei. Within the previously detected population of events, the boundaries of
the sorting window were set to encompass simultaneously both the peak of fluorescence
distribution of events and the peak of size distribution of events (visible on a classical 2D
histogram representation, not shown). Data acquisition and processing was performed with
the Summit software, v4.3 (Dako). In all cases, the content of the cell lysate was sorted in
ice-cold PBS containing 5 uM latrunculin B and the purified granules were centrifuged at 5
000 x g for 20 min at 4°C using a swing-out SW41ti rotor in a L8-80 Ultracentrifuge
(Beckman). Following removal of the supernatant, the pellet was washed with cold PBS and
centrifuged again at 5 000 x g for 20 min at 4°C.

microscopy and Western Blot

Electron microscopy—Following sorting and centrifugation, the pellet was post-fixed
with 1% osmium tetroxide in 0.1 M cacodylate buffer for 30 min, dehydrated in graded
series of ethanol dilutions and embedded in Durcupan (Fluka). After polymerization, serial
ultrathin sections from the pellet were cut on an Ultracut ultramicrotome (Reichert-Jung)
and collected on Nickel 200 mesh square grids. Sections were counterstained with lead
citrate and examined with JEM1200EX electron microscope (Jeol).

Western Blot—1.5 pg each of protein from the total cell lysate, from the 1 500 x g
supernatant and from the granule extracts A and B were separated on a 10% SDS-PAGE and
analyzed by Western Blot. Anti-GFP (1:5000), anti-ERp29 (1:2500) and anti-PIST (1:2500)
were used to reveal the presence of these subcellular markers using enhanced
chemiluminescence (GE-Healthcare). Also, 4 pg each of protein from the total cell lysate,
from the 1 500 x g supernatant and from the granule extracts A and B were separated on a
10% SDS-PAGE and analyzed by Western Blot. Anti-prohibitin (1:750), anti-Cdk9 (1:750),
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anti-capthepsin B (1:750), anti-RPL8 (1:750) and anti-chromogranin A (1:750) were used to
reveal the presence of these subcellular markers using enhanced chemiluminescence.

2.4 Granule extraction and mass spectrometry

Granule extraction—The pelleted granules were resuspended in a hypoosmatic solution
composed of 10 mM EDTA in water and kept for 5 min at 4°C. Following incubation, the
pellet was extracted by three consecutive Freeze (2 min) — Boil (1 min) — Sonicate (5 sec)
cycles. Following removal of the aqueous solution (extract A), the tube is rinsed with an
aqueous solution containing 10 mM EDTA and 0.025% (w/v) SDS and the content
submitted to two consecutive Freeze-Boil-Sonicate cycles (extract B). In order to maximize
the number and significance of the identified proteins, both successive extracts were
submitted to mass spectrometry. The SDS present in the second extract was removed using
the SDSAway ™ sample preparation kit (Protea Biosciences) according to the
manufacturer’s protocol. Extracts A and B obtained from three separate purifications were
dried under vacuo.

LC-MS/MS—-Protein extracts were reconstituted in 6 M urea, reduced with 1, 4-dithio-DL-
threitol and alkylated with iodoacetamide. Proteolytic digestions were performed at 37°C for
5 hrs using a sequencing-grade modified Trypsin (Promega) with a protein-enzyme ratio of
1:25. Chromatographic separation and subsequent analysis were accomplished on a nanoLC
system (Eksigent) coupled to a LTQ Orbitrap hybrid mass spectrometer (ThermoFisher).
The tryptic peptides were separated using self-pack PicoFrit capillary columns (75 pm i.d. x
10 cm, 15 pm tip) (New Objective) packed with Jupiter C18 reversed-phase stationary phase
of 5 um particle size (Phenomenex). A gradient elution of 4-80 % acetonitrile-water (0.2 %
formic acid) in 35 min was used for all separations.

Data analysis—Peaks were generated using Mascot Daemon v.2.1.6 while protein
identification was performed with the Mascot software package v.2.1.03 (Matrix Science,
London, UK) [27]. The database probed was NCBInr, released on 2006/09/05, restricting
the search on the Mus Musculus taxon (106363 sequences) since the AtT-20 cells are of
murine origin. The search criteria were as follow: Tryptic digestion; Variable modifications
include carbamidomethylation (Cys), di-methylation (Lys), di-methylation (Arg), oxidation
(Met) with a peptide mass tolerance of + 10 ppm and a fragment mass tolerance of + 0.7 Da.
The maximum missed cleavage number was set at 2. Peptide scores were derived from ions
scores as a non-probabilistic basis for ranking protein hits and the protein scores as the sum
of a series of peptide scores. The score threshold to achieve p<0.05 (95% probability of
positive identification per protein, yielding less than 5% false positive identification) is set
by Mascot algorithm, and is based on the size of the database and the peptide mass tolerance
used for the search. For additional confidence in protein identification, peptides with a score
of 10 or less were excluded, while the presence of at least one bold red (high significance)
peptide was required per protein. For each protein listed and matching the above-mentioned
criteria, the quality of the MS/MS spectra of peptides with scores lower than 50 was
manually verified. Proteins identified as “unknown” were usually easily identified by
searching the peptide sequence using BLAST algorithm [28] for short, nearly exact matches.
When all peptides for a protein hit matched another protein hit, the top scoring hit was
selected. Members of the same family of proteins were identified by a sufficient amount of
peptides to allow discrimination. In order to be included in our list, a protein must exhibit a
minimum score of 50 and be identified by at least two distinct peptides, further enhancing
the probability of true identification.
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3.1 Cell culture and immunocytochemistry

AtT-20 is a tumor-derived, immortalized cell line of murine pituitary corticotropes and a
recognized and accepted model for pro-opiomelanocortin (POMC) production and secretion
studies. Indeed, as early as 1981, the secretory granules of these cells were isolated, studied
and shown to contain mature forms corticotropin and B-lipotropin [29]. For our method to
succeed, one has to label the organelle with a fluorescent molecule. In the past, green
fluorescent protein (GFP) was shown to be routed to the regulated pathway of secretion and
ultimately into secretory granules through linking either to a signal sequence [30] or to the
NH,-terminal domain (known as PHM) of the secretory granule resident peptidyl a-
amidating monooxygenase (PAM) enzyme [26]. An expression vector, PHM-mGFP (the m
refers to the monomeric GFP variant resulting from an A206K mutation [31]), was used to
transfect AtT-20 cells and stably expressing cells were obtained. Additional studies [26] and
immunocytochemistry experiments confirmed that expression of the fusion protein, although
not solely confined to secretory granules, nevertheless is limited to the regulated pathway of
secretion. For example (Fig. 1), the PHM-mGFP signal is present in secretory granules
which share a pattern of distribution within the cells, of storage and of release in response to
stimulation similar to adrenocorticotropin (ACTH), a hormone resulting from POMC
processing.

3.2 Cell lysis and fluorescence-assisted organelle sorting

3.3 Electron

In order to minimize the mechanical stress associated with the use of Potter homogenization
and the ensuing damage to organelles and possible formation of microsomes, we used a pre-
treatment of the cells with latrunculin B, an actin filament disruptor [32] and nocodazole, a
microtubule disruptor [33]. This was done in an effort to inhibit the secretory processes and
partially dissolve the cytoskeleton to free the granules from the actin and tubulin meshes
within the cells. After treatment, the cells were lysed by one freeze-thaw cycle in an
isoosmotic sucrose solution which led to over 90% cell lysis.

The sample was sorted using a regular cell sorter with the sample pressure lowered in an
effort to minimize the shear and tear forces to which the granules are exposed. In addition to
reducing the electronic background noise, it also considerably improves the resolution in the
small particle size range. A narrow sorting window was selected on the density plot
illustrating the fluorescence (X-axis) and size (Y-axis) of the particles in the sample.
Commercially available calibration beads (non-fluorescent and fluorescent, 450 nm, 530 nm
and 840 nm) were used as reference points to estimate the size and level of fluorescence of
the sorted populations. As shown in Fig. 2a, the sorted granule population (black square)
was 10 to 50 times more fluorescent than the non fluorescent beads and non-fluorescent
events, while being smaller than 500 nm in size. This figure also shows all detectable events
in the 1 500 x g supernatant (Fig. 2b) and the total cell lysate (Fig. 2d) with the trigger
adjusted to minimum threshold (maximum sensitivity) on the side scatter (SSC) detector. It
also illustrates how a brief centrifugation step is necessary to reveal a population (Fig. 2a)
that was not clearly distinguishable in the total cell lysate (Fig. 2c). On average, our strict
selection parameters (sorting window) allowed sorting of 3-5 million events per cell dish.
Evidently, this number can vary depending on the sorting criteria; herein, it corresponds to
approximately 20% of detectable events at the optimized sensitivity threshold, or 2-3% of
all detectable events at maximum sensitivity.

microscopy and Western Blot

The sorted events were pelleted, fixed and analyzed by electron microscopy. The content of
a representative cut through the pelleted total lysate (Fig. 3a) and through the FAOS-purified
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granules pellet (Fig. 3b) is shown in Fig. 3. It is noteworthy that the granules collected are
very homogeneous in size and present an intact morphology. However, most granules
appear slightly decondensed, an effect likely resulting from the presence of EDTA in the
sorting medium and the passage through the sorter’s lines and nozzle. Samples from the total
extract, the 1 500 x g supernatant and the sorted granules were routinely analyzed by SDS-
PAGE and Western blotting using a battery of antibodies to assess the enrichment and
depletion of specific subcellular markers. As shown in Fig. 4, the FAOS purification leads to
a considerable enrichment of the sample in mGFP and chromogranin A (granules) with a
concomitant depletion of the sample in ERp29 (ER), PIST (Golgi), prohibitin
(mitochondria), Cdk9 (nuclei), cathepsin B (lysosomes) and RPL8 (ribosomes) This
illustrates the efficiency of the procedure to selectively sort the granules from the rest of the
mGFP-tagged material in the secretory pathway and from non-labeled compartments, a
conclusion that is further confirmed by the mass spectrometry data.

3.4 Granule extraction and mass spectrometry

The purified granules were centrifuged, washed and sequentially extracted in water
containing 10 MM EDTA, and subsequently in water containing 0.025% SDS (w/v). Extract
A was submitted to tryptic digestion and the resulting peptides were separated by liquid
chromatography and analyzed with an ESI-LTQ-Orbitrap mass spectrometer. Extract B was
treated (see methods) to remove SDS and processed identically. The resulting data was
analyzed using the Mascot software [27]. The FAOS-purified material originating from ca.
15 million cells was routinely sufficient to identify over 100 proteins from over 3 000
peptide queries using relatively stringent criteria. Chromogranin A, a recognized secretory
granule marker [34], was always and consistently the top scoring protein. Data originating
from individual LC-MS/MS analysis of extracts A and B of three distinct granules
preparations originating from three separate purification experiments were combined to
increase the number of proteins identified and their respective score. With this approach,
more than a hundred proteins were identified. Moreover, the reproducibility between the
three different granule preparations is very high. Indeed, 96.7% (29/30) of the 30 top scoring
proteins were identified in all three preparations and 82.7% (129/156) of all identified
proteins were identified in at least two of the three preparations. A complete list (in
alphabetical order) of identified proteins is presented in Table 1 while representative MS/
MS spectra are presented in supplementary Fig. 1. Furthermore, complete data pertaining to
individual proteins and peptides are listed in supplementary Table I.

Many other important makers of the secretory granules were identified such as, for example,
chromogranin B, POMC, secretogranin 111 and prohormone convertase PC1/3. A distribution
of the identified proteins is presented in Fig. 5 with respect to their known, proposed or
putative subcellular localizations. Overall, 27 proteins previously seen in the two above-
mentioned studies [22,23] were also identified herein. Interestingly, we also identified 27
other proteins known from the literature to be present in or associated with the secretory
granules but which were never before reported in this type of organellar proteomics studies.
Furthermore, 17 cytoskeleton and cytoskeleton-associated proteins involved in transport,
docking, membrane fusion and actin/tubulin network remodeling present in our sample are
shown to be associated for the first time with the endocrine or neuroendocrine secretory
granules. We identified only 5 proteins reported as being ER and Golgi residents, the only
other compartments made fluorescent by the transit of our mGFP construct. This highlights
the efficiency of our purification approach not only to discriminate between fluorescent and
non-fluorescent organelles, but also between fluorescent compartments. Also, only 5
proteins in our list are usually recognized to be restricted to endosomes, mitochondria,
lysosomes, or proteasome. This result compares advantageously to those obtained using
more conventional methodology [22,23]. Interestingly, we also identified proteins whose
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expression and localization is deregulated during metastatic transformation and that are used
as tumor markers since they are found in the blood of patients (i.e. M2-pyruvate kKinase
[35]). If indeed present in secretory granules, such misrouting and misregulation in
endocrine and neuroendocrine tumors clearly warrants further investigations.

Finally, relying on a gel-free approach leads to two important improvements. Firstly, we
minimized sample loss frequently associated with gel staining and band extraction while
allowing high quality MS data in terms of number and score of peptides from a relatively
small sample as illustrated by representative MS/MS spectra (supplementary Fig. 1).
Secondly, it contributed to the identification of small molecular weight proteins important to
granule function such as complexin 2, phosphatidylethanolamine binding protein and
macrophage migration inhibitory factor, which were never previously reported in such
proteomic studies.

4. Discussion

Density-based separation techniques have been the tool of choice for decades in cell
fractionation experiments. Being readily accessible, equilibrium gradient centrifugation has
proven quite effective in enriching a sample for a specific subcellular compartment.
However, this method is not without its problems. Indeed, it usually requires large amounts
of starting biological material, either from fresh tissues (several bovine adrenal glands [22])
or from large scale cell cultures (8x108 cells [23]) already limiting the experimenter to the
study of models for which enough material is available. Also, the procedure is very resource
and time-consuming, typically requiring between 48 to 72 hours of centrifugation and
electrophoresis. Not only does this delay the time at which mass spectrometry data can be
obtained, but it also generates concerns on how complete and accurate is the representation
from the proteins extracted from the final gel of the in-vivo state of the organelle.

In order to circumvent this problem, we propose an alternative approach to perform
organellar proteomics. Hence, we first used cytoskeleton disruptors in combination with a
freeze-thaw cycle to induce cell lysis and ultimately yield an enriched granule preparation.
Then, FAOS performed with a cell sorter was efficient in sorting out an abundant, intact and
homogeneous population of dense-core secretory granules within one hour. The choice of
the appropriate sorting window was rapidly established using readily available calibration
beads (controls for size and fluorescence) and known properties of that organelle. What is
remarkable is the fact that even if some PHM-mGFP fluorescence is localized throughout
the regulated secretory pathway (Fig. 1), we were nevertheless able to isolate a much
enriched population of mature secretory granules. It is noteworthy that sorting a very fragile
and hypoosmosis-sensitive organelle using a single fluorescent label transiting through
multiple subcellular compartments was a demanding task. This method could benefit from
using recent multiple simultaneous laser wavelengths cell sorters and/or by combining
constructs, fluorescent dyes and/or antibodies since cell sorters do not discriminate the
source of the fluorescence and can be employed to sort particles as long as their sizes and
fluorescence intensities fall within the detection limits of the instrument. Provided that a
specific antibody for a surface protein of the organelle of interest is available, the presented
sorting procedure is conceptually identical to that employed for the sorting of cells bearing a
specific surface marker, which is what FACS is routinely employed for. FACS identification
and/or sorting of several structures presenting a size similar to the secretory granules
(subcellular structures, bacteria) using some of the above-mentioned alternate labeling
approaches were reported. [18,36-38]). Doing so, the user can virtually sort and actively
exclude any event in a defined window which, in turn, leads to much increased purity of the
sorted material. It would be even possible to fractionate an organelle population into specific
groups depending on their state at the time of cell lysis as determined, for example, by the
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presence or absence of a marker. Herein, we optimized the material to be sorted out by
selecting stable transfectant but we consider that our method could be of use with transient
transfectant as well as with any commercially available organelle-specific dyes or
conjugated antibodies.

Even in its simplest form, this method has allowed us to obtain a purified sample very rich
in dense-core granules from which more than 150 proteins were identified by mass
spectrometry. Many important markers (Table 1) have been identified by numerous high
scoring peptides, and some important small molecular weight proteins were identified for
the first time in a large scale proteomics study of endocrine granules. Indeed, in the above
cited examples, complexin 2 has been suggested to play a role in the exocytosis process
[39], phosphatidylethanolamine binding protein (PEBP, also known as Raf-1 kinase
inhibitor protein) has been localized to the membrane as well as the intragranular matrix of
the chromaffin granules [40] and finally the macrophage migration inhibition factor (MIF),
though highly recognized as a soluble lymphokine produced by activated T cells, has been
localized to corticotropes and thyrotrope cells secretory granules [41]. Obviously, one ought
to expect that the isolated granules contain the appropriate peptides in good amounts. In all
studies including ours, this has been the case as can be seen with proANF for atrial granules
[19], insulin(s) in B-cell granules [23], neuropeptide Y, enkephalins and adrenomedullin in
chromaffin granules [22], various zymogens in pancreatic zymogen granules [20,21] and
corticotropin and proopiomelanocortin in corticotropes (this study). Associated closely with
these processing products, all these studies also revealed the presence of the obligatory
processing machinery including appropriate convertases, mostly PC1/3 ([22], this study) and
PC2 [22,23], carboxypeptidase-E [19,22,23] and PAM ([19,22,23]and this study). It is
noteworthy, however, that these enzymes do not appear to be routinely observed as, for
example, we were not able to detect CP-E nor was the study on chromaffin granules [22]
able to detect PAM. Similarly, various recognized granules proteins such as chromogranin A
([22,23], this study) and B ([19], this study), a variable mixture of secretogranins ([22,23],
and this study), 7B2 [22,23], proSAAS [22,23] or granule membrane proteins such as
cytB561 [22] and V-ATPase ([19-23], and this study) were reported. All the granules
preparations contained characteristic but distinct set of Rab proteins and VAMPs though
none of the latter was seen in the present study nor was there any VAMPA4 detected in any
study. Interestingly, VAMP4 together with a great many number of SNARE and Rab
proteins were shown to be abundant in synaptosomes [24,25]. Furthermore, proteins
reported to be associated with secretory granules were observed; these include kalirin [19],
myosins ([20] and this study), tubulin and actin ([21] and this study). Actually, prior to our
inclusion of actin/tubulin network disruptors, we observed a much larger distribution of
fluorescent events likely due to aggregation and/or tethering of granules to actin/tubulin as
previously reported [42]. Hence, our observation is much in favor with their close
association with the granules as envisioned. Moreover, it is certainly worth noting that each
study possesses its own set of unique proteins whose presence and functional role remain to
be explored and established. For example, the protein 14-3-3¢ was recently shown to be
closely associated with exocytic granules of the human platelet [43]. Also, the Cuzn
superoxide dismutase was recently reported to be secreted in a calcium and SNARE-
dependant manner from somatolactotropes [44]. Other identified proteins of interest include
the Na/K-ATPase, MARCKS, various chaperonins, secretory signal-peptide-devoid proteins
such as cyclophilin A, serpin-1 and stathmin. The only major unforeseen proteins originated
from ribosomes, despite the apparent depletion of these structures based upon RPL8
immunoblotting. It is possible that some PHM-mGFP bound to polyribosomes could have
been co-sorted during FAOS. Although ribosomal proteins are present in our list, their
significance must also be kept in perspective. Effectively, as a group, they are identified by
an average of 3 peptides and a score of 109, which is well below chromogranin A with its 26
peptides for a score of 1440.
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organelles and obtain their proteome. Requiring relatively low amounts of starting materials,
the protocol can be performed within a day. In this presented form, the method can be seen
as a complement and/or can be used concomitantly with the conventional protocols for

subcellular fractionation. A combination of gel-based and gel-free procedures could

certainly maximize the information collected in those studies. Indeed, the former could

maximize, through the use of stringent extraction conditions, the recovery of large and
poorly soluble proteins such as membrane proteins since clearly, in this study, simple

inclusion of low amount of SDS did not permit this. Conversely, the latter could provide
information on most soluble proteins in a much more rapid and simple manner. Furthermore,

the availability of hundreds of fluorescent molecules, including dyes and antibodies,

combined with the speed, power and versatility of flow cytometry could rapidly contribute
to overcoming some of the challenges related to sample preparation in organellar

proteomics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ABBREVIATIONS

ACTH
BLAST
CP-E
ER
ERp
FAOS
GFP
mGFP
HRP
LTQ
PAM
PC
PHM
PIST
POMC
Rab
SNARE
SOFA
SSC
TGN
VAMP

corticotropin (adrenocorticotropic hormone)

Basic Local Alignment and Search Tool
carboxypeptidase E or H

endoplasmic reticulum

endoplasmic reticulum protein

fluorescence assisted organelle sorting

Aequorea victoria green fluorescent protein

Aequorea victoria monomeric green fluorescent protein
horseradish peroxidase

linear quadrupole ion trap

peptidyl a-amidating monooxygenase

proprotein convertase

peptidylglycine a-hydroxylating monooxygenase

PDZ domain protein interacting specifically with TC10
proopiomelanocortin

Ras-related in brain

soluble N-ethylmaleimide-sensitive factor (NSF) attachment receptor
single organelle fluorescence analysis

side scatter

trans-Golgi network

vesicle-associated membrane protein
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Figure 1. Intracellular localization of the PHM-mGFP fusion protein within AtT-20 transfected
cells

(a) PHM-mGFP (green) (b) ACTH (red) and (c) merging of colors highlights the
colocalization of PHM-mGFP and ACTH in the secretory granules at the tips of the cells.
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Figure 2. Fluorescence-assisted organelle sorting of the secretory granules (FAQS)

(a) to (d) are density plots (green fluorescence (X-axis) versus size (Y-axis) of all events
detected by the cell sorter under each set of conditions. The black square represents the
selected sorting region which corresponds to the secretory granules (see text). (a) 1 500 x g
supernatant analysis with the threshold set to optimize the detection of the secretory granule
population. The blue circle and green circle indicate the region in which non-fluorescent 450
nm beads and fluorescent 840 nm beads are respectively located when analyzed. (b) 1 500 x
g supernatant analysis with the threshold set to the minimum (maximum sensitivity),
allowing visualization of the most abundant smaller, low-fluorescent to non-fluorescent
events. (c) Total cell lysate analyzed as in (a). The presence of numerous cellular particles of
varying fluorescence is visible, masking the granule population. The top right density
represents larger fluorescent particles such as intact cells and large ER and Golgi debris. (d)
Total cell lysate analyzed as in (b). In order to present informative and representative plots,
75 000 events were pooled in (a) and (b) while 225 000 events were pooled in (c) and (d).
Density is color-coded from low (few events) in red to high (many events) in blue.
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Figure 3. Secretory granules visualized by electron microscopy

(a) A representative cut of the total cell extract; bar: 500 nm. (b) A representative cut
thought the purified secretory granules pellet shows a population of intact, membrane bound
granules, homogeneous is size. Most of them are slightly decondensed (see text); bar: 200
nm.
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Figure 4. Western blots illustrating the granules enrichment

From left to right, separated by empty lanes are the total cell lysate, the 1 500 x g
supernatant, the granule extract A and the granule extract B. 1.5 pg or 4 pg of protein was
loaded in each lane (see text). Markers for various subcellular markers and structures were
assessed. While the ER and Golgi markers are depleted, the GFP signal, present only in the
ER, Golgi and secretory granules, is enriched. The markers for the mitochondria, nucleus,
lysosomes and ribosomes are also depleted with a concomitant enrichment in chromogranin
A, arecognized granule marker.
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Plasma Membrane

Figure 5. Pie chart illustrating the distribution of the identified proteins with respect to their
known, proposed or putative subcellular localizations

Pie slices correspond to Cytoskeleton (structure, trafficking, fusion); Granules (protein
identified in the literature as being part of or associated with the secretory granules);
Nucleus; Other (Endosome, Lysosome, Mitochondria, Proteosome); Plasma membrane;
Ribosome; ER/Golgi; Undefined (protein present in more than one major location, or for
which there is not enough information available).
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