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By interacting with the cytoplasmic tail of a Golgi-pro-
cessed form of transforming growth factor-� (TGF�), Na-
ked2 coats TGF�-containing exocytic vesicles and directs
them to the basolateral corner of polarized epithelial cells
where the vesicles dock and fuse in a Naked2 myristoyla-
tion-dependent manner. These TGF�-containing Naked2-
associated vesicles are not directed to the subapical
Sec6/8 exocyst complex as has been reported for other
basolateral cargo, and thus they appear to represent a
distinct set of basolaterally targeted vesicles. To identify
constituents of these vesicles, we exploited our finding
that myristoylation-deficient Naked2 G2A vesicles are un-
able to fuse at the plasma membrane. Isolation of a pop-
ulation of myristoylation-deficient, green fluorescent
protein-tagged G2A Naked2-associated vesicles was
achieved by biochemical enrichment followed by flow cy-
tometric fluorescence-activated vesicle sorting. The pro-
tein content of these plasma membrane de-enriched,
flow-sorted fluorescent G2A Naked2 vesicles was deter-
mined by LC/LC-MS/MS analysis. Three independent iso-
lations were performed, and 389 proteins were found in all
three sets of G2A Naked2 vesicles. Rab10 and myosin IIA
were identified as core machinery, and Na�/K�-ATPase
�1 was identified as an additional cargo within these ves-
icles. As an initial validation step, we confirmed their pres-
ence and that of three additional proteins tested (annexin
A1, annexin A2, and IQGAP1) in wild-type Naked2 vesicles.
To our knowledge, this is the first large scale protein
characterization of a population of basolaterally targeted
exocytic vesicles and supports the use of fluorescence-
activated vesicle sorting as a useful tool for isolation
of cellular organelles for comprehensive proteomics

analysis. Molecular & Cellular Proteomics 7:1651–1667,
2008.

Transforming growth factor-� (TGF�),1 one of seven mam-
malian epidermal growth factor receptor ligands, is directed
preferentially to the basolateral surface of polarized epithelial
cells (1–4). It contains a dileucine basolateral sorting motif in
its 39-amino acid cytoplasmic tail, the region of TGF� that is
most highly conserved across species (4). We have found that
Naked2, but not Naked1, recognizes basolateral sorting de-
terminants in the cytoplasmic tail of Golgi-processed TGF�,
coating these TGF�-containing vesicles and directing these
vesicles to the basolateral surface of polarized epithelial cells
(1). Naked1 and -2 are mammalian members of the Naked
family (Naked Cuticle in Drosophila) that are reported to act as
inducible antagonists of canonical Wnt signaling in Drosoph-
ila, zebrafish, and mammals (5–7).

Based on studies of basolateral trafficking of LDLR and
VSVG protein (8, 9), it is thought that basolaterally targeted
vesicles and their attendant cargo are directed to a subapi-
cal Sec6/8 exocyst targeting patch where the vesicles dock
and fuse. In addition, LDLR and VSVG utilize the AP-1
adaptor machinery, either at the TGN and/or recycling en-
dosome, for their successful delivery to the basolateral sur-
face (10, 11). TGF�-containing Naked2-associated vesicles
appear to represent a distinct set of basolaterally targeted
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vesicles based on the following four observations. First,
Naked2 contains basolateral sorting information; residues
1–173 of Naked2 fused to Na�/H� exchanger regulatory
factor-1 are able to completely redirect Na�/H� exchanger
regulatory factor-1 from the apical cytoplasm to the baso-
lateral plasma membrane (2). Second, Naked2 vesicles are
delivered directly to the lower lateral membrane of polarized
MDCK cells and not to a subapical Sec6/8 targeting patch.
Third, this delivery does not require AP-1B because Na-
ked2-associated vesicles are found at the basolateral sur-
face of polarized LLC-PK1 cells that lack �1B, an essential
component of the heterotetrameric AP-1B complex (12).
Finally, docking and fusion of these vesicles is dependent
upon Naked2 myristoylation because Naked2-associated
vesicles accumulate asymmetrically at the basolateral cor-
ner of MDCK cells stably expressing myristoylation-defi-
cient G2A Naked2. These multiple functions of Naked2 have
led us to designate it a cargo recognition and targeting
protein (CaRT) for TGF�-containing, basolaterally targeted
exocytic vesicles (2).

The distinctive properties of these Naked2 vesicles spurred
us to determine the protein composition of these vesicles.
Previous attempts to analyze basolaterally targeted vesicles
have been unsuccessful likely because of their low abun-
dance and transient nature with rapid fusion to acceptor
membranes. Herein we exploited the fact that myristoylation-
deficient G2A Naked2-enhanced green fluorescent protein
(EGFP)-associated vesicles are “trapped” in time and space
to biochemically isolate a population of these vesicles that are
de-enriched for plasma membrane, ER, and Golgi constitu-
ents. We then used fluorescence-activated vesicle sorting
(FAVS) as a novel means to purify a discrete pool of G2A
Naked2-containing exocytic vesicles for large scale LC/LC-
MS/MS analysis. By application of stringent acceptance cri-
teria, we identified 389 proteins in these G2A Naked2-con-
taining vesicles. We selected six of these proteins to study in
wild-type (WT) Naked2-expressing MDCK cells, and we con-
firmed the presence of all six in WT Naked2-containing vesi-
cles. These included proteins previously linked to basolateral
exocytosis (Rab10, myosin IIA, Na�/K�-ATPase �1, IQGAP1,
and annexin A2) as well as annexin A1 that has been associ-
ated with apical trafficking. We propose that FAVS may be a
useful tool for isolation of cellular organelles for comprehen-
sive LC/LC-MS/MS analysis.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—All cell culture reagents were from Hy-
Clone (Logan, UT). All chemicals, including TCA, anti-mouse myosin
IIA antibody, and protease inhibitor mixture, were from Sigma unless
otherwise stated. Chemicals for electrophoresis were purchased from
Bio-Rad. A rabbit anti-human Naked2 antibody, R44, was made in
collaboration with Covance (Princeton, NJ) as described by Li et al.
(1). Monoclonal antibodies to annexins A1 and A2 were purchased
from Abcam (Cambridge, MA). Anti-Na�/K�-ATPase �1, -E-cadherin,
and -IQGAP1 were obtained from Upstate (Temecula, CA), and anti-

caveolin-1 was obtained from Santa Cruz Biotechnology (Santa Cruz,
CA). Golgin97, anti-mouse CD147, anti-rabbit IgG, and DiD (in oil)
were purchased from Invitrogen-Molecular Probes. Protein A beads
and M-PER (Mammalian Protein Extraction Reagent) were purchased
from Pierce. Cy3-conjugated donkey anti-sheep IgG and horseradish
peroxidase-conjugated donkey anti-mouse and -rabbit IgG were ob-
tained from Jackson ImmunoResearch Laboratories (West Grove,
PA). The Rab11a antibody has been characterized previously (13).
The rabbit polyclonal antibody against Rab10 (VU132/134) was raised
against a specific peptide sequence at the carboxyl-terminal variable
domain, CKTPVKEPNSENVDIS. Keyhole limpet hemocyanin was co-
valently attached to the amino-terminal cysteine for immunization of
the rabbits (Covance). The antiserum displayed a single 23-kDa band
upon Western blotting of MDCK and HeLa cell lysates (data not
shown). The HaloTag vector, pHT2, was purchased from Promega
(Promega, Madison, WI).

Cell Culture and Transfection—MDCK Tet-Off cells T23 1628
(Clontech) were stably transfected with WT human Naked2 (codons
1–451) or G2A (in which the second residue glycine was mutated to
alanine) cDNAs; EGFP was fused to the carboxyl terminus of both
Naked2 cDNAs. Cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, glutamine, non-
essential amino acids, 100 units/ml penicillin, 100 �g/ml streptomy-
cin, and 500 �g/ml Geneticin or 200 �g/ml hygromycin B (Roche
Applied Science). Cells were maintained in doxycycline (1 �g/ml).
Experiments were performed 48 h after removal of doxycycline at
which time there was maximum expression of transfected Naked2 as
described previously (1). HEK 293 cells and HCA-7 cells were grown
in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum. For polarization experiments with MDCK cells, 1 � 105

cells were seeded on 12-mm Transwell filters (0.4 �m; Corning
Costar, Corning, NY) and cultured for 4–5 days with replenishment of
medium every other day until trans-epithelial electrical resistance
exceeded 200 ohms/cm2 using the Millicell Electrical Resistance Sys-
tem (Millipore Corp., Bedford, MA). MDCK cells were transiently co-
transfected with WT Naked2-HaloTagTM and G2A Naked2-EGFP
cDNAs, and fluorescence was observed 24 h later. The Goldenring
laboratory kindly provided the monomeric dsRed-Rab10 (C2 Clon-
tech vector) plasmid.

Vesicle Purification and Iodixanol Equilibrium Density Gradient
Analysis—The schema for purifying Naked2-EGFP vesicles from
MDCK cells is summarized in Fig. 1. We modified the OptiPrepTM

protocol (S37; Axis Shield, Oslo, Norway) as described below. For
each preparation, MDCK cells were plated on 24 � 150-mm plastic
dishes and grown to 70% confluence at which time doxycycline was
removed for 48 h. 5 � 108 cells were rinsed three times in 1� PBS and
then washed once in Solution D (78 mM KCl, 4 mM MgCl2, 8 mM CaCl2,
10 mM EGTA, and 50 mM HEPES-KOH, pH 7.0). The cells were
scraped off with a rubber policeman in Solution E (0.25 M sucrose, 78
mM KCl, 4 mM MgCl2, 8 mM CaCl2, 10 mM EGTA, and 50 mM HEPES-
KOH, pH 7.0). The cell suspension was mixed with an equal volume of
acid-washed glass beads (Sigma) and agitated at top speed eight
times for 2 min on a BioSpec Mini-Beadbeater-8TM vortex mixer
(BioSpec Products Inc., Bartlesville, OK). In preliminary experiments
(data not shown), we determined that the efficiency of vesicle isolation
was greater using glass beads (80%) than a Dounce homogenizer
(30%; Wheaton Science Products, Millville, NJ). Lysates were then
diluted 10-fold with Solution E and centrifuged at 4 °C sequentially at
1,000 � g (10 min; SS-34 rotor, Sorvall), 5,000 � g (40 min; SS-34
rotor, Sorvall), and 100,000 � g (2 h; SW 28 rotor, Beckman). This
vesicle-enriched pellet was resuspended in 9 ml of digestion buffer
(75 mM KCl, 50 mM Tris-HCl, 3 mM MgCl2, and 10 mM DTT, pH 8.3)
and digested with RNase A (20 �g/ml) at 37 °C for 30 min at which
time the digestion was stopped by the addition of 10 mM EDTA.
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Approximately 1.5 ml of the resuspended pellet then was placed on
top of a discontinuous 10, 20, 25, 30, and 40% iodixanol gradient
solution (2 ml each in a 12-ml-volume tube) and centrifuged at
90,000 � g at 4 °C for 16 h in a TH641 rotor (Beckman). Successive
500-�l aliquots were taken from the top of the ultracentrifuge tubes,
and 23 fractions were collected. All operations were performed either
on ice or at 4 °C. The optical densities were read at 600 and 280 nm.
An aliquot from each fraction was used for Western blotting of
Naked2 and various cellular markers.

FAVS—DiD is a lipophilic fluorescent dye that nonspecifically par-
titions into membrane bilayers. Pool 2 (fractions 18–22) from G2A
Naked2-EGFP-expressing MDCK cells was subjected to DiD staining
(final concentration, 12.5 �g/ml) at 37 °C for 10 min in Solution D. The
EGFP and DiD dual-labeled Pool 2 vesicles were pelleted at
100,000 � g for 1 h. The pellet was resuspended in 7 ml of Solution
E and successively sheared through 22-, 27- and 30-gauge syringes
six times each before FAVS. Sorting was performed on a BD Bio-
sciences FACSAria customized with a forward scatter PMT and stan-
dardized for linearity and sensitivity using eight peak beads (Sphero-
tech, Lake Forest, IL). Resolution of particle size was refined using
green fluorescent beads ranging in size from 40 to 700 nm (Duke
Scientific, Fremont, CA). A custom high salt sheath (Solution D), which
was compatible with the vesicles, was filtered through a 100-nm filter
prior to installation into the Aria sheath reservoir. Two additional
in-line filters (200 nm) were used to assure the sheath had the lowest
background possible. Unstained and single stained (DiD or GFP only)
vesicles were used to compensate for spectral overlap. Doubly pos-
itive DiD-counterstained G2A Naked2-EGFP-tagged vesicles were
gated and subjected to pulse processing analysis for doublet discrim-
ination. Extensive preliminary studies were performed to determine
and validate that the sorting gates contained the double-labeled
vesicles of interest. Briefly vesicles were sorted using a variety of
sort gating strategies, and the isolated vesicles were concentrated
separately and imaged using confocal microscopy. These prelimi-
nary studies allowed us to define a target mask with a linear range

of fluorescence intensities that enabled significant enrichment of
the double-labeled vesicles. Vesicles falling outside the target mask
included significant numbers of doublet vesicles that, even upon
repeated sorting, could not yield a single peak and thus were
excluded from subsequent analysis. Finally double positive vesicles
were gated to remove those vesicles greater than 0.55 SD from
their mean fluorescence intensities.

LC/LC-MS/MS Analysis—Pool 2 from G2A Naked2-sorted vesicles
was concentrated using 20% TCA at 4 °C overnight. A transparent
pellet was obtained after centrifugation at 15,000 rpm for 20 min at
4 °C. The pellet was washed three times with 10 ml of ice-chilled
acetone, dried in a fume hood for 10 min, and then resuspended in
100 �l of 1� lauryl dodecyl sulfate NuPAGE sample buffer (Invitro-
gen, 4�) with reducing agent DTT (final concentration, 50 �M). The
sample was heated for 10 min at 85 °C and then run �1.5 cm into
a 10% SDS-polyacrylamide gel. After staining with Colloidal Coo-
massie Blue (Invitrogen), the entire stained protein region was
excised, chopped into 1-mm cubes, and placed in 0.5-ml Eppen-
dorf tubes containing 150 �l of 100 mM ammonium bicarbonate.
Samples were reduced with 10 �l of 45 mM DTT for 20 min at 55 °C
and alkylated with 10 �l of 100 mM iodoacetamide for 20 min at
room temperature in the dark. Samples were destained with 100 �l
of 50% acetonitrile and 50 mM ammonium bicarbonate. The gel
pieces were then dehydrated with 100% acetonitrile and digested
with trypsin (10 �l of 0.01 ng/�l Trypsin Gold (Promega) in 25 mM

ammonium bicarbonate) overnight at 37 °C. The peptides were
extracted with two rounds of 60% acetonitrile and 0.1% trifluoro-
acetic acid. They were dried down and reconstituted in 0.1% formic
acid. The resulting peptides were analyzed by multidimensional
chromatography-tandem mass spectrometry using a combination
of off-line cation exchange separation and on-line reverse phase
separation. The peptides were first fractionated using strong cation
exchange chromatography (Luna SCX, Phenomenex, Torrance, CA)
with a 100-�m � 10-cm column and using a 0–500 mM ammonium
formate, pH 3.0–8.0, gradient in 25% acetonitrile as originally
described by Adkins et al. (14) with minor modifications as de-
scribed previously (13). Ten equal fractions were collected from the
SCX fractionation, and fractions 7–9 were combined. The flow-
through and seven fractions were subjected to LC-MS analysis
using a ThermoFinnigan LTQ ion trap mass spectrometer equipped
with a Thermo MicroAS autosampler and Thermo Surveyor HPLC
pump, Nanospray source, and Xcalibur 1.4 instrument control. The
peptides were separated on a packed capillary tip, 100 �m � 11
cm, with C18 resin (Jupiter C18, 5 �m, 300 Å, Phenomenex, Tor-
rance, CA) using an in-line solid phase extraction column (100
�m � 3 cm) packed with the same C18 resin using a 0.1% formic
acid, acetonitrile gradient as described previously (14).

Centroided MS/MS scans were acquired using an isolation width
of 2 m/z, an activation time of 30 ms, an activation Q of 0.250, and
30% normalized collision energy using one microscan and maxi-
mum injection time of 100 ms for each MS/MS scan. The mass
spectrometer was tuned prior to analysis using the synthetic pep-
tide TpepK (AVAGKAGAR) so that some parameters may have
varied slightly from experiment to experiment, but typically the tune
parameters were as follows: spray voltage of 1.8 KV, a capillary
temperature of 160 °C, a capillary voltage of 50 V, and tube lens
voltage of 120 V. The MS/MS spectra of the peptides were col-
lected using data-dependent scanning in which one full MS spec-
trum was followed by three MS/MS spectra. Raw data files for these
analyses are available from the ProteomeCommons Tranche net-
work (http://www.proteomecommons.org/data-downloader.jsp?
fileName�t7lfD%2BVtLYdFQT8Bhlq7Zok3c52%2BJWOeJKmWUc
CBTA/d65bAVtmTiIZkg8QMoCpWGXy/77QFnszqvSxjkDiuCCwNP
BgAAAAAAAAT3w��) using hash codes.

FIG. 1. Flow chart for identification of Naked2-EGFP-associated
vesicles from MDCK cells.
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Database Searching and Data Analysis—The “ScanSifter” algo-
rithm read tandem mass spectra stored as centroided peak lists
from Thermo RAW files and transcoded them to mzData v1.05 files.
Only MS/MS scans were written to the mzData files; MS scans were
excluded. If 90% of the intensity of a tandem mass spectrum
appeared at a lower m/z than that of the precursor ion, a single
precursor charge was assumed; otherwise the spectrum was pro-
cessed under both double and triple precursor charge assump-
tions. Proteins were identified using the MyriMatch v1.0.385 algo-
rithm (15) on a cluster of 12 dual core � 86 processors. The
database used (available as part of the raw data download above)
was based on the Ensembl Canis familiaris sequence database,
release 44 (25,568 sequences), with protein descriptions added
through links between Ensembl and other protein databases. The
database was augmented with 74 common contaminant proteins
including five proteases, 42 Ig constant regions, 15 human keratins,
and 12 proteins from wool, cotton, and saliva. Green fluorescent
protein (GFP_AEQVI) and a sequence for human Naked2
(Q969F2_HUMAN) with the G2A mutation were added; accession
numbers are from UniProtKB. Each protein was included in both
normal and reversed orientation for a total of 51,288 database
entries. The database search encompassed tryptic peptides with
any number of missed cleavage sites; in practice, this setting
yielded identifications in which one-third of the lysine and arginine
residues were found in positions other than the peptide carboxyl
terminus. All cysteines were expected to undergo carboxamidom-
ethylation and were assigned a mass of 160 kDa. All methionines
were allowed to be oxidized. Precursor ions were required to fall
within 1.25 m/z of the position expected from their average masses,
and fragment ions were required to fall within 0.5 m/z of their
monoisotopic positions. The database searches produced raw
identifications in SQT format (16).

Peptide identification filtering and protein assembly were con-
ducted by the IDPicker algorithm (17). Initial filtering took place in
multiple stages. First IDPicker filtered raw peptide identifications to
a target false discovery rate (FDR) of 5%. The peptide filtering used
reversed matching information to determine thresholds that yielded
an estimated 5% FDR for the identifications of each charge state by
the formula FDR � (2R)/(R � F) where R is the number of passing
reversed peptide identifications and F is the number of passing
forward (normal orientation) peptide identifications. The second
round of filtering removed proteins supported by less than three
distinct peptide identifications in the aggregate of the three exper-
iments. As a final criterion, protein identifications were required to
be supported by at least one spectrum in each of the three SCX/
LC-MS/MS experiments (methionine oxidations were considered
sequence differences). Indistinguishable proteins were recognized
and grouped. Parsimony rules were applied to generate a minimal
list of proteins that explained all of the peptides that passed our
entry criteria. No reversed proteins passed the second level criteria
so that zero proteins were estimated to be falsely identified in this
list, i.e. a 0% FDR.

Immunoprecipitation, Immunofluorescence, and Western Blot-
ting—Cells were lysed in Pierce lysis buffer (M-PER). Protein A beads
were blocked for 10 min in 2% BSA (TBS buffer, pH 8.0). For
immunoprecipitations, lysates corresponding to 1 mg of total cel-
lular protein were incubated overnight with primary antibody and
then bound to protein A-agarose beads for 2 h at 4 °C. The beads
were then washed five times with 1� lysis buffer-protease inhibitor
mixture (0.2 mM 4-(2-aminoethyl)benzenesulfonyl fluoride, 0.1 mM

EDTA, 13 �M bestatin, 1.4 �M E-64, 0.1 �M leupeptin, and 0.03 �M

aprotinin). Immunoprecipitates were resolved by 7–12.5% SDS-
PAGE and transferred onto nitrocellulose membranes before West-
ern blotting. For immunofluorescence, MDCK cells cultured on

plastic were fixed with 4% paraformaldehyde (PF) for 15 min,
permeabilized with 0.5% Triton X-100 for 10 min, and then blocked
for 1 h in 2% BSA. For annexin A2 analysis, cells were treated with
0.25% Triton X-100 for 30 s before 4% PF fixation. Immunofluo-
rescence or live cell microscopy was visualized using a Zeiss LSM
510 confocal microscope. Microscopy was performed within the
Vanderbilt Cell Imaging Shared Resource. All micrographs were
taken using a 63� oil immersion objective lens.

Verification of Myosin IIA Identification and Blebbistatin Treat-
ment—HCA-7 cells were lysed with M-PER (Pierce) plus protease
inhibitors. After 10-s sonication, cell lysates were centrifuged at
13,000 rpm for 10 min at 4 °C. Five �l of R44 (0.5 �g/�l) was used to
immunoisolate Naked2. Immunoprecipitates were resolved by SDS-
PAGE and stained with Coomassie Blue. Bands were isolated and
treated with trypsin (as described above) and identified by peptide
mass fingerprinting augmented with MS/MS analysis. MALDI-TOF
MS and data-dependent TOF/TOF tandem MS were performed on a
Voyager 4700 mass spectrometer (Applied Biosystems, Framingham,
MA). Peptide mass maps were acquired at mass accuracy within 10
ppm using trypsin autolytic fragments for internal calibration. MS data
were used to search for statistically significant candidate protein
matches in the Swiss-Prot database (Sprot_20060322, 212,425 se-
quences) using GPS Explorer software v3.6 (Applied Biosystems)
running the MASCOT search algorithm v1.9 (Matrix Science).
Searches were performed without constraining protein molecular
weight or isoelectric point and with complete carbamidomethylation
of cysteine, partial oxidation of methionine residues, and one missed
trypsin cleavage allowed. MDCK cells stably transfected with
Naked2-EGFP were grown on coverslips for 2 h and then exposed to
5 �M blebbistatin (Calbiochem) for 16 h.

Electron Microscopy—5 �l of the post-sorted Pool 2 G2A Naked2-
associated vesicles were dried on a grid overnight at room tempera-
ture, applied to Formvar carbon-coated grids, and negative stained
by exposure for 20 s to 2% aqueous sodium phosphotungstic acid,
pH 6.1. The negative stain solution was removed by wicking onto filter
paper, and the dried sample was viewed with a Philips/FEI CM-12
transmission electron microscope operating at 80 keV (Fig. 4C, left
panel; magnification, 53,000; bar, 100 nm). For thin section transmis-
sion electron microscopy, post-sorted vesicles were fixed and
stained by incubation for 1 h with 1% aqueous osmium tetroxide. The
osmium-treated post-sorted vesicles were then extensively washed
and spun down at 100,000 � g for 1 h three times. The washed
postsorted vesicles were then mixed with 10% BSA using a 27-
gauge needle, 0.5-ml syringe to facilitate embedding. The vesicle-
BSA mixtures were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate
buffer overnight at 4 °C, dehydrated through a graded series of
ethanol washes, and embedded in Spurr resin. Thin sections of the
embedded pellet were viewed at 80 keV using a Philips/FEI CM-12
transmission electron microscope (Fig. 4C, right panel; magnifica-
tion, 88,000; bar, 100 nm).

RESULTS AND DISCUSSION

Isolation of Naked2-associated Vesicles—We demon-
strated previously that WT Naked2-EGFP decorates the ba-
solateral membrane of polarized MDCK cells (1). In contrast,
myristoylation-deficient G2A Naked2-EGFP is not found at
the plasma membrane but rather accumulates in the cyto-
plasm; by electron microscopy, this fluorescence was shown
to represent cytoplasmic accumulation of G2A Naked2-asso-
ciated vesicles (1). We considered that these trapped G2A
Naked2-associated vesicles might provide a source of vesi-
cles for proteomics analysis. Fig. 2A shows punctate vesicle-
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like fluorescence in the cytoplasm of MDCK cells stably ex-
pressing G2A Naked2 cultured on plastic, whereas WT
Naked2 fluorescence was observed at the plasma membrane
as well as in the cytoplasm. There was co-localization of
fluorescence in MDCK cells transiently expressing both Halo-
tagged WT Naked2 and EGFP-tagged G2A Naked2 (Fig. 2B).
Of interest, the distribution of co-localization depends upon
the input ratio of the two constructs. When the G2A Naked2
input exceeded that of WT Naked2, there was co-localization
in vesicles. However, there was plasma membrane and ves-
icle co-localization when WT Naked2 input exceeded that of
G2A Naked2. The preponderance of cytosolic vesicle-like
co-staining at equal input ratios may reflect the longer half-life
of myristoylation-deficient G2A Naked2 compared with WT

Naked2 (1). The co-localization of WT and G2A Naked2 in
co-expressing MDCK cells suggests that these trapped G2A
Naked2-associated vesicles are bona fide transport interme-
diates and supports using them as the starting material to
isolate basolaterally targeted vesicles in sufficient quantity to
perform proteomics analysis.

Initial attempts to immunoisolate G2A Naked2-associated
vesicles were unsuccessful (data not shown), leading us to
devise an alternate strategy. Our schema to isolate these
trapped vesicles is shown in Fig. 1 and is fully described
under “Experimental Procedures.” We initially compared our
ability to isolate Naked2-containing fractions from lysates of
WT and G2A Naked2-expressing MDCK cells resolved on
10–40% discontinuous iodixanol gradients. In WT Naked2-

FIG. 2. G2A Naked2 does not local-
ize to the plasma membrane. A, MDCK
cells stably expressing G2A Naked2-
EGFP (left panel) and WT Naked2-EGFP
(right panel) were cultured on plastic.
Punctate vesicle-like fluorescence
was observed in the cytoplasm of
G2A Naked2-EGFP-expressing cells,
whereas WT Naked2 fluorescence was
observed at the plasma membrane as
well as in the cytoplasm. B, there was
co-localization of vesicle-like fluores-
cence in MDCK cells transiently co-ex-
pressing G2A Naked2-EGFP and Halo-
tagged WT Naked2. The input ratio of
the respective cDNAs is shown for each
panel with 1:1 representing 0.5 �g of
DNA.
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expressing MDCK cells, 60% of Naked2 was found in frac-
tions 3–9 (WT Pool 1, Fig. 3A, framed in dashed box, and
quantified in Fig. 3C). Pool 1 also contained markers for
plasma membrane (E-cadherin, p120, and Na�/K�-ATPase
�1) as well as ER- (calreticulin) and Golgi-resident (Golgin97)
proteins (Fig. 3A). Although WT Naked2 was found predomi-
nantly in the lighter fractions of the iodixanol gradient, there
was a small proportion of WT Naked2 found in the densest
part of the gradient (fractions 18–22). In contrast, G2A Na-
ked2 shifted to denser fractions of the gradient (fractions
11–16 and 18–22), and in particular, G2A Naked2 Pool 2 (Fig.
3B, framed in dashed box) was largely depleted of plasma
membrane, ER, and Golgi constituents. For example, there
was no Golgin97 or calreticulin in G2A Naked2 Pool 2, and
only a small amount of E-cadherin was detected by Western
blotting. Na�/K�-ATPase �1 was observed in G2A Naked2
Pool 2; however, this proved to be an additional cargo in
Naked2-associated vesicles (see Fig. 6 and supplemental
table, worksheet 5). Although WT Naked2 was found in frac-
tions 18–22, there was a nearly 10-fold increase of Naked2 in
the corresponding fractions of G2A Naked2-expressing
MDCK cells (39 versus 4%; Fig. 3C).

FAVS of Dual-labeled G2A Naked2-associated Vesicles—
This plasma membrane-de-enriched G2A Naked2 Pool 2
was then subjected to further purification by flow cytometry.
Pool 2 vesicles were stained with the nonspecific lipophilic
tracer DiD and then flow-sorted based on DiD and GFP
fluorescence using a BD Biosciences FACSAria customized
with a forward scatter PMT and standardized for linearity
and sensitivity using eight peak beads (see “Experimental
Procedures”). As described under “Experimental Proce-
dures,” we performed extensive preliminary experiments to
determine the sorting gates (G) that contained single peaks
of double-labeled vesicles. Iodixanol gradient-fractionated
Pool 2 vesicles exhibited 64–74% purity dual fluorescence
for DiD and GFP (Fig. 4A, upper panel, G3), whereas post-
sorted vesicles exhibited 99% double fluorescence (lower
panel, G3). Note the dispersion of vesicles within G1 and G2
for the pre-sorted vesicles compared with the tight grouping
of G1 and G2 post-sorted vesicles. The pre-sorted vesicles
ranged in size from 30 to 300 nm (Fig. 4B, upper panel). In
addition to dual fluorescence, we set stringent vesicle size
inclusion criteria for post-sorted vesicles. Vesicles had to
conform to a specified electrical signal pulse geometry to
assure removal of doublets (see “Experimental Proce-
dures”). A combination of light scatter pulse width versus
fluorescence pulse height was used to recover doubly pos-
itive vesicles of the appropriate pulse geometry. In a repre-
sentative experiment, 24 150-mm dishes of confluent G2A
Naked2-EGFP-expressing MDCK cells were used. From
Pool 2 alone, 30–50 � 109 vesicles were sorted over 24–40
h. By the criteria described above, 100–170 � 106 doubly
positive vesicles that ranged in size from 40 to 75 nm were
collected (Fig. 4B, lower panel). Thus, greater than 95% of

the input vesicles were excluded to achieve 99% doubly
positive, flow-sorted vesicles.

By negative stain EM (Fig. 4C, left panel), post-sorted Pool
2 contained membrane-delimited vesicles of a uniform size
similar to that detected by confocal microscopy (Fig. 4B). The
smaller size of these vesicles compared with what we re-
ported previously for G2A Naked2-associated vesicles (1)
likely represents a process of selection during the isolation
procedure. The negative stain preparations also confirmed
that we had isolated a population of smooth membrane-
delimited vesicles with no evidence of contamination from
mitochondria, nucleus, or rough microsomes. The strength of
the negative stain procedure is that it required little additional
sample manipulation and so represented a sample very sim-
ilar to that analyzed by flow cytometry. However, to confirm
and extend the negative stain analysis, we osmicated and
embedded a sorted sample in Spurr resin (as described under
“Experimental Procedures”) for thin section transmission EM
analysis (Fig. 4C, right panel). This confirmed that the sample
consisted primarily of vesicles with smooth membranes with
no evidence of contamination with other intact organelles.
Moreover by transmission EM, the vesicles did not have the
appearance of lysosomes, multivesicular bodies, or late en-
dosomes consistent with our conclusion that these structures
represent exocytic vesicles. We cannot exclude the presence
of Golgi membranes as the Golgi stacks may have been
disrupted during the isolation procedure, and they will resem-
ble smooth membranes; however, a trans Golgi marker,
Golgin97, was not detected in pre-sort or post-sort Pool 2
vesicles (see below; Fig. 4D).

To further assess our enrichment strategy, we compared
Naked2 levels by Western blotting of whole cell lysates and
the pre-sort and post-sort Pool 2 vesicles (Fig. 4D). There
was a marked increase in Naked2 levels in the pre-sort and
post-sort compared with whole cell lysates. Despite the
marked reduction in the total number of vesicles in the
post-sort compared with pre-sort (Fig. 4B, compare upper
and lower panels), Naked2 levels were increased in the
post-sort compared with the pre-sort. Golgin97 was present
in the whole cell lysates but was not detected in Pool 2
pre-sort (consistent with results in Fig. 3B) or the post-sort.
In contrast, Rab10 was enriched in the pre-sort and further
enriched in the post-sort. As shown below (see Fig. 7 and
supplemental movie), Rab10, but not Golgin97, is a constit-
uent of G2A Naked2 vesicles and co-localized with Naked2
in WT Naked2-expressing MDCK cells. It is instructive to
note that total Rab10, unlike Naked2, did not shift in the
gradient when comparing fractions from wild-type and G2A
Naked2-expressing MDCK cells (Fig. 3). Rab10 has been
implicated in regulating multiple post-Golgi and recycling
pathways. Thus, it is likely that only a subset of total cellular
Rab10 associates with Naked2 vesicles. Moreover live cell
imaging indicated that the association of Rab10 with Na-
ked2 vesicles is dynamic (see supplemental movie). To our
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FIG. 3. Western blot analysis of iodixanol gradient fractions from WT and G2A Naked2-expressing MDCK cells. Cell lysates were
prepared from stably expressing WT and G2A Naked2-expressing MDCK cells as described under “Experimental Procedures.” After a series
of sequential centrifugations (see “Experimental Procedures”), a crude vesicle preparation was passed over a 10–40% discontinuous iodixanol
gradient. Twenty-three successive 500-�l fractions were collected, and 30-�l individual aliquots were separated by 7–12.5% SDS-PAGE and
probed with antibodies to the markers indicated. The dashed boxes indicate fractions designated Pool 1 in WT Naked2-expressing cells (A)
and those containing Pool 2 in G2A Naked2-expressing cells (B) (see text for details). C, quantification of corresponding fractions between G2A
and WT Naked2-expressing vesicles in iodixanol gradient fractions. CTL, control; hnRNP, heterogeneous nuclear ribonucleoprotein.
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knowledge, this combined biochemical and flow cytometric
strategy is the first to successfully isolate basolaterally tar-
geted exocytic vesicles in sufficient quantities to perform
large scale proteomics analysis.

Protein Identification in G2A Naked2-associated Vesicles by
LC/LC-MS/MS—After optimizing our vesicle isolation and pu-
rification strategy, we performed three independent experi-
ments to identify constituents of this population of exocytic
vesicles. Details of the methods for peptide identification and
protein assignment are provided under “Experimental Proce-
dures.” Key features of the analysis included the use of a well
annotated sequence database (Ensembl for C. familiaris), a
high discrimination peptide identifier (15), and a parsimonious
protein assembly algorithm (17) to improve the reliability of
protein identification from these samples. Once the data were
filtered by our second criterion to include at least three unique
peptide identifications in any of the three experiments, we
identified 1067 proteins (see supplemental table, worksheet 1)
at a 0% FDR. As a final stringent criterion, it was required that
three distinct peptide sequences in aggregate were identified
with at least one spectrum in each of the three experiments
(labeled Exp1/G8, Exp2/4t, and Exp3/G10).

By these criteria, 389 proteins were identified (Fig. 5A) that
were classified into 11 functional groups (Fig. 5B) (see sup-
plemental Table, worksheet 2, for a complete list of all 389
proteins). We were able to achieve a greater number of protein
identifications in Experiment 1 (Exp1/G8) utilizing twice as
many vesicles as in Exp2/4t and Exp3/G10 (see supplemental
table). Although many of the proteins identified in Experiment
1 may indeed include valid protein identifications not included
in this final list, we chose to focus only on those proteins we
identified in each of three separate biological isolations to
increase our confidence that they were specific to the baso-
laterally targeted exocytotic vesicles. Proteins reported in the
supplemental table are hyperlinked via their cluster IDs to
peptide, group, and cluster information supplied by IDPicker
via their individual descriptive html pages. These html pages
for all protein clusters are provided in the supplemental
IDPicker source folder (prow_files) that also contains a PDF
tutorial for navigation of the IDPicker reports.

The supplemental table lists all 1067 proteins found in any
of the three experiments (worksheet 1). The 389 proteins
found in all three experiments are listed in the supplemental
table (worksheet 2) by their functional classification (work-

FIG. 4. FAVS of Pool 2 G2A Naked2-EGFP vesicles. A, purification of GFP and DiD dual-labeled G2A Naked2-associated Pool 2 vesicles
is described in detail under “Experimental Procedures.” Sorting was performed on a BD Biosciences FACSAria customized with a forward
scatter PMT and standardized for linearity. Unstained and single stained (GFP or DiD) vesicles were used for compensation of spectral overlap.
Doubly positive DiD-counterstained EGFP-tagged Pool 2 G2A Naked2 fluorescent vesicles were gated and subjected to pulse processing
analysis for doublet discrimination. Finally single doubly positive fluorescent vesicles were gated to remove GFP and DiD vesicles that were
greater than 0.55 SD from their mean fluorescent intensities, respectively. Partially purified vesicles (top panel) exhibited, at best, 74% double
positivity (dual fluorescence for DiD and GFP), whereas post-sorted vesicles (bottom panel) displayed greater than 99% double positivity (see
“Experimental Procedures” for details). B, merged images of DiD (red) and Naked2-EGFP (green) of pre-sorted (top) and post-sorted (bottom)
Pool 2 G2A Naked2-associated vesicles (bar, 10 �m). C, 5 �l of post-sorted vesicles was dried on a grid overnight at room temperature for
negative staining (left panel; bar, 100 nm). For positive staining (right panel; bar, 100 nm), post-sorted vesicles were stained with 1% aqueous
osmium tetroxide for 1 h. The negative staining grids or positive staining thin sections then were observed at 80 kV on a Philips FEI CM-12
electron microscope. The arrow points to a vesicle shown at higher magnification in the inset. This vesicle exhibits a single membrane bilayer.
D, immunoblots showing relative abundance of Naked2, Golgin97, and Rab10 in whole cell lysates and pre-sort and post-sort Pool 2 G2A
Naked2-associated vesicles. Equal amounts of protein (15 �g/lane) were loaded and separated in NuPAGE 4–12% Bis-Tris gels (Invitrogen).

FIG. 5. Summary of the proteins identified in G2A Naked2-associated vesicles. A, 389 proteins were identified in Pool 2 G2A Naked2-
associated vesicles by LC/LC-MS/MS in three independent experiments. A total of 767, 480, and 496 proteins were identified in the three
experiments from 1.75 � 108, 6.5 � 107, and 9.4 � 107 flow-sorted vesicles, respectively. The numbers 67, 23, and 81 represent overlapping
proteins between two different experiments, respectively. B, functional classification of the 389 proteins found in all three experiments.
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sheets 3–13). An overall summary of the proteomics data is
provided in worksheet 15. Assignment of a protein to a spe-
cific category can be somewhat arbitrary and restrictive be-
cause many proteins may perform multiple functions. For
example, GRP75, a chaperone, may also participate in traf-
ficking of FGF1 (18) and voltage-dependent anion-selective
channel 1 (VDAC1) (19), the latter protein also found to asso-
ciate with G2A Naked2 vesicles. It is important to emphasize
that this is not intended to be an exhaustive or definitive list of
proteins associated with basolateral trafficking but rather an
initial characterization of a subpopulation of myristoylation-
deficient Naked2-associated vesicles trapped in the cyto-
plasm. In the following section, we make some general com-
ments about the proteins that were identified before
discussing the six proteins whose presence was confirmed in
WT Naked2 vesicles.

As expected, a total of 20 proteins were identified in the
vesicle trafficking category including Naked2 (Table I and
supplemental table, worksheet 3). We consistently identified
human G2A Naked2 (eight peptides, 18 spectra) and GFP
(UniProtKB accession number P42212�GFP_AEQVI) (seven
peptides, nine spectra). Other vesicle-related proteins identi-
fied that have been linked to basolateral trafficking include
caveolin-1 (20), vesicular integral membrane protein 36 pre-
cursor (21), vesicle-associated membrane protein A (VAP-33)
(22), annexin A2 (23, 24), and annexin A13a (25).

We identified a number of Rabs and Arfs (Table II and
supplemental table, worksheet 4). These included Rab10,
Rab8a (26, 27), IQGAP1, and Arf 6 (28) that have been re-
ported to be involved in basolateral trafficking. Forty-seven
unique IQGAP1 peptides from 65 spectra were identified in
Pool 2 G2A Naked2 flow-sorted vesicles. IQGAP1 is a widely
expressed protein that has been linked to basolateral traffick-
ing (29, 30). Of potential interest, we also identified RACK1,
which has been shown to interact with IQGAP1 (31). We also
found potential cargo molecules (supplemental table, work-
sheet 6) that have been linked to basolateral trafficking, in-
cluding cathepsin D (32), integrin �1 (33), and solute carrier
family 3 member 2 isoform a (CD98HC) (34).

Five channel proteins were identified (supplemental table,
worksheet 5): Na�/K�-ATPase �1 and �2 and VDAC1, -2, and
-3. Na�/K�-ATPase is a ubiquitous transmembrane het-
erodimer composed of a catalytic � subunit and a glyco-
sylated � subunit. It is known to be trafficked to the basolat-
eral surface of polarized epithelial cells (35). Na�/K�-ATPase
�1 also has been found as a cargo in Aquaporin-2-containing
vesicles and identified from a pool of synaptic vesicles (36,
37). Although not directly linked to basolateral trafficking,
VDACs can be part of the exocytic machinery and have been
associated with the natural killer cell secretory lysosome (38),
H�/K�-ATPase-containing tubulovesicles (13), and zymogen
granules isolated from pancreatic acinar cells (39).

Myosin IIA (identified as myosin, heavy polypeptide 9, non-
muscle in supplemental table, worksheet 7) (40, 41) and kine-

sin receptor (kinectin 1) (42) are two motor-related proteins
that have been associated with basolateral trafficking. Al-
though kinesin receptor is thought to reside in the ER, recent
work has shown that it can be transported to focal adhesions
(43, 44). Basolateral linked cytoskeletal proteins identified
include �-catenin (45), plakoglobin (desmoglein 3) (46), and
�-spectrin (47).

Unexpectedly we found a considerable number of RNA/
DNA-binding proteins. In fact, RNA/DNA-binding proteins
comprised 21% of the proteins identified, making it the largest
category of proteins with known function. These included
splicing factor/proline- and glutamine-rich protein, 40 or 60 S
ribosomal proteins, heterogeneous nuclear ribonucleopro-
teins, and DEAD box protein 3. It is intriguing that mRNAs
have been found in different subcellular compartments where
they enable the rapid translation of needed proteins; for ex-
ample, mRNA for actin has been found in lamellipodia (48, 49).
Mann and co-workers (50) recently identified a number of
RNA-binding proteins in spreading initiating centers by quan-
titative proteomics-based analysis of adherent versus non-
adherent lung fibroblasts. These newly described transient
structures precede the development of focal adhesions.
These authors postulated that these RNA-binding proteins
may control the rate of cell spreading by binding to RNA in a
protective or stabilizing role. It is tempting to speculate that
Naked2 transports components of nascent focal adhesions to
their destination because we found a number of components
of focal adhesions in our proteomics analysis (e.g. integrins
�2 and �1 as well as vimentin). Studies are underway to
determine whether these proteins are present in WT Naked2
vesicles or whether they represent artifactual curiosities.

Confirmation of the Presence of All Six Proteins Tested from
G2A Naked2 Vesicles in WT Naked2 Vesicles—The �1 subunit
of Na�/K�-ATPase was identified by 32 spectra comprising
17 unique peptides. We observed that endogenous Na�/K�-
ATPase �1 partially co-localized with Naked2 in a subpopu-
lation of vesicles in MDCK cells stably expressing WT
Naked2-EGFP (Fig. 6A). To determine whether these two
proteins were in a complex, we transiently overexpressed
their respective cDNAs into HEK 293 cells and performed
co-immunoprecipitation experiments. As a negative control,
we co-transfected WT Naked2-EGFP with CD147, a basolat-
erally trafficked cell surface glycoprotein that was not found in
G2A Naked2 vesicles by LC/LC-MS/MS. A significant amount
of total cellular Na�/K�-ATPase �1 was immunoprecipitated
with anti-Naked2 antibody, and Naked2 was immunoprecipi-
tated using a Na�/K�-ATPase �1 antibody (Fig. 6B). Anti-
CD147 antibody, however, did not pull down either Naked2 or
Na�/K�-ATPase �1 (Fig. 6B).

Confirmation of Rab10 in TGF�-containing Naked2-associ-
ated vesicles would be noteworthy in that TGF� would rep-
resent the first cargo identified for Rab10. Rab10 is a small
molecular weight GTPase that facilitates trafficking from the
TGN during early stages of epithelial polarization (26, 51) and
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is involved in basolateral transport and endocytic recycling in
polarized MDCK cells (26). We transiently transfected dsRed-
Rab10 cDNA into MDCK cells that stably expressed WT
Naked2-EGFP and observed partial co-localization of dsRed-

Rab10 and Naked2-EGFP in a subset of vesicles (Fig. 7). We
evaluated the behavior of these two epitope-tagged proteins
by live cell microscopy (see supplemental movie). Both pro-
teins associated with vesicles. Some vesicles exhibited only

FIG. 6. A, WT Naked2-expressing MDCK cells were cultured on glass coverslips, fixed, and stained as described under “Experimental
Procedures.” Naked2 (green fluorescence) co-localized with endogenous Na�/K�-ATPase �1 (red fluorescence) with one example shown in
higher power in the upper left corner. B, HEK 293T cells transiently co-transfected with human WT Naked2 and Na�/K�-ATPase �1 or CD147
were lysed, and reciprocal co-immunoprecipitation (IP) and Western blotting (WB) were performed between Naked2 and Na�/K�-ATPase �1
or CD147.

FIG. 7. Proteins identified in G2A
Naked2 vesicles are also found in WT
Naked2 vesicles. MDCK cells stably ex-
pressing WT Naked2-EGFP were cul-
tured on glass coverslips, fixed with 4%
PF, and then permeabilized with 0.5%
Triton X-100. Ds-Red Rab10 and endog-
enous IQGAP1, annexin A1, and annexin
A2 were visualized using a Zeiss LSM
510 confocal microscope (see “Experi-
mental Procedures” for details). Micro-
graphs were taken with a 63� oil objec-
tive lens. Bars, 10 �m.
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dsRed-Rab10 fluorescence, and others exhibited only Naked2-
EGFP fluorescence; however, numerous vesicles displayed
dual fluorescence. The patterns of fluorescence in these dual-
labeled vesicles were dynamic and variable. For example, one
portion of a vesicle displayed Naked2 fluorescence, and an-
other portion displayed Rab10 fluorescence, whereas in other
cases, there was clear co-localization of Naked2 and Rab10.
Some vesicles moved quickly and others slowly; some ap-
peared to collide with rapid changes in the intensity of their
fluorescence and morphology, prompting speculation that there
may be an active exchange of cargo and machinery along
motor-based trafficking routes. The same phenomenon was
observed in the live polarized MDCK cells (data not shown). As
mentioned above, IQGAP1 has been linked to basolateral traf-
ficking (29, 30). Endogenous IQGAP1 partially co-localized on
Naked2-associated vesicles in MDCK cells stably expressing
wild-type Naked2-EGFP (Fig. 7).

Annexin A2, like the other validated proteins, has been
linked to basolateral trafficking. In contrast, annexin A1 might
be associated with apical trafficking (13, 52). The distribution
of annexin A2 and annexin A1 in iodixanol gradient fractions
showed a migration pattern similar to that of WT and G2A
Naked2, shifting in the gradient to correspond to the migration
of these proteins (Fig. 3, A and B). We observed endogenous
annexin A2 immunoreactivity in most of the fluorescent vesi-
cles in MDCK cells stably expressing WT Naked2-EGFP (Fig.
7). Furthermore we were able to co-immunoprecipitate an-
nexin A2 and Naked2 in transiently co-transfected HEK 293
cells (data not shown). In addition, endogenous annexin A1
co-localized with Naked2 fluorescence in WT Naked2-ex-
pressing MDCK cells (Fig. 7).

Conventional non-muscle myosin II (myosin, heavy
polypeptide 9, non-muscle) is comprised of two genetically
distinct isoforms referred to as myosins IIA and IIB (53). My-
osin IIA is concentrated at the TGN consistent with its role in
vesicle trafficking during cell membrane repair (54, 55). We
identified 75 unique myosin IIA peptides from 104 spectra. To
determine whether Naked2 was found in a complex with
myosin IIA, we immunoprecipitated endogenous Naked2 from
a human colorectal cancer cell line, HCA-7; separated the
products by SDS-PAGE; and stained the gel with Coomassie
Blue. A 160-kDa band was isolated and identified as myosin
IIA by MALDI-TOF/TOF analysis (Fig. 8A and supplemental
MALDI-TOF/TOF data); this band likely represents a partially
degraded form of full-length 220-kDa myosin IIA (56). More-
over treatment of WT Naked2-EGFP-expressing MDCK cells
with the specific myosin II inhibitor blebbistatin resulted in an
accumulation of Naked2-associated vesicles in the cytoplasm
(Fig. 8B).

Use of FAVS to Isolate Cellular Organelles—Rapid ad-
vances in the field of organelle proteomics have been facili-
tated by the increased sensitivity of mass spectrometers,
expanding genome data sets, and improved search algo-
rithms (57–61). Previous studies have compiled inventories
for a number of secretory organelles including TGN-derived
carrier vesicles (40), synaptic vesicles (62–64), clathrin-coated
vesicles (62, 65), lysosomes (38), Aquaporin-2-containing
vesicles (36), zymogen granules (39), H�/K�-ATPase-contain-
ing vesicles (13), constituents of the ER and Golgi (66–69),
and epidermal growth factor receptor endosomes (70). Most
of these studies have relied on biochemical enrichment and
immunoisolation (37). However, large scale proteomics anal-

FIG. 8. Evidence that myosin IIA is a functional motor for Naked2-associated vesicles. A, Naked2 antibody R44 immunoprecipitation
(IP) products were resolved using SDS-PAGE and stained with Coomassie Blue. Bands were cut out, treated with modified trypsin, and
identified by peptide mass fingerprinting using the MASCOT software (Matrix Science). Mass spectra were obtained as described under
“Experimental Procedures.” Protein scores greater than 74 were significant (p � 0.05). The score for this band was 349, and the predicted
molecular weight of the identified protein was consistent with the corresponding region of the gel as determined by the molecular weight
markers. B, MDCK cells stably transfected with Naked2-EGFP were grown on coverslips for 2 h, and then either DMSO or blebbistatin was
applied at a concentration of 5 �M for 16 h. Bar, 10 �m.
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ysis of basolaterally targeted exocytic vesicles has not been
performed previously.

These studies introduce a novel method of isolating baso-
laterally targeted exocytic vesicles using tandem fluorescent
probes and FAVS. It should be noted that Wolkoff and co-
workers (71) used flow cytometry to prepare highly purified
Alexa 488-labeled endocytic vesicles, but they did not perform
large scale proteomics analysis. We used a nonspecific lipid
bilayer-partitioning probe (DiD) to ensure that the vesicle mem-
branes were intact and a specific probe consisting of a fusion
protein (G2A-Naked2-EGFP) lacking an essential myristoylation
site required for fusion of Naked2-associated vesicles at the
basolateral surface of polarized MDCK cells. The specific probe
design was critical to allow efficient concentration of the vesi-
cles in a “frozen state” (i.e. unable to fuse with the cell mem-
brane) for partial purification over a discontinuous 10–40%
iodixanol gradient. Typically we used 24 150-mm dishes con-
taining �500 million cells to generate cell lysates for the iodixa-
nol gradients to isolate G2A Naked2-containing Pool 2 vesicles
that ranged in purity from 64–75% as assessed by FAVS.
Generally 3–5 billion vesicles were sorted over 24–40 h of sort
time to recover 100–170 million doubly positive vesicles in a
final volume of �300 ml. This sorting strategy was designed to
eliminate greater than 95% of the vesicles that lacked double
positivity and appropriate pulse geometry. The electronic pulse
geometry of the vesicles was another critical consideration in
this sort strategy because of their extremely small size (30–300
nm). The sorting strategy was validated using confocal and
electron microscopy of the sorted vesicles and ultimately
yielded double positivity in excess of 99%. A major limitation of
this method is the significant amount of time required to phys-
ically purify the vesicles. Although every precaution was main-
tained during the sorting (i.e. samples were chilled at all times
and collection buffers contained protease inhibitors), we cannot
exclude the possible loss and/or degradation of some proteins.

The customized fluorescence-activated cell sorter used to
develop this method has three critical design features neces-
sary for resolution of particles significantly smaller than the
wavelength of light used to interrogate the particles. First is
the slow transit through the laser intercepts that allows pas-
sive integration of the fluorescence signal. Second is the high
efficiency of the light collection optics (numerical aperture,
�1.2 (near the theoretical limit of 1.4)), and third is the digital
signal processing electronics that enable high sensitivity and
low background. Future refinements to this method will in-
clude the addition of other markers for added dimensionality
of the data (up to 12 colors could be used simultaneously).
The added dimensionality of the data will allow better pheno-
typing of the specific vesicles of interest. Improvements to the
sorter will include more efficient light collection optics, a
higher speed digital signal processor, and higher laser exci-
tation powers. The addition of fluorescence polarization and
anisotropy measurements could allow added resolution with-
out requiring additional reagents. The inclusion of different

lipid dyes might allow further refinement of vesicle subpopu-
lations that not only differ in protein content but also have
different lipid composition. This method could also be im-
proved by depleting dominant protein species that obscure
rare proteins of interest in the LC/LC-MS/MS analysis.

FAVS allows purification and subsequent proteomics anal-
ysis of basolaterally targeted vesicles that could not be puri-
fied using other more conventional methodology and opens
the door to refined phenotypic subsetting and functional anal-
ysis of other cellular organelles. It should be noted that FAVS
relies on an epitope-tagged protein for vesicle isolation. One
must keep in mind that this modification could result in altered
protein-protein interactions leading to false positive or nega-
tive protein identifications. However, in our case, we have
shown previously that WT EGFP-tagged Naked2 does not
interfere with the basolateral trafficking of TGF�, and that this
epitope-tagged Naked2 has a cellular distribution identical to
that of endogenous Naked2 (1).

Conclusions—The present study provides the first large
scale proteomics characterization of a population of basolat-
erally targeted exocytic vesicles. To do this, we exploited our
previous observations that myristoylation of Naked2 is re-
quired for Naked2-associated vesicles to fuse at the plasma
membrane and that myristoylation-deficient G2A Naked2-as-
sociated vesicles are trapped in the cytoplasm. We combined
biochemical enrichment and FAVS to purify a discrete pool of
G2A Naked2-containing exocytic vesicles for large scale LC/
LC-MS/MS analysis. By the application of stringent accept-
ance criteria, we identified 389 proteins in these G2A Naked2-
containing vesicles by LC/LC-MS/MS and confirmed the
presence of six of these in WT Naked2-containing vesicles.
This report is not intended to be the definitive, or even an
exhaustive, analysis of basolaterally targeted vesicles but
rather the beginnings of an effort that may be helpful to the
field of basolateral trafficking to define the identity of baso-
lateral exocytic vesicles. Finally we propose that FAVS may be
a useful tool for isolation of cellular organelles for comprehen-
sive LC/LC-MS/MS analysis.
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