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Mitochondria do not contain lipid rafts, and lipid rafts
do not contain mitochondrial proteins®
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Abstract Lipid rafts are membrane microdomains involved
in many cellular functions, including transduction of cellular
signals and cell entry by pathogens. Lipid rafts can be en-
riched biochemically by extraction in a nonionic detergent
at low temperature, followed by floatation on a sucrose den-
sity gradient. Previous proteomic studies of such detergent-
resistant membranes (DRMs) are in disagreement about the
presence of mitochondrial proteins in raft components. Bl
Here, we approach the status of mitochondrial proteins in
DRM preparations by employing stable isotope labeling by
amino acids in cell culture to evaluate the composition of
differentially purified subcellular fractions as well as high-
resolution linear density gradients. Our data demonstrate
that F;/Fy ATPase subunits, voltage-dependent anion selec-
tive channels, and other mitochondrial proteins are at best
partially copurifying contaminants of raft preparations.—
Zheng, Y. Z., K. B. Berg, and L. J. Foster. Mitochondria do
not contain lipid rafts, and lipid rafts do not contain mito-
chondrial proteins. J. Lipid Res. 2009. 50: 988-998.
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Biological membranes form barriers, compartmentalizing
cells into organelles or separating cells from their outside
environment. They are composed of lipids and proteins at
ratios ranging from 1:4 to 4:1 by mass, with the proteins
conferring several capabilities, including ion transport, en-
ergy storage, and information transduction. The original
fluid mosaic model (1) of membranes suggested a homog-
enous distribution of proteins and lipids across the two-
dimensional surface, but more recent evidence suggests
that membranes themselves are compartmentalized by
uneven distributions of specific lipids and/or proteins into

Infrastructure used in this project was supported by the Canadian Foundation
for Innovation, the British Columbia Knowledge Development Fund, and the
Michael Smith Foundation through the British Columbia Proteomics Network.
L.J.E is the Canada Research Chair in Organelle Proteomics and a Michael
Smith Foundation Scholar. K.B.B. was supported by a British Columbia Proteo-
mics Network Training Award.

Manuscript recetved 19 December 2008 and in vevised form 6 January 2009.

Published, JLR Papers in Press, January 9, 2009.
DOI 10.1194/jlrM800658-JLR200

988 Journal of Lipid Research Volume 50, 2009

various microdomains (2). Lipid rafts are one such class of
microdomains that were originally defined biochemically
as the low density detergent-resistant membrane (DRM)
fraction of cells but that are now recognized as a subset
of DRMs enriched in cholesterol and sphingolipids (3-7).
Cholesterol is thought to intercalate between the rigid hy-
drophobic tails of sphingolipids and saturated phospholip-
ids, allowing a very tightly packed structure with unique
biophysical characteristics compared with surrounding
membranes. Lipid raft theory (8) proposes that certain pro-
teins preferentially cluster into this unique environment,
forming reaction centers essential for many cellular pro-
cesses, such as cell signaling and trafficking (8, 9). The di-
verse array of vital processes that rafts are implicated in
make these membrane microdomains an interesting subject
for proteomic characterization.

At least two dozen proteomic investigations of DRMs
have been reported since 2001 [reviewed elsewhere
(10)], and without exception, all have found certain mito-
chondrial proteins to be present in the preparations, par-
ticularly mitochondrial ATP synthase subunits and the
voltage-dependent anion selective channels (VDACs). Mito-
chondria are quite dense, however, so they should not
migrate upwards in the standard DRM preparation. Thus,
there are two possible explanations for the observation of
mitochondrial proteins in DRMs: ) mitochondria them-
selves contain bona fide lipid rafts or another detergent-
resistant membrane microdomain, or 2) the localization
of proteins such as the ATP synthase subunits or VDACs
is not restricted to the mitochondria. We have addressed
an aspect of the former possibility previously using stable
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isotope labeling by amino acids in cell culture (SILAC) to
encode the sensitivity to cholesterol disruption into a pro-
teomic analysis of DRMs (11). We were able to demon-
strate that the “mitochondrial” proteins in DRMs are not
sensitive to cholesterol disruption by methyl-B-cyclodextrin
(MBCD), the standard test applied to putative lipid raft
components (12, 13). While these findings suggested that
ATP synthase subunits and VDACs are not in rafts, several
other more recent studies have claimed otherwise (14—
16). Here, we use quantitative proteomics and multiple
subcellular fractionation procedures to approach the issue
of mitochondrial proteins being in lipid rafts from several
angles in three different cell types to conclude that there
are no rafts in mitochondria and that there are no mito-
chondrial proteins in cell surface rafts.

MATERIALS AND METHODS

Materials

The following materials were obtained from the indicated com-
mercial sources: normal DMEM, Roswell Park Memorial Institute
(RPMI)-1640 medium, L-glutamine, penicillin/streptomycin,
SuperSignalWest PicoChemiluminescent detection system and
BCA assay kit, HEPES, sodium pyruvate, and cell culture trypsin
(ThermoFisher, Nepean, Ontario, Canada); FBS, both qualified
and dialyzed forms (Invitrogen, Burlington, Ontario, Canada);
L-lysine and r-arginine-deficient DMEM and RPMI-1640 (Caisson
Labs, North Ogden, UT); L-ysine, r-arginine, methyl-$-cyclodextrin,
Triton X-100, sodium deoxycholate (SDC), DTT, iodoacetamide,
and Percoll (Sigma-Aldrich, St. Louis, MO); 2H4—lysine, 13C-
arginine, '*C¢'°No-lysine, and '*C4'°Ny-arginine (Cambridge
Isotope Laboratories, Cambridge, MA); sequencing grade modi-
fied porcine trypsin solution (Promega, Madison, WI) and pro-
tease inhibitor cocktail tablets with EDTA (Roche Diagnostics,
Mannheim, Germany). Antibodies used and their commercial
sources were as follows: a-flotillin-2 (BD Transduction, San Jose,
CA), o-ATP synthase subunit § (Molecular Probes, Burlington,
CA), and horseradish-peroxidase-conjugated anti-mouse secondary
(Bio-Rad, Hercules, CA). The three cell lines used here, Hel a,
swiss-3T3, and Jurkat, were all obtained from the American Type
Culture Collection (Manassas, VA).

Cell culture and SILAC

Hela and 3T3 cells were maintained in DMEM supplemented
with 10% FBS (v/v), 1% L-glutamine (v/v), and 1% penicillin/
streptomycin (v/v) at 5% COsq and 37°C. Jurkat cells were main-
tained suspended in cell culture flask in RPMI-1640 supplemented
with 10% FBS (v/v), 1% L-glutamine (v/v), 1% penicillin/strep-
tomycin (v/v), 10 mM HEPES, and 1 mM sodium pyruvate at 5%
COg and 37°C. Double and triple SILAC labeling was conducted
as described (17), allowing a 200-fold increase in the cell popula-
tion during labeling. We will henceforth refer to the different la-
bels as 0/0 for the normal isotopic abundance Lys and Arg, 4/6 for
?H,Lys and *Cg-Arg, and 8/10 for *Cg'®No-Lys and Cg'*Ny-
Arg. To obtain enough material for effective proteomic analysis,
six 15 cm plates of confluent adherent cells (HeLa and 3T3) or
1.6 X 10® suspension cells (Jurkat) were used for each of the 0/0
and 4/6 conditions for isolation of rafts from whole cells. In the
triple label experiment used for determining the presence of
mitochondrial rafts, we used fifteen 15 cm plates or 4.0 x10® cells
for the 0/0 and 4/6 conditions and three 15 cm plates or 0.8 X
108 cells for the 8/10 condition. All cells were serum starved (18 h

for HeLa, 9 h for 3T3, and 20 h for Jurkat) to deplete free
cholesterol before MBCD treatment, mitochondria isolation, or
DRM isolation.

To determine the optimal MBCD concentration for each cell
type, serum-starved HeLa, 3T3, and Jurkat cells in six-well plates
were treated with the compound for 1 h at several concentrations
between 5 and 20 mM. Cell viability was assessed after the treat-
ment by visual inspection, and the maximum ([MBCD],,.x) dose
that did not cause detectable cell death was used in all further
experiments (HeLa, 10 mM; 3T3, 5 mM; Jurkat, 5 mM). As the
effects of MBCD on some raft proteins can often be subtle, our
goal in this optimization was to maximize the concentration used
for each cell type.

Whole-cell membrane preparation

Three 15 cm plates of 0/0 labeled HeLa or 3T3 cells were
washed three times with ice-cold PBS and then scraped into
homogenization buffer (250 mM sucrose, 10 mM Tris-HCI, and
0.1 mM EGTA, pH 7.4) with protease inhibitor cocktail added
fresh separately. Cells were lysed by forcing them through a
25 G syringe. Unbroken cells and large pieces of debris were
pelleted down for 10 min, 4°C at 600 relative centrifugal force
(r.c.f.), and the supernatant was saved by spinning down for
30 min, 4°C at 166,000 r.c.f.

Mitochondria isolation

Mitochondria were isolated as described with some modifica-
tions (18). Briefly, serum starved cells were washed three times
with PBS and then scraped or resuspended into homogenization
buffer (250 mM sucrose, 10 mM Tris-HCI, and 0.1 mM EGTA,
pH 7.4) with protease inhibitor cocktail added fresh. Cells were
lysed by forcing them through a 25 G syringe; cell breakage was
tracked using phase contrast microscopy and was continued until
at least 95% of the cells were broken. Lysates were then centri-
fuged for 10 min at 600 r.c.f. to pellet unbroken cells and nuclei.
The supernatant from this step was collected and centrifuged for
a further 10 min at 5,000 r.c.f. to pellet crude mitochondria. The
pellet was resuspended in homogenization buffer and recentri-
fuged under the same conditions. Following this, the pellet was
resuspended and mitochondria were resolved in 20% Percoll (in
10 mM Tris-HCl and 0.1 mM EGTA, pH 7.4) as a white band near
the top of the tube after centrifugation for 60 min at 65,000 r.c.f.
The band was extracted by puncturing the site of the centrifuge
tube with a 22 G syringe and drawing solution out. The extracted
band was then diluted 3-fold in PBS, and mitochondria were pel-
leted by centrifugation for 30 min at 65,000 r.c.f. The final mito-
chondria pellet was washed once with ice-cold PBS. All isolation
steps were carried out at 4°C.

Detergent-resistant membrane preparation

Detergent-resistant membranes (DRMs) were extracted from
isolated mitochondria (0/0 condition treated with [MBCD],,.x
for 30 min at 4°C where indicated) or serum starved cells (0/0 con-
dition treated with [MBCD],,,. for 1 h at 37°C where indicated)
or 4/6 labeled cells as described (11) with minor modifications.
Briefly, cells were solubilized in lysis buffer [1% Triton X-100,
25 mM MES, pH 6.5, and protease inhibitor cocktail] by end-
over-end rotation for 1 h. Total protein concentrations of cell
lysates were determined using the Coomassie Plus kit (Pierce,
Nepean, Ontario, Canada), and equal masses of protein from each
SILAC condition were mixed together. The combined lysates
were mixed with an equal volume of 90% sucrose (in 25 mM
MES, 150 mM NacCl, pH 6.5, MES-buffered saline [MBS]) and
transferred into the bottom of an ultracentrifuge tube. On to this
was layered 5 ml of 35% sucrose in MBS and then enough 5%
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sucrose in MBS to fill the tube. These gradients were then centri-
fuged for 18 h at 166,000 r.c.f. The white, light-scattering band
appearing between 35% and 5% sucrose after centrifugation cor-
responded DRMs, and this was extracted using a 22 G syringe.
The sucrose was diluted out approximately 3-fold with MBS and
membranes were further pelleted by centrifugation at 166,000 r.c.f.
for 2 h. Finally, the DRM pellet was washed once with ice-cold MBS
prior to further processing for proteomic analysis. All isolation
steps were carried out at 4°C.

Protein correlation profiling with SILAC and DRM
preparation for linear sucrose gradient

A total of 8.0 xX10® Jurkat cells were used for the 0/0 linear
gradient condition, and 5.0 X10® Jurkat cells were used for the
4/6 nonlinear control condition. A crude DRM lysate was pre-
pared from 0/0 and 4/6 Jurkat cells as above. A linear sucrose
gradient was prepared by mixing 6 ml each of 30% and 10% su-
crose in MBS into a centrifuge tube with a linear gradient mixer.
A 1 ml 5% sucrose cushion was layered on top of the linear gra-
dient, followed by the 0/0 extracted DRMs. The nonlinear control
condition was prepared by mixing 4/6 cell lysate with an equal
volume of 90% sucrose in MBS and then layering 5 ml 35% and
5 ml 5% sucrose on top as above. After centrifuging the gradients
for 18 h at 166,000 r.c.f., 12 1 ml fractions were extracted from the
bottom curvature of the linear gradient tube, and one 3 ml frac-
tion was collected at the 35-5% interface of the nonlinear con-
dition. Fractions were diluted and pelleted as above and then
resuspended in 1% SDC. The seven final linear samples were
single fractions or combinations as follows: A (fraction 1 to frac-
tion 2), B (3,4), C (5),D (6), E (7),F (8,9), and G (10-12), with
fraction 1 being the bottom (most dense) fraction and 12 being
the top fraction. The protein concentrations were measured by
BCA assay. Equal amounts of protein from the 0/0 linear samples
and 4/6 nonlinear samples were mixed for the protein correla-
tion profiling (PCP) with SILAC (19).

Western blotting

Equal volumes of the seven linear fractions and of the nonlin-
ear fraction (on average 15 ug protein) were combined with pro-
tein sample buffer, separated by 12% SDS-PAGE, transferred to
polyvinylidene difluoride membrane, and blocked with 5% milk
powder. Primary antibodies were used as follows: a-flotillin-2, di-
luted 1 in 200 for 1 h; and a-ATP synthase subunit B, diluted
1/250 for 18 h. Horseradish-peroxidase-conjugated anti-mouse
secondary was used at 1/4,000 and signal detected with the
SuperSignalWest PicoChemiluminescent detection system.

Liquid chromatography-tandem mass spectrometry,
database searching, and data analysis

Most analyses described here involved direct analysis of an in
solution digestion of the samples in question. In solution diges-
tions in SDC were carried out exactly as described (17) with pro-
tein pellets being solubilized directly in SDC and then subjected
to trypsin digestion. For each sample, ~5 pg of digested peptides
were analyzed by liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS) on a LTQ-Orbitrap (ThermoFisher, Bremen,
Germany) exactly as described (17). For the DRM versus whole-
cell membrane (WCM) comparison experiment, DRM pellets
were resuspended in Triton lysis buffer. Protein concentrations
were measured by Bradford assay for both DRM and WCM sam-
ples; equal amounts of protein were mixed and then pelleted
down. In this experiment only, digested peptides were then fur-
ther fractionated by strong cation exchange chromatography into
five fractions using 0, 20, 50, 100, and 500 mM NH4CH3COO as
described (20) and analyzed as above on an LTQ-Orbitrap.
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MS/MS were extracted using the Extract MSN.exe tool (v3.0;
ThermoFisher) at its default settings, and the spectra were
searched against the International Protein Index human (v3.37;
69,164 sequences) or mouse (v3.35; 51,490 sequences) databases
using Mascot (v2.2; Matrix Science) using the following criteria:
tryptic specificity with up to one missed cleavage; *5 parts-per-
million and 0.6 kDa accuracy for MS and MS/MS measurements,
respectively; electrospray ionization-ion trap fragmentation char-
acteristics; cysteine carbamidomethylation as a fixed modification;
N-terminal protein acetylation, methionine oxidation, 2H4—Lys,
13CG-Arg, 13CGng-Lys, and 13C615N4-Arg as variable modifications
as necessary. Proteins were considered identified if we observed
at least two unique peptides with mass errors <3 parts-per-million,
at least seven amino acids in length, and with Mascot IonsScore
>25. These criteria yielded an estimated false discovery rate of
~1% using a reversed database search. Quantitative ratios were
extracted from the raw data using MSQuant (http://msquant.
sourceforge.net), which calculates an intensity-weighted average
of within-spectra ratios from all spectra across the chromato-
graphic peak of each peptide ion. For automatic quantitation,
only those proteins with a coefficient of variation (CV) <50%
were accepted with no further verification. For proteins with high
CVs or with only one quantified peptide, the chromatographic
peak assignment was manually verified or rejected. Analytical
variability of SILAC data in the types of experiments performed
here is typically <20% in our hands, and biological variability was
addressed in these experiments by performing at least three in-
dependent replicates of each experiment.

For the linear gradient experiments, spectra were extracted
using MaxQuant (21) and searched against the International
Protein Index Human database using the same parameters as
above except for a =0.5 kDa requirement for MS/MS accuracy.
MaxQuant was then employed again to extract quantitative data,
cither SILAC ratios or PCPs. The resulting ratios for 0/0 linear
fractions A to G relative to the 4/6 nonlinear control (light/
heavy) were corrected for the volume of sample used and normal-
ized to the greatest intensity fraction to view individual protein pro-
files. Principal component analysis (PCA) was performed on this
seven-dimensional data set in MatLab as follows: the data set
was converted into its corresponding covariance matrix, and the
eigenvalues and eigenvectors were obtained, the eigenvectors
corresponding to the greatest and second greatest eigenvalues
(vectors PC1 and PC2) were used to define a plane, and protein
data points were projected onto the plane to generate a two-
dimensional plot. Data were then subjected to complete linkage
hierarchical clustering using Cluster software (22), and the results
were viewed using MapleTree (http://mapletree.sourceforge.net).

O Jurkat DRMs
B HeLa DRMs
@ 3T3 DRMs

Ratio (untreated/treated)

1 101 201
Protein #

Fig. 1. Ratios of control:MBCD treated in decreasing order. Ratios
for detergent-resistant proteins identified and quantified by
MSQuant were plotted from largest to smallest for all three cell
types: HeLa, 3T3, and Jurkat.
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TABLE 1. Examples of DRM proteins identified and quantified with their ratios in three cell types tested

Ratios (H/L)

Protein Names HeLa 3T3 Jurkat
Guanine nucleotide binding proteins G >2.5 >b5.5 >11.4
Proto-oncogene tyrosine protein kinase Yes 55 * 1.6 4713 125 = 9.4
Proto-oncogene tyrosine protein kinase Src ND 1.6 £ 0.6 6.5 + 0.5
Aminopeptidase N 6.5 £ 2.9 48 = 0.7 ND
SNAP-23 39+ 04 59 + 3.0 133 + 44
Fructose-bisphosphate aldolase A 94 =19 3.7 x21 6.4 = 3.2
Vacuolar ATP synthase subunits <13 <0.8 ND
Vimentin ND 2.8 + 0.7 46 + 1.8
ATP synthase subunits, mitochndrial precursor <1.0 <1.8 <3
Voltage-dependent anion selective channel proteins <0.7 <0.7 <22
Heat shock proteins, mitochondrial precursor <22 <1.7 <28
Caveolin 1 «, B <1.2 <1.0 ND

ND, not detected.

RESULTS

The cholesterol-dependent DRM proteome is similar
across cell types

The DRM proteomes of at least a dozen different cells
and tissues are now available (11, 14-16, 23—41). However,
it is extremely difficult, if not impossible, to purify any or-
ganelle to homogeneity (42), and the single-step centri-
fugation used to enrich rafts is no exception, so without
rigorous controls a DRM proteome cannot be equated
with a raft proteome. In an effort to distinguish resident
lipid raft proteins from other proteins copurifying in
DRMs, we previously developed a quantitative approach
to mass encode the cholesterol dependence of DRM pro-
teins from HelLa human cervical carcinoma cells prior to
LC-MS/MS analysis (11). In this way, a more accurate raft
proteome can be measured because the two defining char-
acteristics of raft proteins are measured in a single experi-
ment: sensitivity to cholesterol disruption and enrichment
in a low density membrane fraction. To estimate the simi-
larity among raft proteomes from different cell types, we
applied this method to two additional cell types commonly
used in lipid raft and other cell biology investigations, 3T3
mouse fibroblasts and human Jurkat T lymphocytes.

Cell lines differ in their sensitivity to the cholesterol
disrupting agent MBCD, so we initially determined the
maximum sublethal dose of the drug for each cell line,
[MBCD]pax: 10 mM for HeLa and 5 mM for 3T3 and Jurkat.
For each cell type, we then labeled two populations of cells
with normal isotopic abundance (0/0) or stable isotope-
enriched (4/6) forms of lysine and arginine (see Materials
and Methods) prior to treating one of the two populations
with MBCD. For these experiments, we chose to treat the
unlabeled cells so that any proteins sensitive to the treatment
would present mostly in the labeled form rather than the re-
verse because then any exogenous protein (e.g., keratins,
trypsin, and serum components) would have the same
SILAC spectral signature as a true raft component. The
low density DRM fraction from each of the three cell types
appeared quite different at the macroscopic level, with
widely varying amounts of material isolated from each
(data not shown). Despite this, 200 to 300 DRM proteins
could typically be identified from <5 pg of total protein

loaded into the mass spectrometer from each of the cell
types (see Supplementary Tables I to III), with SILAC ratios
measurable for the large majority of these. By sorting the
control:MBCD ratios in decreasing order, we found that
the overall distribution of cholesterol sensitivity (Fig. 1)

A
0/0 4/6 8/10
cells cells cells
Mitochondria
1 isolation l l Whole cell
+MBCD + carrier + carrier

+ Triton X-100 + Triton X-100

|
T

+ Triton X-100

Mitochondrial Whole cell
DRMs Combine lysate proteome 1:1:1 DRMs
v
Extract DRMs
Digestion
¥
LC-MS/MS

B

True mitochondrial raft proteins

4/6:0/0  high
4/6:8/10  high

Aysuaiy|

m/z

Fig. 2. The use of SILAC to determine the origin of proteins in
DRMs. A: Cells were grown in three SILAC media separately contain-
ing normal isotopic abundance Lys and Arg (0/0), 2H4-Lys and "’Cg
Arg (4/6), or "Cg'"No-Lys and *Cg'°Ny-Arg (8/10). Mitochondria
from both 0/0 and 4/6 cell populations were isolated (see Materials
and Methods), and then 0/0 mitochondria were treated with the
cholesterol-disrupting drug MBCD. Afterwards, 0/0 and 4/6 mito-
chondria preparations were solubilized in Triton X-100. At the same
time, whole 8/10 cells were also solubilized with Triton X-100. Equal
amounts of protein from all three extracts were mixed prior to iso-
lation of DRMs by floatation on a sucrose density gradient, and then
the proteins were subsequently analyzed by LC-MS/MS. B: True
mitochondrial raft proteins should have high 4/6:0/0 ratios indicat-
ing their sensitivity to cholesterol disruption, while high 4,/6:8,/10 ra-
tios would indicate that proteins are coming from mitochondria.
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in all three cell types was similar to our previous obser-
vations for HeLa DRMs alone (11). Namely, there was a
portion of the proteins displaying extreme sensitivity to
cholesterol disruption, a group with intermediate sensi-
tivity, and a group that did not appear to be sensitive to
MBCD at all. Where they were identified, known raft
proteins all fell into the group with high ratios, includ-
ing heterotrimeric guanine nucleotide binding proteins
(G-proteins), YES tyrosine kinase, Src tyrosine kinase,
SNAP-23, and aminopeptidase N. According to the known
sensitivity of lipid raft proteins to this drug (13), we pre-
viously classified the three differentially sensitive groups
into raft proteins, raft-associated proteins, and copurifying
proteins or contaminants (11).

Our application of the same method across multiple cell
types now allows us to address the issue of how similar raft

proteins are among different cell types. There are numer-
ous reports of DRM proteomes from different cell types,
but without the unbiased classification of DRM proteins
enabled by our SILAC approach, comparison among those
studies is difficult. In general, signaling enzymes, such as
protein kinases, protein phosphatases, and G-proteins,
were enriched among the proteins with high ratios relative
to DRMs as a whole. Structural proteins of microfilaments,
such as actin, myosin, and vimentin, were identified with
intermediate ratios, suggesting a possible dependence of
raft structure on the cytoskeleton consistent with recent
studies of hemagglutinin dynamics at subdiffraction reso-
lution (43) (Table 1). Likewise, the proteins with lower
SILAC ratios were consistent across all cell types and
generally included nuclear proteins and highly abundant
cytosolic components, as would be expected. With few ex-

HeLa Triple Label Experiment

. 20 r ¢ Others
] é . = Mitochondrial proteins
T o 15 % Known raft proteins
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S ©
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s 0 [ g
= < =
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0 | 7R S I 1 1 ]
0 2 4 6 8
Ratio (untreated/treated)
3T3 Triple Label Experiments
- ¢ Others
I E = Mitochondrial proteins
0 * Known raft proteins
=i
5 o
g e
g3
g2
52
© o
n L 1 1 J
2 4 6 8
Ratio (untreated/treated)
Jurkat Triple Label Experiments
10
- + Others
E E = Mitochondrial proteins
.g g 1 . 2 Known raft proteins
58
ge S5
= 0 * *
€< .
2% |
ez . b * -
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992
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Fig. 3. Results of triple label SILAC experiments for all three cell types: HeLa, 3T3, and Jurkat. One dot
corresponds to one identified and quantified protein that has both untreated/treated (4/6:0/0, abscissa)
and mitochondrial DRMs/whole cell DRMs (4/6:8/10, ordinate) ratios. The graphs represent 165 proteins
for HelLa, 196 for 3T3, and 294 for Jurkat.
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ceptions (e.g., mitochondrial trifunctional enzyme sub-
units, mitochondrial heat shock proteins, and prohibitin),
all proteins classically considered to be localized to mito-
chondria (we will henceforth refer to this group of proteins
as “mitochondrial proteins” even though the localization
being discussed may not be in a mitochondrion per se) also
had relatively low ratios, suggesting that these are also
simply copurifying contaminants and not true raft pro-
teins. However, since previous groups (14-16, 26) have re-
ported some of these to be true components of rafts, we
were tempted to explore further the presence of these
proteins in DRMs. These published studies leave open
two possibilities: 1) that mitochondria themselves contain
detergent-resistant microdomains or other low density
structures that copurify with rafts, or 2) that conventional
cell surface rafts are enriched in mitochondrial proteins.
Thus, we have designed SILAC-based approaches to test
these two scenarios with our null hypothesis, Hy, being that
the mitochondrial proteins found in DRMs are simply just
contaminants and not real components of rafts.

Do mitochondria contain lipid rafts?

Of the two possibilities, this one seems less likely since
one of the hallmarks of rafts is their high cholesterol con-
tent, and mitochondria contain very little cholesterol. De-
spite this, the possibility has been suggested before (35), so
we tested this formal possibility using a triplex version of
SILAC that would allow us to evaluate whether mito-
chondrial proteins in DRMs are enriched when DRMs
are isolated directly from purified mitochondria (Fig. 2).
Mitochondria are enriched from two of the three cell pop-
ulations and treated with (0/0) or without (4/6) MBCD.
DRMs are then isolated from the two mitochondrial prep-
arations and from the third untreated, unfractionated cell
population (8/10). In this scheme, only proteins that are
sensitive to cholesterol disruption (high 4/6:0/0 ratio)
and truly coming from mitochondria (high 4/6:8/10 ra-
tio) would be considered components of mitochondrial
rafts. Such proteins would be expected to fall in the upper
right quadrants of the plots in Fig. 3, but, as predicted,
those areas of the graphs were essentially empty for all
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Fig. 4. The enrichment of DRM over WCM. Abundance ratios for proteins in DRMs versus WCMs were plotted
in decreasing order. Proteins with higher ratios are enriched in DRM relative to WCMs. All previously known or
identified raft proteins fell into the group with high ratios, whereas mitochondrial proteins, especially mito-
chondrial membrane proteins, are not enriched in DRMs. Some examples of raft, mitochondrial, and plasma
membrane marker proteins are indicated here as red, blue, and green lines respectively. GNG12, guanine
nucleotide binding protein G(I) /G(S) /G(O) subunit y-12 precursor; GNAI3, guanine nucleotide binding pro-
tein G; FLOT]1, Flotillin-1; FLOT?2, Flotillin 2; FOLRI, folate receptor o precursor; SNAP23, isoform SNAP-23a
of synaptosomal-associated protein 23P; ATP6V1A, vacuolar ATP synthase catalytic subunit A; IMMT, isoform 1
of mitochondrial inner membrane protein; CLTC, isoform 1 of clathrin heavy chain 1; ATP5B, ATP synthase
subunit 3, mitochondrial precursor; MDH2, malate dehydrogenase, mitochondrial precursor; VIM, vimentin;
GLUDI, glutamate dehydrogenase 1, mitochondrial precursor; MAPBPIP, mitogen-activated protein binding
protein-interacting protein; GNB2, guanine nucleotide binding protein G(I)/G(S)/G(T) subunit B-2;
ANPEP, aminopeptidase N; YES1, proto-oncogene tyrosine-protein kinase Yes; ATP1AI, isoform long of
sodium/potassium-transporting ATPase subunit a-1 precursor; HSPA9, stress-70 protein, mitochondrial.
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three cell types. In HeLa, 3T3, and Jurkat cells, only a few
proteins had ratios indicating potential mitochondrial
rafts. However, in each case, these numbers represented
<2% of the total proteins identified and quantified, and
none of them is actually a known component of the mito-
chondria (see Supplementary Tables IIII to VI).

Do plasma membrane rafts contain mitochondrial proteins?

To test the possibility that some classical mitochondrial
proteins inhabit a second subcellular location, namely,
plasma membrane lipid rafts, we tested the degree to which
proteins are enriched in DRMs relative to WCMs in HelLa
and 3T3 cells. WCMs were isolated from 0/0 cells, and
DRMs were isolated from 4/6-labeled cells. As described
in Materials and Methods, the 4/6-labeled cells was treated
with 1% Triton X-100 for 1 h prior to floatation on a sucrose
density gradient. Finally, this DRM preparation was mixed
with the oppositely labeled WCM, the mixed membranes
were pelleted, solubilized in deoxycholate, and the proteins

were heat denatured and digested to peptides. To probe
more deeply into the DRM versus WCM proteome, we used
strong cation exchange chromatography to fractionate di-
gested peptides before LC-MS/MS. In this scheme, proteins
enriched by the DRM procedure should display a high
DRM:WCM ratio, including any and all lipid raft proteins.

Several hundred quantifiable proteins were identified
in this analysis (see Materials and Methods for details of
protein identification criteria), with DRM:WCM ratios
ranging from essentially zero to three, four, or even ten.
We were reassured to find that many typical plasma mem-
brane, nonraft proteins were not enriched in the DRM prep-
aration, including large transmembrane proteins and the
sodium/potassium-transporting ATPase (Fig. 4). Interest-
ingly, without exception all mitochondrial membrane pro-
teins identified were also not enriched in DRMs. These
included the mitochondrial components previously claimed
to be in lipid rafts, including voltage-dependent anion-
selective channel proteins and ATP synthase subunits.

A
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Fig. 5. The separation of rafts and mitochondrial proteins in a linear sucrose gradient. A: Western blot of
the lipid raft marker flotillin-2 and the mitochondrial ATP synthase 3 subunit in fractions taken from a linear
sucrose gradient and a nonlinear gradient showing different distribution patterns. B: Some examples of pro-
tein profiles or protein distributions across the linear density gradient by PCP-SILAC. C: Hierarchical clus-
tering on the PCP-SILAC data showing the separation of rafts and mitochondrial proteins into two distinct
groups. D: PCA analysis on the PCP-SILAC data.
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Fig. 5.— Continued.

Furthermore, in this system all the MBCD-sensitive proteins
we have observed previously (Fig. 1; see Supplementary
Tables I to III) (11) were enriched in DRMs (see Supple-
mentary Tables VII and VIII).

Do mitochondrial proteins really comigrate with rafts?

The classical discontinuous gradient system for isolating
DRMs has a very low resolution: essentially anything with
a density that falls between that of 5% and 35% sucrose
would appear to comigrate. Thus, while mitochondrial
proteins and rafts appear to comigrate in this system, they
may resolve if subjected to a higher-resolution separation on
a linear density gradient. To this end, we applied detergent-
solubilized Jurkat cells onto a continuous, linear sucrose
gradient from 10-30% sucrose (see Materials and Meth-

ods). One white, light-scattering band was observed after
ultracentrifugation, similar to that obtained with the non-
linear gradients but more diffuse and centered at ~15%
sucrose. Western blotting of fractions taken from this
gradient revealed that the raft marker flotillin-2 and the
mitochondrial ATP synthase (3 subunit showed different
distribution patterns (Fig. 5A). The profile of flotillin-2 was
centered at 14-17% sucrose, corresponding to the light-
scattering band mentioned above, but ATP synthase 3 was
distributed toward the higher density fractions. While only
based on two proteins, these data suggest that rafts and
mitochondrial proteins may not comigrate.

To test the comigration of rafts and mitochondrial pro-
teins more generally, we used PCP-SILAC (19, 44) to mea-
sure the distribution of proteins across a linear density
gradient (Fig. 5B). As expected, profiles of known raft pro-
teins (flotillin-1, flotillin-2, p56-LCK kinase, and G-protein
subunit -1 as examples) peaked in the same fraction as
flotillin-2 measured by Western blotting (Fig. 5A). By con-
trast, the ATP synthase subunits 8 and «, as well as VDAC-1
and VDAC-2, peaked at higher densities of sucrose. The
nonraft plasma membrane marker transferrin receptor 1
exhibited a peaked profile shifted toward the detergent-
soluble fractions, and detergent-soluble B-actin was great-
est in intensity in the low density detergent-soluble fraction.

To visualize these trends on a larger scale, rather than just
looking at selected profiles, complete linkage hierarchical
clustering was performed on the PCP-SILAC data using
the CLUSTER program (22). The resultant tree bifurcated
at its base into two groups (Fig. 5C). One group contained
the common mitochondrial proteins found in DRMs, the
ATP synthase subunits and VDAGCs, as well as many protea-
some subunits, ribosomal subunits, and ribonucleoproteins.
The second group contained the common raft and raft-
associated proteins (including the flotillins, G-protein sub-
units, p56-LCK kinase, and V-ATPases). It also contained
the nonraft plasma membrane and nuclear membrane pro-
teins and all the cytosolic proteins, including cytoskeletal
proteins. The raft proteins themselves clustered to one
small branch separated from a larger branch containing
the cytosolic proteins.

The clustering data were confirmed by another orthogo-
nal method, PCA. PCA is a technique that can be used to
reduce multidimensional data to its principal components
(PCs), which are linear combinations of all the variables
(45). The PCs summarize the greatest correlated variation
of the data set. PC1 and PC2, representing the greatest and
second greatest correlated variation, respectively, are
graphed for the PCP-SILAC data in Fig. 5D, and the same
trends seen in the clustering are observed. The ATP syn-
thase subunits and VDAGs cluster tightly and separately
(bottom left) from the classical raft and raft-associated pro-
teins (bottom center). The proteasome, ribosomal sub-
units, and ribonucleoproteins make a diffuse grouping
(top left), and the cytosolic and cytoskeletal proteins mainly
cluster (far right). The nuclear membrane and nonraft
plasma membrane proteins appear in the transition be-
tween the raft and cytosolic proteins. These groupings
confirm what was seen in the hierarchical clustering: that
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accepted raft proteins exhibit a different profile from
the mitochondrial contaminants, ATP synthase subunits,
and VDAGC:s.

DISCUSSION

Based on the number of publications in PubMed, lipid
rafts and/or caveolae have been an extremely popular sub-
cellular domain for proteomic investigations (10), equiva-
lent perhaps to mitochondria (46) and certainly more so
than phagosomes (47). Prior to the advent of proteomics,
rafts were considered to be exclusive to the plasma mem-
brane and membranes immediately up- and downstream
of the plasmalemma (i.e., late Golgi/trans-Golgi network
and endosomes/phagosomes). Likewise, the protein constit-
uents of rafts were thought to be typical plasma membrane
proteins, such as glycosylphosphatidylinositol-anchored
proteins and Src-family tyrosine kinases (9), so the discov-
ery of mitochondrial proteins in DRM preparations came
as a surprise. One of the great advantages of proteomics is
its unbiased nature; it took proteomics to discover mito-
chondrial proteins in DRMs simply because no one thought
to look for them previously. However, biochemical sub-
cellular fractionations typically never yield absolutely
homogenous preparations (42), so here we have sought to
demonstrate whether mitochondrial proteins are bona fide
components of plasma membrane lipid rafts or if they are
present in DRMs for another reason. Thus, our null hy-
pothesis was that mitochondrial proteins copurify in DRMs
but are not localized in lipid rafts.

Our data certainly support the presence of mitochon-
drial proteins in DRMs, with several dozen of the most
abundant (48) mitochondrial proteins being identified with
many peptides each. Without exception, however, none of
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the proteins were sensitive to cholesterol disruption across
three different cell types used as model systems for human
epithelia (HeLa), mouse fibroblasts (swiss-3T3), and human
T lymphocytes (Jurkat). The failure of any of these mito-
chondrial proteins to satisfy the cholesterol sensitivity test,
the gold standard for a lipid raft protein (13), suggests that
they simply copurify with lipid rafts in the DRM prepara-
tion. If mitochondrial proteins are specific components of
rafts, then one prediction would be that they should be rel-
atively enriched in DRMs versus whole cells or the entire
membrane complement of whole cells. To test this hypothe-
sis, we measured the degree of enrichment of proteins in
DRMs versus a WCM preparation, and, indeed, mitochon-
drial proteins were not enriched in DRMs, again suggesting
that they are simply contaminants. Furthermore, using a tri-
plex SILAC scheme to simultaneously measure sensitivity to
drug treatment and relative enrichment in a subcellular
biochemical fraction, we also demonstrated that the mito-
chondrial proteins in question are indeed enriched in mito-
chondrial preparations, as one would expect, but that they
are not sensitive to cholesterol disruption. And finally, by
using high-resolution linear density gradients to better re-
solve the components of DRMs, classical lipid raft proteins
and mitochondrial components showed different distribu-
tion profiles across the gradient, lending more support to
the thesis that mitochondrial proteins are copurifying con-
taminants of the normal DRM preparation.

We are cognizant of four potential caveats that compli-
cate the interpretation of our data. First, in trying to dem-
onstrate the widespread lack of cholesterol sensitivity of
mitochondrial proteins in DRM preparations, we were un-
able to reanalyze the more than two dozen different cells
or tissues whose DRM proteomes have been reported [for
review, see (10)]. Thus, it is conceivable, although we feel
it unlikely, that mitochondrial proteins could demonstrate
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sensitivity to MBCD in other cell types. Second, in the tri-
plex SILAC experiments described in Fig. 2, we were unable
to obtain a completely homogenous preparation of mito-
chondria, although it was no worse than for other published
proteomic analyses of mitochondria (48, 49). However, for
our purposes, homogeneity is not essential because we are
only interested in relative enrichment in mitochondrial
DRMs, and having a small but detectable contamination
from other membranes actually allows a more quantitative
assessment of enrichment versus an “all or nothing” re-
sponse. Third, while Triton X-100 insolubility is the most
widely used method for enriching rafts, other detergents,
as well as detergent-free methods, yield proteomes with
subtly different protein complements (50). We have pre-
viously shown that the high pH/carbonate method (51)
has even more cholesterol-insensitive proteins in it than
Triton X-100-prepared DRMs (11) and that mitochondrial
proteins are similarly insensitive to cholesterol depletion.
We have not, however, shown the insensitivity to cholesterol
disruption of mitochondrial proteins in DRMs prepared
using detergents other than Triton X-100. Lastly, the condi-
tions required to disrupt rafts, serum starvation followed by
severe cholesterol starvation, amount to an extremely harsh
environment for the cells, and this could substantially dis-
turb intracellular organelles. Again, we believe the impact
of such a perturbation on our conclusions to be minimal
because we have confirmed the effects by treating isolated
mitochondria with MBCD. Severe cholesterol depletion
likely does have some effects on the biosynthetic and endo-
somal systems, but since there is very little movement of
membranes from these compartments to the mitochondria,
such effects in the whole-cell experiments would also not
appreciably detract from our conclusions.

In summary, we find that we are unable to reject our stated
null hypothesis that mitochondrial proteins identified in
previous raft studies are actually contaminants of the
DRM preparation. We find no evidence that rafts are in
mitochondria or that mitochondrial proteins are in rafts.Af
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