The Phagosome Proteome: Insight into Phagosome Functions
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Abstract. Phagosomes are key organelles for the in-
nate ability of macrophages to participate in tissue re-
modeling, clear apoptotic cells, and restrict the spread
of intracellular pathogens. To understand the functions
of phagosomes, we initiated the systematic identifica-
tion of their proteins. Using a proteomic approach, we
identified >140 proteins associated with latex bead—
containing phagosomes. Among these were hydrolases,
proton pump ATPase subunits, and proteins of the fu-
sion machinery, validating our approach. A series of un-
expected proteins not previously described along the
endocytic/phagocytic pathways were also identified,
including the apoptotic proteins galectin3, Alix, and
TRAIL, the anti-apoptotic protein 14-3-3, the lipid raft-
enriched flotillin-1, the anti-microbial molecule lactad-
herin, and the small GTPase rabl4. In addition, 24

spots from which the peptide masses could not be
matched to entries in any database potentially repre-
sent new phagosomal proteins. The elaboration of a
two-dimensional gel database of >160 identified spots
allowed us to analyze how phagosome composition is
modulated during phagolysosome biogenesis. Remark-
ably, during this process, hydrolases are not delivered in
bulk to phagosomes, but are instead acquired sequen-
tially. The systematic characterization of phagosome
proteins provided new insights into phagosome func-
tions and the protein or groups of proteins involved in
and regulating these functions.
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Introduction

Professional phagocytes, such as macrophages, internalize
large particulate material by phagocytosis. This constitu-
tive process, initiated by binding of the particle to cell sur-
face receptors, triggers a reorganization of the plasma
membrane and its cortical cytoskeletal elements, leading
to particle engulfment and formation of the phagosome.
Phagosomes are pivotal organelles in the ability of mac-
rophages to perform several of their key functions, such as
the handling of apoptotic cells, tissue remodeling, and the
restriction of the establishment and spread of intracellular
pathogens (see Méresse et al., 1999). The functional prop-
erties of phagosomes are acquired through a complex re-
modeling process involving regulated interactions with a
series of endovacuolar organelles. Indeed, during phagoly-
sosome biogenesis, phagosomes intersect the biosynthetic
pathway and fuse sequentially with early endosomes, late
endosomes, and lysosomes (Pitt et al., 1992; Desjardins et
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al., 1997; Jahraus et al., 1998). These interactions, facili-
tated by phagosome binding and movement along cyto-
skeletal elements (Desjardins et al., 1994a; Defacque et al.,
2000), and controlled in part by small GTPases of the rab
family (Alvarez-Dominguez and Stahl, 1999; Roberts et
al., 1999; Duclos et al., 2000), allow the acquisition of
groups of molecules conferring new functions to maturing
phagosomes. Despite our current knowledge, the mole-
cules and mechanisms coordinating the various steps in-
volved in phagolysosome biogenesis are still mostly un-
known. A significant part of our ignorance originates from
the fact that few of the phagosome proteins are currently
known or studied, despite the presence of hundreds of
polypeptides on this compartment (Desjardins et al.,
1994b; Haas, 1998). Identification of these molecules is
likely to provide insights into the complex mechanisms
governing phagosome functions.

In this study, we present a comprehensive analysis of pha-
gosomes from which >140 proteins have been identified.
Furthermore, we built a two-dimensional (2-D)' phago-

L Abbreviations used in this paper: 2-D, two-dimensional; ARF, ADP-ribo-
sylation factor; EST, expression sequence tag; MHC, major histocompati-
bility complex; MS, mass spectrometry; PDI, protein disulfide isomerase;
PMF, peptide mass fingerprinting.
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some map that could be used to monitor complex series of
modifications occurring during phagosome maturation.
This systematic characterization of phagosomes has allowed
us to extend greatly our understanding of this organelle and
to propose new concepts regarding its biogenesis.

Materials and Methods

Cell Culture, Phagosome Isolation and
Sample Preparation

The J774 mouse macrophage-like cell line was cultured and the phago-
some formed and isolated as described previously (Desjardins et al.,
1994a). Protease inhibitors were present in the samples and sucrose solu-
tions throughout the procedure. In some cases, phagosomes were treated
with pronase (Sigma-Aldrich) (a mixture of proteases from Streptomyces
griseus with broad proteolytic activities, digesting proteins down to single
amino acids; Narahashi and Yanagita, 1967), added to a final concentra-
tion of 3 pg/ml. This mixture was incubated at 37°C for 1 h, with occa-
sional mixing. After this treatment, the phagosomes were pelleted as usual
in a large volume of PBS containing the protease inhibitors. This step al-
lowed us to keep in the supernatant the material released from phago-
somes after the pronase treatment.

In a third set of experiments, the phagosomes were lysed in 1% Triton
X-114 to analyze their membrane-associated proteins. Triton X-114 parti-
tioning of phagosome membrane proteins was performed by the method
of Bordier (1981). The proteins present in the detergent phase were then
separated by SDS-PAGE using standard procedures.

High Resolution 2-D Gel Electrophoresis

Total phagosome proteins were first separated according to their isoelec-
tric point along linear immobilized pH-gradient strips of 18 cm (Amer-
sham Pharmacia Biotech). Sample loading in the first dimension was per-
formed by in-gel reswelling (Pasquali et al., 1997). The strips were then
equilibrated in a solution containing 13 mM DTT for 10 min, and then in a
solution containing 2.5% iodoacetamide for 5 min. The proteins were then
separated according to their molecular mass using standard SDS-PAGE.
The large gels (18 X 20 cm) were either silver stained for protein patterns
analysis or processed for mass spectrometry (MS) analysis.

For MS analysis, unfixed gels were first incubated in a 1% sodium car-
bonate solution for 5 min followed by incubation in 0.2 M imidazole/0.1%
SDS for 15 min. Gels were then rinsed in ultra pure water for 15 s and in-
cubated in a 0.2-M zinc acetate solution for 45 s. The reaction was then
stopped with several washes of ultra pure water.

Protein Digestion

The protein spots of interest were excised from 2-D gels and further
washed and analyzed essentially as previously described (Shevchenko et
al., 1996). In brief, gel pieces were washed in 25 mM ammonium hydro-
genocarbonate (NH,HCO;), pH 8.0, for 30 min, and then in 50% acetoni-
trile 25 mM NH,HCO; for another 30 min, and finally with ultra pure wa-
ter before complete dehydration in a vacuum centrifuge. The 2-D gel
pieces were reswollen with a minimum amount of sequenced grade modi-
fied porcine trypsin (Promega) solution containing from 0.25 to 0.5 pg of
protease, depending on the amount of protein (typically 10 ul of a 0.05-pg
trypsin/pl solution, in 25 mM NH,HCO; containing 10% acetonitrile).
When necessary, NH;HCO; buffer was further added until the gel piece
was completely rehydrated. Digestion was performed at 37°C for 3-5 h.

Matrix-assisted Laser
Desorption/lonization-MS Analysis

Mass spectra of the tryptic digests were acquired on a Biflex (Bruker-
Franzen Analytik) matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectrometer equipped with a gridless delayed
extraction. The instrument was operated in the reflector mode. 0.5 pl of
each digest solution (in 25 mM NH;HCO5/10% acetonitrile) was depos-
ited directly onto the sample probe on a dry thin layer of matrix made of
a-cyano-4-hydroxy-trans-cinnamic acid (CCA) mixed with nitrocellulose
(mixture 4:3 vol/vol, of a saturated solution of CCA in acetone, and a solu-
tion consisting of 5 mg nitrocellulose dissolved in 1 ml isopropanol/ace-
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tone, 1:1 vol/vol). Deposits were washed with 5 pl of 0.1% trifluoroacetic
acid before the analysis. A mass list of peptides was obtained for each pro-
tein digest. This peptide mass fingerprint was then submitted to an appro-
priate software to identify the proteins (MS-FIT, available online at http://
prospector.ucsf.edu/ucsfhtml3.4/msfit.htm, or ProFound, available online
at http://129.85.19.192/prowl-cgi/ProFound.exe).

When a protein could not be identified from its tryptic peptide mass
map, the tryptic digest was extracted twice with a 50% acetonitrile-25 mM
NH4HCO; solution. The digest solution and the extracts were then
pooled, dried in a vacuum centrifuge, and desalted with ZipTip C18 (Mil-
lipore) before the nanospray tandem MS analysis.

Nanospray-MSIMS

A quadrupole time-of-flight (Q-TOF) instrument (Micromass) was used
with a Z-Spray ion-source working in the nanospray mode. Approxi-
mately 3-5 pl of the desalted sample was introduced into a needle (me-
dium sample needle; PROTANA Inc.) to run MS and MS/MS experi-
ments. The capillary voltage was set to an average of 1,000 V, and the
sample cone to 50 V. Glufibrinopeptide was used to calibrate the instru-
ment in the MS/MS mode. MS/MS spectra were transformed using
MaxEnt3 (MassLynx; Micromass Ltd.), and amino acid sequences were
analyzed using PepSeq (BioLynx; Micromass Ltd.). Amino acid se-
quences, sequence tags, or peptide ion fragments that could be deter-
mined were used to screen the protein and expression sequence tag (EST)
databases with dedicated software: Pepfrag (http://prowll.rockefeller.edu/
prowl/pepfragch.html), Scan (http://dna.stanford.edu/scan), or BLAST for
searching homologies (http://www.ncbi.nlm.nih.gov/blast/blast.cgi).

Analysis of 2-D Gel Spot Patterns

Gels to be compared were always processed in parallel. The same number
of phagosomes, determined by the number of latex beads, was loaded in
the first dimension. All gels were made in a similar way and stained (silver
or Coomassie blue) for the same period of time. For the analysis and com-
parison of protein patterns, the 2-D gels were scanned using the same
scanner set ups. Spot detection and gel alignment were performed using
the software package PD-Quest (Bio-Rad Laboratories).

Antibody Preparation and
Immunofluorescence Analysis

A full-length cDNA encoding mouse Alix (Missotten et al., 1999) was
cloned into the pGEX-6P-2 (Amersham Pharmacia Biotech) using Smal-
Xhol. This allowed the fusion of Alix with glutathione-S-transferase
(GST). Alix-GST fusion protein was affinity purified using glutathione
sepharose; Alix was cleaved from the GST using the “precision protease.”
Purified Alix was dialyzed against PBS and used to immunize rabbits. The
antibody, purified on Protein G-sepharose, recognizes one single band mi-
grating at 96 kD in Hek cells transfected with an expression vector encod-
ing Alix.

In addition to Alix, some of the newly identified proteins were further
studied by immunofluorescence to confirm their association to phago-
somes using standard procedures. Antibodies against Rab7 and the cyto-
plasmic tail of LAMP1 were kind gifts from Stéphane Méresse (Centre
d’lmmunologie de Marsaille, Luminy, France). Anti—flotillin-1 was a kind
gift from Rob Parton (University of Queensland, Brisbane, Australia).
Anti-14-3-3 was from Santa Cruz Biotechnology, Inc. Anti-GAPDH was
from Chemicon.

Results

Latex bead—containing phagosomes can be formed and iso-
lated at various time points after phagocytosis using a very
simple flotation technique. This system provides tremen-
dous advantages to study the full range of transformations
occurring during phagolysosome biogenesis and constitutes
a unique system to follow the dynamic process of mem-
brane trafficking. Remarkably, these phagosome prepara-
tions were shown to be devoid of major contaminants from
other organelles (Desjardins et al., 1994a,b). More impor-
tantly, latex bead—containing phagosomes display several
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of the functional properties required to generate a microbi-
cidal environment: they (a) fuse with endocytic organelles
(Desjardins et al., 1994a, 1997), (b) mature into phagolyso-
somes (Desjardins, 1995), and (c) display degradative mol-
ecules such as hydrolases (Claus et al., 1998).

With the migration conditions used in the present study,
the phagosome preparations loaded on 2-D gels yielded
patterns displaying a few hundred spots between 15 and
100 kD in size with pI values ranging from 3.0 to ~9.0.
Most of these protein spots were not observed in 2-D gels
of total cell lysates, demonstrating the ability of our ap-
proach to enrich phagosome proteins (not shown). A rep-
resentative silver-stained gel of phagosomal proteins was
used to display the identified proteins and build our data-
base (Fig. 1). Since only a handful of the spots present on
phagosome 2-D gels were known at the beginning of the
present study (see Desjardins et al., 1994b), we systemati-
cally excised the visible spots from zinc acetate—stained
gels for mass spectrometry analysis. These analyses al-
lowed the recognition of >140 phagosomal proteins iden-
tified, for the most part, by peptide mass fingerprinting
(PMF) (Table I).

Protein Identification by Mass Spectrometry

To identify a protein from its PMF, several criteria were
considered. The most important of these was the coverage
of the full-length protein. When exceeding 15%, the cov-
erage was considered to be sufficient unless there was
some obvious conflicts such as discrepancies between the
experimental molecular weight and that of the identified
protein. At between 10 and 15% of coverage, the identifi-
cation was validated when the matching peptides versus
input peptides ratio exceeded 75% and when the molecu-
lar weight and species were not too distant. The mass accu-
racy of our analyses was always set at 100 ppm, but was
usually better than 50 ppm. Matching peptides with one
missed cleavage were validated only when there were two
consecutive basic residues (KK, KR, RK, or RR) or an RP
sequence inside the peptide amino acid sequence.

MS/MS analyses were conducted on proteins not identi-
fied by the PMF approach. In most cases, several peptide
sequence tags were easily obtained and the protein was
identified by mining protein databases with Pepfrag
(PROWL). As an example, the lysosomal acid lipase (10%
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Figure 1. Phagosome protein 2-D gel map. Latex beads were internalized by J774 macrophages for 60 min followed by a 60-min incuba-
tion without bead. After cell breakage, phagosomes were isolated on sucrose gradients and their proteins separated by high-resolution

2-D gel electrophoresis. Proteins were separated according to their i
standard SDS-PAGE. The major spots were excised and analyzed by
stained with silver.
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soelectric point on immobilized pH-gradients 3-10, and then by
mass spectrometry. The image used here is a representative gel
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TableI. Identified Phagosomal Proteins

MALDI-TOF-MS

Accession — Triton  Endo

Protein number* Prot Param Observed Remarks Peptides  Coverage MS/MS X-114  Phago
Mol Wt pl Mr pl
14-3-3 P35215 277711 473 31600 4.2 Involvedinexocytosisthroughactin X
interaction.

Acid ceramidase QIWV54 44669.5 8.68 40000 ND Lysosomal. 13% X X
A-X actin AAA37170 416937 521 MF Cytoskeletal proteins. 20% X X
B-actin P02570 41736.7 529 41000 5.1 Cytoskeleta proteins. 21% X X
vy-actin P02571 41792.8 531 40500 5.0 Cytoskeleta proteins. 41% X
Alix 088695 96010.2 6.15 94600 6.1 Programmed cell death 717 13%

6-interacting protein. Implicated in
apoptosis, with ALG-2.

Annexin 5 P48036 357524 4.83 34600 4.4 Amountbound tophagosomesstays 41% X
approximately the same as the
phagosome matures.
Apolipoprotein D P51910 21529.7 4.82 33000 ND Transportsavariety of ligandsin a X X
number of different contexts.
ARP3 P32391 473711 561 47600 5.4 Actin-like protein 3. Cytoskeletal 9/10 19%
protein.
Arylsulfatase B P50429 317269 7.32 41300 6.5 Lysosomal. 20% X
Ash Q63059 25206.3 5.89 MF 41%
ATPsynth. 8 P10719 56353.5 5.18 47900 4.7 Mitochondrial protein. 14% X X
CABP1 Q63081 47220.1 4.95 49800 4.8 Cacium-binding protein 1.
Probable PDI P5 precursor.
Calnexin P35564 672779 45 120000 ND Retainsincorrectly folded X X X
glycoproteinsin the ER.
Calreticulin P14211 479945 433 58700 3.8 ERchaperone. AlsofoundinT cell 31% X
Iytic granules.
CAP1 P40124 51574.8 7.16 57000 7.0 Adenylyl cyclase-associated protein 6/9 12%
1. Located on the cell membrane.
CAPZ (a-actinin) PA7757 313454 547 32100 5.3 F-actincapping protein 3 subunit 39%
isoform 2.
Cathepsin A P16675 53844.1 556 MF Lysosomal protective protein; 10/11 21% X X
carboxypeptidase C.
Cathepsin B P10605 37279.8 557 MF Lysosomal cysteine protease. 13/18 32% X
Cathepsin D P18242 449538 6.71 MF Lysosomal aspartic protease. 26% X X
Cathepsin L P06797 375473 6.37 MF Lysosomal cysteine proteases. 15% X X
Cathepsin S Q70370 36909.6 6.16 MF Lysosomal cysteine proteases. 29% X
Cathepsin Z Q9WUU7  33996.2 6.13 MF Lysosomal cysteine proteases. 30% X X
Coronin P31146 51026.2 6.25 MF Shared homology with TACO. 12/32 20%
CyCAP 035649 640555 4.91 MF Cyclophilin C-associated protein. 10/13 20% X
Lysosomal.
cytochrome P450 Q06766 15681.8 6.71 MF ER membrane-bound protein. 2/4 20%
EEA1 Q14221 162496.5 551 126600 5.4 Rab5 effector. Early endosome/ 10% X
phagosome.
Elongation factor P10126 50163.9 9.10 44700 8.6 EFTU
l-al
Endoplasmin P08113 92475.7 4.74 100300 4.3 ERprotein. 13%
a-enolase P17182 471247 6.37 MF 2-phospho-p-glycerate hydro-lyase. 30% X
Cytoplasmic.
Epididymal Q9200 16442 758 23300 4.6 Unknown function. X
secretory protein
ERP29 P52555 28574.8 6.23 31300 5.9 Foundinthelumen of the ER. 6/8 17%
Ferritin heavy chain  P09528 21066.6 553 MF Storesiron in a soluble, nontoxic, 51% X X
Ferritin light chain 1  P29391 208023 566 MF readily available form. 8/8 48% X
Flotillin 008917 475134 6.71 42700 6.8 Presentinlipid rafts. 35%
Galectin-3 P16110 275148 847 32200 8.3 MAC-2, laminin-binding protein. 9/10 35% X

Galactose-specific lectin that binds
IgE. Highest levelsin activated
macrophages. Involved in

apoptosis.
GAPDH P16858 35810 8.44 34100 8.4 Glycolysis. 19% X
GILT Q9UL08 291489 4838 MF IF-y inducible lysosomal thiol X

reductase. May beinvolvedin MHC
class I1—restricted antigen
processing.

(continues)
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Table . (continued)

MALDI-TOF-MS

Accession Triton  Endo
Protein number* Prot Param Observed Remarks Peptides  Coverage MS/MS  X-114  Phago
Mol Wt pl Mr pl
Glucosylceramidase P17439 57621.8 7.64 27000 ND pB-glucocerebrosidase. Lysosomal. 9% X
Membrane bound.
B-glucuronidase P12265 74239.2 6.16 MF Lysosomal. 16% X
GRB2 P29354 25206.3 5.89 MF Associates with tyrosine- 25%
phosphorylated proteins. Also
interacts with Rasin the signaling
pathway leading to DNA synthesis.
GRP 78 P20029 72422 5,07 77000 4.6 BIP. AnER chaperone. 37% X
B-hexosaminidase o P29416 60599 6.09 MF N-acetyl-B-glucosaminidase, 3-N- 14% X
acetylhexosaminidase. Lysosomal.
B-hexosaminidase 3 P20060 61115.7 8.28 MF 19% X
HSC70T P16627 70695.3 582 MF Heat shock-related protein. Usually
an ER or mitochondrial protein.
HSC71 P08109 708049 524 MF Heat shock cognate protein 30%
HSP-60 P19226 609554 591 MF Mitochondrial matrix protein P1. 6/9 27% X
Chaperonin. Interacts with
P21RAS. Usualy an ER or
mitochondrial protein.
HSP-70 A45935 70837 537 MF Cytoplasmic chaperone. 2% X
HSP-70 precursor A48127 734612 5.81 MF Cytoplasmic. 31%
HSP-70 protein2 P17156 69740.8 558 MF 23%
HSP-73 P08109 70871 537 70900 5.0 Heatshock cognate 71 kD protein. 24/32 46%
HSP-90b (HSP-84)  P11499 83194 497 90000 4.0 Molecular chaperone. Has ATPase 13% X
activity. Cytoplasmic. Interactswith
the cytoskeleton as well.
Lactadherin P21956 514652 6.02 MF Milk fat globule-EGF factor 8 17%
(MFG-E8). Antiviral activity.
Lamin B1 P14733 66884.7 5.11 MF Component of the nuclear lamina. 13/13 25%
LAMP-1 P11438 43865.1 8.66 135000 ND Lysosome-associated membrane X
glycoprotein 1. Type | membrane
protein.
“LAMP-2,typeB”  P17047 45647.0 7.05 120000 ND Lysosome-associated membrane X
glycoprotein 2.
Legumain 089017 493729 592 37600 6 Lysosomal cysteine endopeptidase. 14% X
LIMPII P27615 53959.7 491 95000 ND Lysosomemembrane proteinll. 18% X
May act as alysosomal receptor.
Type || membrane protein.
Lysosomal. Belongs to the CD36
family.
Lysosomal acid P38571 45415 6.42 43000 ND Crucial for theintracellular 15% X
lipase/cholesteryl hydrolysis of cholesteryl esters and
ester hydrolase triglycerides. Lysosomal.
Lysosomal P17046 431272 7.16 120000 ND Very similar to LAMP2 (P17047). X
membrane
glycoprotein-type B
lysozymeC, typeM  P08905 16688.9 9.11 17000 ND 1,4-B-N-acetylmuraminidase C. 25% X
(LYCM) Bacteriolytic. Enhances the activity
of immunoagents.
Macrophage Actin-capping protein GCAP39;
capping protein P24452 392404 6.73 MF myc basic motif homolog-1. 6/10 17%
MHC class Ib, CAA06194 33419 5.08 27000 ND Expected to be secreted in soluble 18% X
mature « chain form due to absence of exon 5,
which encodes the transmembrane
domain.
MPS1 152603 73166.6 591 MF Macrophage-specific protein. 13%*
Upregulated during monocyte to
macrophage differentiation.
Myosin heavy 089055 18177.4 534 155000 ND Nonmuscleform. X
chain-A
Napsin CAB82907 45544.3 7.13 55000 ND Membrane-anchored aspartyl
protease.
NDK B Q01768 17363 6.97 21100 6.9 Nucleotide diphosphate kinase B. 61%
NSF P46460 82565.4 6.52 77000 6.4 Vesicular-fusion protein. 29% X
N-ethylmal eimide-sensitive factor.
(continues)
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Table I. (continued)

MALDI-TOF-MS

Accession - Triton  Endo
Protein number* Prot Param Observed Remarks Peptides  Coverage MS/MS  X-114  Phago
Mol Wt pl Mr pl
ORP150 Q63617 111289.1 511 125700 4.8 Oxygen regulated protein.
Palmitoyl-protein 088531 34621.3 826 MF Removes thioester-like fatty acyl 23% X X
thioesterase groups from modified cysteine
residues in proteins or peptides
during lysosomal degradation.
PDI (ER-59) P09103 57143.6 4.79 55500 4.3 Proteindisulfideisomerase. 6/11 22% X
PDI (ER-60) pP27773 56621.3 599 MF Involved in MHC class | assembly. X
PGAM-B P25113 285144 6.21 31500 6.6 Phosphoglycerate mutase, brain 40%
form.
Prohibitin P24142 29820.1 557 31000 5.2 Presentinlipid rafts. 51%
RAB2 P53994 235475 6.08 23000 ND Vesiculartraffic. Associatedwithan 30% X
intermediate compartment between
the ER and Golgi apparatus.
RAB3C Q63482 24890.9 4.98 25000 ND Protein transport and vesicular 14% X
traffic.
RAB5C P35278 5496.1 4.83 26500 ND Regulatesearly endocytic/ 36% PN X
phagocytic trafficking.
RAB7 P51150 23558.8 7.53 24000 ND Regulateslateendocytic/phagocytic 44% PN X
trafficking.
RAB10 088386 225409 858 23200 ND Vesicular traffic and 30% X
neurotransmitter release.
RAB11B P46638 244894 5.64 25000 ND Involved in membrane recycling. 17% X X
RAB14 P35287 23926.9 5.85 26500 ND Vesicular traffic and 40% X
neurotransmitter release.
RAP1B P09526 20824.7 5.65 22000 ND Involvedininitiation of oxidative 39% PN X
burst in neutrophils.
RHO GDI « P19803 234214 512 27500 4.8 RHO GDP-dissociation inhibitor 1 X
RSP4 P08865 32854 4.79 MF 40S ribosomal protein SA. 18% X
Cytoplasmic.
SNAP-a P54921 331949 516 34600 5.0 Soluble NSF attachment protein. 76% X
SNAP-y Q99747 347462 530 37400 5.1 Requiredto prepareintracellular 30% X
membranes for fusion.
Stomatin P54116 314033 6.46 MF ND Foundin lipid rafts, exposed on the 43% X
cytoplasmic surface of the
membrane.
Syntenin 088601 32263.2 6.66 33500 ND Localizedin early endocytic X PN X
compartments.
TCBP-49 070341 374549 4.26 47200 3.6 Taipoxin-associated calcium 36%
binding protein 49.
TCP-1a P11983 60448.6 5.82 55500 5.7 T-complex protein 1. Molecular 5/6 10% X
TCP-18 P80314 574472 597 55500 6.9 chaperone. Knownto play arole, in 20%
TCP-le P80316 59624 572 60600 5.6 Vitro,inthefolding of actin and 18%
tubulin. Cytoplasmic.
Thioreductase P35700 221765 826 26800 8.4 Cytoplasmic. 4/4 20%
peroxidase 2
Ti-225 (ubiquitin C) Q62317 141754 9.33 14200 5.7 Similar to human ubiquitin. 42%
TMP21 Q63584 23276.8 6.03 23200 ND Transmembrane protein. Vesicular 26% X
protein trafficking. Type|
membrane protein. Present in Golgi
cisternae.
TRAIL P50592 334773 821 31300 5.9 TNF-related apoptosisinducing
ligand.
Trimeric G a2 P08752 40470.9 528 37400 4.9 Guaninenucleotide-binding protein 13/16 30% X X
Trimeric G p1 P04901 37376.9 560 35900 5.2 G(I)/G(S)/G(T). Adenylate cyclase- 28% X
Trimeric G B2 P54312 37333 560 35700 5.2 inhibiting Gaprotein. Regulatory 34% X X
G-proteins of signaling cascades.
Tropomyosin 5 P21107 290206 4.75 33600 4.2 Cytoskeletal type. 30%
Tubulin -6 P05216 49909.3 4.96 54700 4.8 Microtubule proteins. 14%
Tubulin B-5 P05218 49670.8 4.78 49500 4.5 13/24 38% X
UDPGT Q64550 59662.7 8.77 27000 ND UDP-glucuronosyltransferase. E.R. 22% X
protein.
VAP33 QIQY 77 272715 7.66 83000 ND Vescle-associaledmembraneprotein, 40% X
associated protein A. Associated with
ER and microtubules.
(continues)
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Table . (continued)

MALDI-TOF-MS

Accession Triton  Endo
Protein number* Prot Param Observed Remarks Peptides  Coverage MS/MS  X-114  Phago
Mol Wt pl Mr pl
V-ATPasea P50516 68268 5.62 MF Involved in phagosome 44% X
(catalytic subunit) acidification.
v-ATPase B P50517 565849 557 MF 9/15 28% X
v-ATPase e P50518 26588 9.28 MF 34% X
VDAC1 Q60932 30624.3 8.63 28500 ND Voltage-dependent anion-selective 25% X X
channel protein 1. Mitochondrial.
Also found on the plasma
membrane and endosomes.
Vimentin P20152 53687.6 5.06 MF Class |11 intermediate filaments. 54%
Antitrypsin P34955 461039 6.05 MF Serum proteins adsorbed on latex 18%
Apolipoprotein A-l  P15497 30276.3 571 29300 5.0 beadsduringinternalization. Highly
BSA P02769 692934 582 MF enriched in our preparations. 16/22 32%
a-S1 caseine P02662 245289 498 20600 43 Endooyticcargo. 35%
Hemoglobin o P01966 150531 819 16300 7.4 50%
Hemoglobin 3 P02081 15859.2 651 MF 6/11 46%
Putative gag P23090 60511.7 7.63 MF Duplan murine leukaemia virus.

Proteomic analysis of phagosome proteins. The 1- and 2-D gel methods combined allowed theidentification of 116 phagosomal proteins directly from existing databases (including
seven cargo molecules probably originating from the serum). In addition, 17 spots analyzed could not be matched to any entry in databases, while seven corresponded to ESTs (not

shown), suggesting that they are novel proteins.

*Whenever possible, the SWISS-PROT or TrEMBL accession numbersarelisted. Otherwise, NCBI entriesare used. MF, multiple forms. Observed pl values could not be evaluated

for proteins identified by the 1-D gel method.

*MPSL coverage is only NH, terminal, and when this region is considered alone, the match percentage is very satisfactory; MALDI-TOF-MS, peptides, ratio of peptides that
matched the expected mass of the theoretical trypsin digests. Coverage, percentage of the full-length sequence covered by the matching peptides; MS/MSS, proteinsfurther identified
my MS/MS; Triton X-114, proteins that were identified from the detergent phase samples; Endo/phago, proteins previously reported to be present in endosomal/phagosomal

compartments.

coverage) was confirmed by tandem MS. In other cases,
when the mouse protein was not present in the protein and
EST databases, we had to generate amino acid sequences
by MS/MS and use BLAST software to look for proteins
exhibiting high amino acid sequence homology (for exam-
ple, GILT was identified from human databases). We
could also reach some EST sequences using peptide se-
quence tags (e.g., ESTAA445025, which shows an homol-
ogy with cathepsin A) or peptide mass fingerprints (only
in the case of low molecular weight proteins; e.g., EST
1447369, similar to CU-Zn SOD), and even reconstruct
one protein amino acid sequence by matching a first EST,
and then clustering several ESTs [e.g., an ADP-ribosyla-
tion factor (ARF)-6 isoform].

Based on these different criteria, we identified 116 pro-
teins by the PMF approach and 7 ESTs. 19 were further
analyzed by MS/MS to get unambiguous identifications.
All of these were confirmed. Furthermore, 17 protein
spots yielded good MS spectra that could not be matched
to any entries in current databases. Identification of these
potentially novel proteins will require further analysis and
sequencing.

Phagosome Membrane-associated Proteins

Separation of membrane proteins is still problematic with
2-D gels (Santoni et al., 2000). Although some of the pro-
teins identified on 2-D gels from our samples are clearly
membrane associated, such as flotillin-1, other expected
proteins, such as those of the LAMP family, were not
identified. Accordingly, to identify as many membrane-
associated proteins as possible, we complemented our
2-D gel studies with SDS-PAGE analysis of phagosome
membrane proteins obtained after phase partition in Tri-
ton X-114. Using this approach, we resolved 24 major
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bands visualized after zinc acetate staining (Fig. 2). From
these bands, we were able to identify 36 proteins, 5 of
which had previously been identified from the 2-D gels.
Among these proteins were seven members of the ras
superfamily: rab2, 3c, Sc, 7, 10, 11, and rabl4, as well
as raplb. Interestingly, these included the small GTP-
ases previously shown to be associated to phagosomes;
namely, rab5, 7, 11, and rapl (Desjardins et al., 1994a; Pi-
zon et al., 1994; Cox et al., 2000). Transmembrane pro-
teins were also identified in our phagosome preparations,
including LAMP1, LAMP2, 1gp110, and LIMPII. LAMP1
was also identified by MS/MS analysis in a band at ~44
kD. Other identified membrane proteins included stoma-
tin, Tmp21, and VDACL.

Western Blotting and Immunofluorescence Analysis

Several proteins not previously reported to be associated
to phagosomes were identified in our preparations. It was
impossible to systematically test all the new proteins by
Western blotting or immunofluorescence to confirm their
enrichment on phagosomes and their localization to this
organelle since antibodies against these molecules were
often not available. Nevertheless, we were able to further
investigate some of these proteins and demonstrate the as-
sociation of LAMP1, a well-known phagosome protein
used here as a control, alix, flotillin-1, GAPDH, and 14-3-3
to phagosomes (Fig. 3). Western blot analysis indicated
that all these proteins are enriched in phagosomes com-
pared with total cell lysates. Furthermore, immunofluores-
cence analysis showed that the staining of these molecules
is localized to the periphery of latex beads, as well as to
other cellular organelles not further investigated in the
present study. GAPDH, a cytosolic enzyme involved in
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glycolysis and the production of ATP, was shown to asso-
ciate with actin filaments (Masters, 1984). The recent find-
ing of its enrichment in pseudopodia (Nguyen et al., 2000),
suggests that GAPDH might associate to phagosomes
very early during the internalization process, providing a
local source of energy for actin-based phagosome forma-
tion and functions.

Lumenal Versus Peripheral Phagosome Proteins

To determine which proteins are present within the lu-
men of phagosomes and which are associated with the cy-
toplasmic side of this compartment, we performed enzy-
matic degradation of intact phagosomes recovered on
sucrose gradients. By treating phagosomes with pronase,
we were able to induce the degradation of the proteins ex-
posed partially or totally on the cytoplasmic side of pha-
gosomes. Silver staining of phagosome proteins separated
by SDS-PAGE showed that several spots were no longer
detected after pronase treatment (not shown). On the
other hand, the proteins present within the lumen of the
organelle were protected from pronase attack by the pha-
gosome membrane. To demonstrate the selectivity of pro-
teolysis towards proteins exposed at the cytoplasmic side
of the phagosome membrane, we studied the effect of
pronase on LAMP1, a transmembrane protein with a
short cytoplasmic tail. Using a monoclonal antibody
against a lumenal epitope of the LAMP1 molecule, we
were able to show the presence of this molecule in both
control and pronase-treated samples (Fig. 4, top left). In
contrast, when a polyclonal antibody against the cytoplas-
mic tail of LAMP1 was used, LAMP1 was observed in the
control, but not in the pronase-treated sample, indicating
that this part of the molecule had been efficiently de-
graded by the treatment. Furthermore, the pronase treat-
ment had no effect on cathepsin D, a known lumenal mol-
ecule, but induced the disappearance of the peripheral
protein Rab7.

These results clearly demonstrate the usefulness of this
approach to distinguish lumenal proteins from those
present on the cytoplasmic side of phagosomes. 2-D gel
analysis of pronase-treated and non-treated preparations
clearly showed differences between the two samples (Fig.
4, right). For example, the A and B subunits of the proton
pump ATPase, which are on the cytoplasmic side of endo-
vacuolar organelles (Forgac, 1989), are missing from the
pronase-treated samples (Fig. 4, bottom left). None of the
cathepsins are modified by the treatment, demonstrating
their lumenal localization (Fig. 4, bottom left). Interest-
ingly, the spots corresponding to the various ER proteins
identified in our phagosome preparations, such as en-
doplasmin, calreticulin, and protein disulfide isomerase
(PDI), are not affected by the pronase treatment (Fig. 4,
bottom left). Contrary to what one might have originally
postulated, these results strongly suggest that ER elements
are probably not contaminants trapped in a mesh of fila-
ments (actin or microtubules) floated during the phago-
some isolation, which would be released by the pronase
treatment. Instead, the pronase resistance suggests that
ER components might indeed be present within the lumen
of phagosomes or recruited to form part of the phagosome
membrane.
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Figure 2. Isolation of phagosome membrane-associated proteins
by Triton X-114 extraction. Latex beads were internalized by
J774 macrophages for 60 min followed by a 60-min incubation
without bead. Isolated phagosomes were then treated with Triton
X-114 to separate membrane-associated proteins from soluble
proteins. Proteins present in the detergent phase were then sepa-
rated by SDS-PAGE. The gels were stained with zinc acetate and
the major bands excised for mass spectrometry analysis. In some
cases, several proteins were identified by mass fingerprinting in
the same band.

Modulation of Phagosome Composition during
Phagolysosome Biogenesis

Our 2-D database is a powerful tool that can be used to
follow modifications of phagosome composition in various
conditions. To illustrate the usefulness of this database, we
isolated phagosomes at different time points after their
formation in order to monitor the changes occurring to pha-
gosomes during phagolysosome biogenesis. Several pro-
teins were shown to be modulated during this process (Fig.
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5, arrowheads), including a variety of hydrolases (Table
IT). Our results clearly indicate that hydrolases are not ac-
quired simultaneously by phagosomes. While some hydro-
lases, such as cathepsin A and B-hexosaminidase are al-
ready present in a high amount in early phagosomes,
others, such as cathepsin S and the cleaved form of cathep-
sin D, appear at later time points during phagolysosome
biogenesis (Fig. 6). Others, such as the recently cloned
cathepsin Z (Santamaria et al., 1998), are present at early
time points but disappear during phagosome maturation,
suggesting that they are either recycled or degraded and
that they play a role in the processing of peptides at the
early stages of phagolysosome biogenesis.
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14-3-3

Flotillin1

Figure 3. Immunolocalization of novel proteins
to phagosomes. To demonstrate the phagosomal
association of the new proteins identified in our
study, we performed Western blot and immuno-
fluorescence analyses of some of these proteins in
macrophages that had internalized latex beads for
60 min, followed by a 60-min chase. LAMP1, a
well known phagosomal protein, was used as a
control. For Western blot analysis, the same
amount of protein from total cell lysates or iso-
lated phagosomes was loaded on SDS-PAGE. A
clear enrichment of each protein on the phago-
somes is observed. Immunofluorescence analysis
clearly demonstrate the localization of the pro-
tein around compartments containing latex
beads. In the case of 14-3-3 and GAPDH, cells
were permeabilized before the labeling to get rid
of most of the cytosolic proteins. Note that one of
the cells has not been permeabilized in the case of
14-3-3. For calnexin, an antibody against the cyto-
solic portion of the molecule was used. The same
amount of protein was loaded for total cell lysate
(TCL), the phagosomes (Phagos), and a mi-
crosome preparation (ER) as a positive control.

GAPDH

Discussion

At the subcellular level, the observation through high-reso-
lution 2-D gel electrophoresis that organelles are made up
of hundreds of proteins, several of which are extensively
post-translationally modified, highlights the complexity of
the mechanisms associated with the functions of these com-
partments (Scianimanico et al., 1997; Rabilloud et al., 1998).
It also emphasizes the overwhelming task of understanding
how organelles work using conventional approaches con-
sisting of studying each of their proteins, one by one. Hope-
fully, the refinement of technical approaches enabling us to
separate thousands of proteins by 2-D gel electrophoresis,
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Figure 4. Sensitivity of phagosome proteins to protease treatment: lumenal versus cytoplasmic proteins. (A) Phagosomes isolated on
sucrose gradients were treated with pronase to digest proteins exposed on the cytoplasmic side of phagosomes. Western blot analyses
showed that the lumenal part of LAMP1, a transmembrane protein with a short cytoplasmic tail, was not affected by the pronase treat-
ment, while the cytoplasmic tail was degraded. Rab7, a protein associated with the cytoplasmic side of phagosomes was efficiently de-
graded (or released) by the treatment. (B) Comparison of the protein patterns between phagosomes treated or not with pronase shows
that several protein spots are no longer present on phagosomes after the pronase treatment (arrows), indicating they have been digested
by the proteases. (C) Insets of selected regions of the gel show that hydrolases present within the lumen of phagosomes, such as cathep-
sins A and D, are not affected by the pronase treatment. In contrast, proteins like the A and B subunits of the vacuolar proton pump, or
proteins associated with cytoskeletal elements, which are exposed on the cytoplasmic side of phagosomes, are degraded and almost ab-
sent on the 2-D gel. Interestingly, proteins of the ER, such as calreticulin and PDI, are not degraded, indicating that these ER elements
are within the lumen of phagosomes and are thus unlikely to constitute contaminants trapped by cytoskeletal elements on the outside of
phagosomes, which would be released by the treatment. Another interesting observation is the presence of TRAIL and AnnexinS5 in the
lumen of the phagosome, in contrast to Alix on the cytoplasmic side, as expected from proteins involved in apoptotic signaling.
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and analyze them from minute amounts of material by mass
spectrometry, has allowed us to envisage the possibility of
identifying most, if not all, proteins associated with a given
organelle and understand how they are modulated in vari-
ous conditions (Lamond and Mann, 1997). This holistic ap-
proach is likely to provide new insights into the function of
complex organelles and their regulation.

In the present study, we identified >140 of the proteins
present on or within latex bead-containing phagosomes.
Several of these proteins are expected constituents of an
organelle that moves along cytoskeletal elements, inter-
acts and fuses with endovacuolar organelles, acidifies its
lumen, and degrades its content. Among these are a series
of hydrolases, subunits of the vacuolar proton pump
ATPase, molecules of the fusion/fission machinery, vari-
ous GTPases of the Ras superfamily, as well as coat pro-
teins and cytoskeletal-related proteins. Remarkably, a series
of novel proteins, not previously reported to be associated
with phagosomes were also identified. The confirmation of
the enrichment of several of these proteins on phagosomes
by various approaches, including differential 2-D gel dis-
play against a macrophage total cell lysate, Western blot
analysis, and immunofluorescence localization, allowed us
to propose new concepts regarding the molecular mecha-
nisms of phagolysosome biogenesis.

Membrane Fusion and Small GTPases

Phagosomes were shown to fuse sequentially with subsets of
endosomes (Desjardins et al., 1997). Thus, it was not surpris-
ing to find SNARE molecules and regulatory small GTPases,
including Rab4, Rab5, Rab7, Rabl11, and Raplb, previously
described on phagosomes (Desjardins et al., 1994a; Pizon et
al., 1994; Hackam et al., 1996; Cox et al., 2000). Rab5 and
Rab7 allow phagosomes to interact with early and late endo-
somes, respectively (see Méresse et al., 1999), while the asso-
ciation of Rab4 and Rab11 with recycling endosomes (Sheff
et al., 1999; Sonnichsen et al., 2000) suggests that recycling
processes might also be important for phagolysosome bio-
genesis. Three other Rab proteins, Rab 3c, Rabl0, and
Rabl4, have been identified on phagosomes in the present
study. Rab3, a small GTPase involved in Ca?*-dependent
exocytosis (see Geppert and Sudhof, 1998), was also localized
to endosomes (Slembrouck et al., 1999). The functions for
Rab10 and Rab14 still remain to be elucidated. A novel
GTPase of the ARF family was also identified by tandem MS
and searches in EST databases (AI006608). Based on the
alignment of two overlapping ESTs, this sequence was pre-
dicted to code for a 21.6-kD protein (189 amino acids) dis-
playing 64% homology to human and mouse ARF6. Western
blot analysis using a polyclonal antibody raised against the
COOH-terminal region of the protein indicated that this
ARF6-like protein is highly enriched on phagosomes com-
pared with a total cell lysate of macrophages (not shown).
Previous studies have shown that ARF6 is involved in actin
cytoskeleton organization and recycling process (D’Souza-
Schorey et al., 1998; Franco et al., 1999). A similar role on
phagosomes remains to be established.

Maturation of Phagosomes Is Accompanied by the
Sequential Acquisition of Hydrolases

We have highlighted in the present study the presence of
several hydrolases in phagosomes, including six members
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Figure 5. Modulation of phagosome composition during matura-
tion. Latex bead—containing phagosomes were isolated at differ-
ent stages of maturation and their proteins separated by 2-D gel
electrophoresis. The various gels were then compared with each
other using the software PD-Quest. Arrows point to peaking pro-
teins at their respective time points.
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Tablell. Sequential Acquisition of Hydrolases

Phagosome age
30'/0 1h/lh 1h/6h 1h/24h

Cath A +++ +++ +++ +++
B-Hexosaminidase o +++ +++ +++ 4
CathB + +++ +++ +++
Carboxypeptidase + +++ ++ +++
Arylsulfatase B + ++ +++ +++
Legumain + + 4+ +++
Superoxide dismutase + + +++ +++
CathD + ++ ++ +++
Cath L + ++ ++ +++
Cath S + ++ ++ +++
GILT + ++ ++ +++
Palmitoy! thioesterase - ++ +++ +++
B-glucuronidase + +++ +++ ++

Cathz + ++ +++ —

Sequential acquisition of hydrolases during phagosome maturation. Each identified
hydrolase was monitored by 2-D gel electrophoresis after isolation of latex bead—
containing phagosomes at different time points during phagolysosome biogenesis. The
level of each protein was evaluated by measuring the density of the spots and their
surface using PD-Quest. The results clearly indicate that phagolysosome biogenesisis
characterized by the sequential acquisition of hydrolases. Note that some hydrolases,
such as LAP and napsin, could not be listed here, as they were only identified by the
1-D gel method.

of the cathepsin family as well as some of their cleaved
forms. In addition, 12 other hydrolases have been identi-
fied, including legumain, shown to be involved in the
processing of microbial peptides with affinity for major
histocompatibility complex (MHC) class II molecules
(Manoury et al., 1998), and GILT, a gamma interferon-
induced lysosomal thioesterase (Arunachalam et al., 2000).

Using our 2-D gel database, we were able to show that
phagosome composition is modulated during phagolyso-
some biogenesis (Fig. 5). An interesting observation was
that hydrolases are not delivered simultaneously to phago-

30'/0"
e, 18

1h/1h

."..

hal
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somes (Fig. 6). Instead, they appear sequentially, at differ-
ent time points during phagosome maturation. Cathepsin
A, an exopeptidase required for the activity of other hy-
drolases, is already present at its highest detectable level in
early phagosomes, at a time point when cathepsins D and
S are barely detectable. The appearance of the 46-kD form
of cathepsin D in phagosomes occurs before the detection
of the 32-kD cleaved form of this protein. While most of
the hydrolases seem to reach their highest level 6 h after
phagosome formation, the levels of few others, such as
cathepsin S, continue to increase as late as 24 h after pha-
gosome formation. Since phagolysosome biogenesis is ac-
companied by the sequential fusion of phagosomes with
early endosomes, late endosomes, and lysosomes (Desjar-
dins et al., 1997), our results support the hypothesis that
hydrolases are heterogeneously distributed along the deg-
radative pathway (Munier-Lehmann et al., 1996). The se-
quential appearance of hydrolases in phagosomes might
regulate the correct processing and presentation of anti-
gens by MHC class II molecules (Villadangos and Ploegh,
2000). These results indicate that our 2-D gel database is a
unique tool to monitor changes occurring to phagosome
proteins in various conditions.

Contaminants or Genuine Phagosomal Proteins?

Several proteins not previously shown to be associated with
endocytic or phagocytic compartments were also identified
in our phagosome preparations. These proteins were rather
localized to other organelles, including the plasma mem-
brane (flotillin-1), mitochondria (ATP synthase, prohibitin
and VDAC-1), the cytoplasm (GAPDH, 14-3-3), and the
endoplasmic reticulum (calreticulin, calnexin, GRP78, en-
doplasmin, Erp29). The simplest explanation for the pres-
ence of these proteins is that our phagosome preparations
are contaminated by other organelles, a limitation of
most subcellular fractionation approaches. However, un-

1h/24h

& |

Figure 6. Sequential acquisition of hy-
drolases during phagosome matura-
tion. Phagosomes were formed by the
internalization of latex beads for 30 or
60 min, followed by increasing periods
of chase to allow phagosome matura-
tion. After 2-D gel electrophoresis, the
protein patterns were analyzed using
the phagosome 2-D database (Fig. 1).
These analyses indicated that hydro-
lases are not acquired simultaneously
by phagosomes, but rather appear se-
quentially during phagolysosome bio-
genesis.
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like most approaches relying on the isolation of organelles
based on their intrinsic density, isolation of latex bead—con-
taining phagosomes is facilitated by the low buoyant den-
sity of latex. Thus, phagosomes are floated in a region of
the sucrose gradient where other cellular organelles are not
detected. Previous morphological and biochemical analysis
of latex bead phagosome preparations indicated the virtual
absence of contamination by mitochondria, Golgi vesicles,
endosomes, and the plasma membrane, while low levels of
ER elements were found (Desjardins et al., 1994b). Based
on all these observations, it is worthwhile to consider that
the presence in our preparations of molecules previously
identified in other compartments is perhaps representative
of more than a simple contamination.

Four mitochondrial proteins were identified in our pha-
gosome preparations, which are ATP synthase, prohibitin,
HSP60, and VDAC-1. Interestingly, two of these proteins
have been shown to be present on other compartments in
the cell. Prohibitin was found to be associated with recep-
tors at the cell surface (see below), while VDAC-1, a type 1
porin molecule of the outer mitochondrial membrane, was
shown to be present on endosomes by immunofluores-
cence and immunogold electron microscopy (Reymann et
al., 1998). VDAC-1 was also shown to be present at the cell
surface, where it is targeted through the expression of an
alternative first exon (Buettner et al., 2000). The potential
roles of these molecules on extramitochondrial compart-
ments are not known. An additional finding suggesting that
the detection of prohibitin and VDAC-1 in our phagosome
preparation is not due to mitochondrial contamination is
the fact that these proteins were not identified as major
constituents of mitochondria in a recent in-depth pro-
teomic study (Rabilloud et al., 1998). Furthermore, at least
two of the most prominent spots present on 2-D gels of mi-
tochondria, fumarate hydratase and aconitase, are not
present at their migration coordinates in our phagosome
gels. If mitochondria were contaminating our preparations,
one would assume that these spots would also be present in
our gels. These data support the concept that at least some
of the mitochondrial proteins present in our preparations
might be genuine constituents of phagosomes.

Insights into New Phagosome Functions

ER Recruitment to Phagosomes. Our phagosome analysis
allowed us to identify several molecules normally associ-
ated with the endoplasmic reticulum. Although this might
represent a contamination, further data suggest that ER
elements could interact directly with phagosomes. The
pronase experiments have shown that all the lumenal ER
proteins identified in our 2-D gels were not affected by the
pronase treatment, indicating, at least, that they are not
simply associated with ER elements entrapped in the
cytoskeletal matrix associated to the phagosomes and
floated during the isolation procedure. A further indica-
tion of the close association of ER with phagosomes came
from Western blot analysis showing the enrichment of cal-
nexin in our phagosome preparations compared with the
total cell lysate. Furthermore, pre-embedding immunocy-
tochemical analysis using an antibody against the cytosolic
portion of calnexin demonstrated the presence of this pro-
tein on the phagosomal membrane, while an antibody
against the lumenal portion of the molecule gave no signal
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(Gagnon, E., and M. Desjardins, manuscript in prepara-
tion). The presence of ER molecules on phagosomes is not
surprising. Recent studies have shown that microorgan-
isms such as Legionella and Brucella reside within their
host cells in compartments displaying ER features (see
Méresse et al., 1999). In our experiments, it was not un-
common to observe macrophages that had engulfed >25
latex beads. Despite the important surface of plasma
membrane needed for the engulfment of these particles,
the cell does not consume itself, but rather maintains a rel-
atively stable size. This suggests that while plasma mem-
brane recycles rapidly back to the cell surface (Pitt et al.,
1992), membrane from the ER could be recruited to keep
the particles within closed compartments.

Another interesting link between phagolysosomes and
ER elements comes from the finding that calreticulin, a
chaperone of the ER identified in our phagosome prepa-
rations, is also present in the lysosome-like lytic granules
of T lymphocytes (Dupuis et al., 1993). There, it controls
the lytic activity of perforin by stabilizing membranes to
prevent polyperforin pore formation (Fraser et al., 2000).
Although perforin has not been identified in our phago-
some preparations, a newly identified protein, MPS1, was
shown to display a certain homology with perforin (Spils-
bury et al., 1995). The MPS1 gene was first identified as
being upregulated during monocyte-to-macrophage differ-
entiation (Spilsbury et al., 1995), as well as during prion in-
fection, along with other lysosomal hydrolases (HEXA
and HEXB) (Kopacek et al., 2000). The coded protein ap-
pears to share distant ancestry to perforin, although its
property to form pores, yet alone to polymerize or span a
membrane, has not been shown. Further analyses should
clarify whether the ER is a contaminant or if it is recruited
to form phagosomes.

Lipid Rafts. Among the new phagosomal proteins found
in our study is flotillin-1. This protein was reported to be
associated with caveolae or other subdomains of the
plasma membrane (Bickel et al., 1997; Lang et al., 1998).
Its identification by mass spectrometry on phagosomes,
further confirmed by Western blot and immunofluores-
cence analyses, suggests that lipid rafts could also be
present on phagosomes, and not solely on the Golgi appa-
ratus or the plasma membrane (Simons and Ikonen, 1997).
A second molecule recently shown to be associated to
lipid rafts, stomatin (Snyers et al., 1999), is also present on
phagosomes. Although stomatin was first proposed to be
involved in the maintenance of the structural integrity of
the red blood cell membrane, this function was ruled out
after the observation that red blood cells from stomatin
knockout mice were not altered (Zhu et al., 1999). Of fur-
ther interest, flotillin-1 and stomatin share a homologous
domain with prohibitin, a molecule also present on lipid
rafts (Terashima et al., 1994), identified in our phagosome
preparations. Although prohibitin is present in mitochon-
dria (Ikonen et al., 1995), reports indicate that it may asso-
ciate with certain receptors present at the cell surface
(Terashima et al., 1994), a phenomenon that could explain
its presence on phagosomes. The potential involvement of
prohibitin in the regulation of mitochondrial membrane
protein degradation (Steglich et al., 1999) may be relevant
to some of the phagolysosome degradative functions. Al-
together, these results strongly suggest that specialized
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The virtual phagosome
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Gua . -
some. The major proteins
G p1 identified in the present study
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proteins tion to the lumen, the mem-
. brane, or the cytoplasmic as-
7EST's pect of the phagosome was

indicated by the sensitivity to
pronase proteolysis (Fig. 4).
(Insets) New concepts pro-
posed after the identification

subdomains or lipid rafts might be present on the phago-
some membrane. Lipid rafts have been implicated in many
important cellular processes, such as polarized sorting of
apical membrane proteins in epithelial cells and signal
transduction (for review, see Kurzchalia and Parton,
1999). Interestingly, molecules involved in signal transduc-
tion, such as the o, B1, and B2 subunits of trimeric G-pro-
tein, as well as annexin II, are present on phagosomes
(Desjardins et al., 1994b; Beron et al., 1995).

Phagosomes and Apoptosis. Using immunofluorescence
analysis, we were able to demonstrate that 14-3-3 is effec-
tively associated with phagosomes. In adrenal chromaffin
cells, 14-3-3 proteins were shown to regulate secretory ves-
icle exocytosis by reorganizing the cortical actin barrier
(Morgan and Burgoyne, 1992), possibly by interacting
with annexin II (Roth et al., 1993), a protein also present
on phagosomes (Desjardins et al., 1994b). Recently, domi-
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of novel phagosome proteins.

nant-negative forms of 14-3-3 were used to disrupt 14-3-3
function in cultured cells and transgenic animals. Fibro-
blasts transfected with these mutants exhibited markedly
increased apoptosis, suggesting that a primary function of
mammalian 14-3-3 proteins is to inhibit apoptosis (Xing et
al., 2000). Interestingly, other molecules related to apopto-
sis have been identified in our study. These are Alix, an-
nexin 5, TRAIL, and galectin3. All of these proteins are
prominent spots in 2-D gels of phagosomes, but not de-
tectable in gels from total cell lysates, demonstrating their
enrichment on phagosomes (not shown). Intracellular
TRAIL/Apo2L has been demonstrated in macrophages,
but, to our knowledge, this is the first report of its enrich-
ment within phagosomes. This finding is noteworthy in
view of the recent report that thymocytes from ICAD-
Sdm mice only develop oligonucleosomal DNA degrada-
tion inside macrophages (Mcllroy et al., 2000), and that
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the emergence of TUNEL-positive cells is prevented in
Caenorhabditis elegans Ced-7 mutants, in which engulf-
ment is impaired (Wu et al., 2000). These observations
suggest that phagolysosomes may induce apoptosis within
macrophages through an unknown mechanism. Intrapha-
gosomal TRAIL binding to its receptor on the phagocy-
tosed cell could be part of such a mechanism. A role for
lysosomes in cell-autonomous apoptosis has also been
suggested since autophagy or cathepsin D translocation to
nonlysosomal structures can be instrumental during the
death of nonphagocytic cells (see Ferri and Kroemer,
2000). Our findings showing that proteins with a demon-
strated function in apoptosis like galectin 3, Alix, VDACI,
GAPDH, or 14-3-3 are enriched in phagosomes reinforces
this hypothesis and may open new avenues in understand-
ing the role of phagolysosomal compartments in apoptosis.
Phagolysosome biogenesis is obviously a complex pro-
cess made possible by the contribution of a large number
of molecules. In the last few years, in-depth studies of
some of the phagosome proteins have allowed us to signif-
icantly increase our knowledge of this organelle’s func-
tional properties. In the present study, we used a pro-
teomic approach to gain a global view of the composition
of phagosomes and their potential functions. The confi-
dence level attained by the identification of several key
phagosomal components and the immunofluorescent lo-
calization of some of the unexpected proteins to phago-
somes, together with the low contamination of our prepa-
rations by other organelles, allows us to consider most of
the proteins identified in this study as genuine constituents
of phagosomes. This wide body of data provides new in-
sights into the molecular mechanisms governing phago-
some functions and phagolysosome biogenesis (Fig. 7).
This proteomic approach is likely to become extremely
powerful as we learn to fully use all of its strengths.
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