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Summary

In B-lymphocytes, endocytosis of MHC I and MHC II molecules
is important for the cross-priming and presentation of labile
antigens, respectively. Here, we report that MHC I and MHC
II were internalized by separate endocytic carriers that lacked
transferrin receptor. Cholera toxin B was co-internalized with
MHC 11, but not with MHC I, suggesting that the CLIC/GEEC
pathway is involved in the uptake of MHC II. Endocytosis of
MHC I and MHC II was inhibited by filipin, but only MHC II
showed a strong preference for a membrane raft environment
in a co-clustering analysis with Gy 1. By using a novel method
for the extraction of detergent-resistant membranes (DRMs),
we observed that MHC I and MHC II associate with two distinct
types of DRMs. These differ in density, protein content, lipid
composition, and ultrastructure. The results of cell surface

biotinylation and subsequent DRM isolation show that
precursors for both DRMs coexist in the plasma membrane.
Moreover, clustering of MHC proteins at the cell surface
resulted in shifts of the respective DRMs, revealing proximity-
induced changes in the membrane environment. Our results
suggest that the preference of MHC I and MHC 11 for distinct
membrane rafts directs them to different cellular entry points.

Supplementary material available online at
http://jcs.biologists.org/cgi/content/full/122/10/1584/DC1
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Introduction

MHC proteins play a pivotal role in the induction and maintenance
of adaptive immune responses. MHC I presents peptides to cytotoxic
T-lymphocytes, whereas MHC 11 displays peptides or larger antigen
fragments to T-lymphocytes with helper or regulator function
(Jensen, 2007). Peptides loaded on MHC I are mainly derived from
endogenous antigens. Exogenous antigens can also serve as the
peptide source in a process called cross-presentation. This provides
an essential priming or tolerizing signal to cytotoxic T-cells (Rock
and Shen, 2005). One of the peptide-loading pathways in cross-
presentation depends on the endocytosis of surface MHC I and
subsequent peptide exchange in endocytic compartments (Di
Pucchio et al., 2008; Gromme et al., 1999; Kleijmeer et al., 2001;
Liu et al., 1995; Schirmbeck et al., 1995; Tiwari et al., 2007). The
peptide cargo of MHC II mostly derives from antigens that have
access to late endocytic MHC 1I loading compartments (Jensen,
2007; Watts, 2004). However, some protease-sensitive determinants
associate with MHC 1I earlier in the endocytic pathway, thereby
avoiding destruction by lysosomal cathepsins. This alternative
loading pathway relies on the endocytosis of mature MHC II from
the cell surface and does not require the cofactors invariant chain
and H2-M/HLA-DM (Lindner and Unanue, 1996; Pinet et al., 1994;
Pinet et al., 1995; Sinnathamby and Eisenlohr, 2003; Zhong et al.,
1997).

No consensus has been reached about the pathways of MHC
internalization. MHC 1 has been localized to clathrin-coated pits
(Kleijmeer et al., 2001; Machy et al., 1987) and has been shown
to be internalized by clathrin after virus-induced ubiquitinylation
(Duncan et al., 2006). However, the single tyrosine-based motif of
MHC I used for recognition by clathrin adaptors is dispensable for
endocytosis (Vega and Strominger, 1989) and cellular ubiquitin
ligases that are capable of modifying MHC I do not localize to the

plasma membrane (Bartee et al., 2004). A clathrin- and dynamin-
independent internalization route for MHC 1 that involved
cholesterol and the small GTPase Arf6 was discovered in fibroblasts
(Naslavsky et al., 2003; Naslavsky et al., 2004). For B-lymphocytes,
a common entry pathway of MHC I and MHC II was proposed
(Chiu et al., 1999). The cytosolic tail of MHC II B-chain contains
a double-leucine motif that lacks the negatively charged groups that
are essential for interaction with clathrin adaptors (Bonifacino and
Traub, 2003), and its mutation barely affects MHC II endocytosis
(Zhong et al., 1997). Ubiquitin ligases of the MARCH family trigger
clathrin-mediated endocytosis of MHC II in immature dendritic cells
(Shin et al., 2006; van Niel et al., 2006), but not in B-lymphocytes
(Matsuki et al., 2007). Therefore, mature MHC proteins are likely
to be endocytosed via clathrin-independent routes in B-lymphocytes.
Because lymphocytes lack caveolae (Fra et al., 1995), other
endocytosis pathways that are dependent on membrane rafts (Mayor
and Pagano, 2007) are likely candidates.

Membrane rafts are defined as small, heterogeneous, dynamic,
sterol- and sphingolipid-enriched domains that function in the
compartmentalization of cellular processes (Pike, 2006). They form
larger, long-lived structures upon clustering of their components
(Kusumi et al., 2004). A similar induction of large structures (<1 pum)
enriched in membrane raft components is observed after the
extraction of membranes with non-ionic detergents at 4°C (Brown
and Rose, 1992; Roper et al., 2000) and also at 37°C (Babiychuk
and Draeger, 2006; Braccia et al., 2003; Chen et al., 2009; Drevot
et al., 2002). It is unclear, however, to what extent such detergent-
resistant membranes (DRMs) resemble membrane rafts
(Lichtenberg et al., 2005). Membrane rafts depend on cholesterol,
a trait that is, however, shared by other cellular processes (Hancock,
2006; Munro, 2003). Nevertheless, there are quantitative differences
in cholesterol dependence, as exemplified by the much stronger
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inhibition of membrane raft-dependent endocytosis compared with
clathrin-mediated internalization by the cholesterol-sequestering
drug filipin (Naslavsky et al., 2004; Orlandi and Fishman, 1998).
Another feature of membrane rafts is their heterogeneity (Pike,
2004). The standard detergent-based approaches to isolate DRMs
have not provided convincing evidence for such a heterogeneity, a
failure that fostered the notion that detergent extraction does not
yield true membrane rafts (Schuck et al., 2003; Wilson et al., 2004).
However, with selective procedures, DRMs have been isolated that
reflect some membrane raft heterogeneity (Briigger et al., 2004;
Drevot et al., 2002; Madore et al., 1999).

MHC proteins appear to associate with membrane rafts: MHC
II has been described as a DRM component and has been observed
to co-distribute with the raft marker Gyl upon antibody-mediated
clustering or immunological synapse formation (Rodgers and
Smith, 2005). There is biophysical evidence for membrane raft
association of MHC I (Bodnar et al., 2003; Matko et al., 1994);
however, neither DRM association nor co-patching with Gy;1 have
been detected (Goebel et al., 2002; Karacsonyi et al., 2004;
Naslavsky et al., 2004), except for one report on indirect raft
association via ICAM1 (Lebedeva et al., 2004). Although these data
suggest that MHC I and MHC II differ in their membrane raft
association, a colocalization of MHC I and MHC II in
‘supermolecular receptor clusters’ has also been reported (Jenei et
al., 1997; Vamosi et al., 2004). To clarify this issue, we investigated
whether the endocytosis of mature MHC molecules might involve
distinct membrane rafts in B-lymphocytes. For this purpose, the
endocytic pathways of MHC molecules, their co-clustering with
raft markers and their DRM association were investigated. Distinct
DRMs were separated by a novel, more rigorous procedure that
yielded stable products instead of unstable kinetic intermediates.
We also examined whether antibody-mediated clustering leads to
a reorganization of DRMs. Such an induced reorganization might
mimic early events in MHC endocytosis.

Results
Endocytosis of MHC proteins
MHC proteins enter common endosomal compartments in B-
lymphocytes (Chiu et al., 1999), but endosomes serve as a
convergence point for various internalization pathways (Mayor and
Pagano, 2007). We therefore investigated whether the initial steps
of MHC I and MHC II internalization were distinct in mouse B-
lymphocytes. For this purpose, the endocytosis of surface-bound
anti-MHC antibodies was monitored over a period of 20 minutes
in M12.C3.F6 cells. The subcellular distribution of these primary
antibodies was revealed with cross-adsorbed secondary reagents and
analyzed by confocal laser scanning microscopy. Control
incubations with unmatched reagents were used to verify the absence
of background signals under our microscope settings. The
endocytosis of invariant chain-bound MHC II relative to mature
MHC 1II was negligible, as detailed below. Internalized MHC
molecules were detected in distinct peripheral endocytic carriers
after 5 minutes (Fig. 1, upper row). These carriers often showed
elongated profiles resembling tubules, a feature particularly evident
for internalized MHC II molecules upon chemical fixation at 37°C
immediately after endocytosis (supplementary material Fig. S1,
arrows). Internalized MHC 1 and MHC II gradually accumulated
in common perinuclear endosomes over a 20-minute period (middle
TOWS).

This convergence is also evident from a statistical analysis of
confocal sections. Plotting the percentage of internalized vesicles

"single-positive"
vesicles [%]
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Fig. 1. Internalization of MHC I and MHC II by distinct endocytic carriers in
M12.C3F6 cells. Monoclonal antibodies (MAbs) bound to MHC I (R1-9.6)
and MHC II (40F) at the cell surface were internalized at 37°C for the
indicated times and detected by cross-adsorbed secondary antibodies after
fixation and permeabilization. Representative equatorial sections from
confocal stacks were selected (rows 1-3). Note that most internalized MHC I
and MHC II localized to distinct peripheral structures after 5 minutes, but
merged in perinuclear endosomes at 10-20 minutes. (Bottom row) Steady state
distribution of MHC proteins in fixed M12.C3.F6 cells. Scale bars: 2 pm.
(Left) The staining pattern of endocytic vesicles from 20 equatorial sections
per condition was recorded and the percentage of single-positive endocytic
vesicles plotted against the endocytosis time. Error bars denote s.d.

containing either MHC 1 or MHC II against endocytosis time
revealed a drop from 64% to 20% of ‘single-positive’ endocytic
vesicles within 20 minutes (Fig. 1, right side). We also observed
that about 75% of peripheral endocytic vesicles were ‘single-
positive’, whereas less than 20% of vesicles with a perinuclear
location fell into this group. This suggests that distinct peripheral
endocytic vesicles fuse either with each other during transit or with
common perinuclear compartments upon arrival. Consistent with
this interpretation, we detected a substantial overlap in the
subcellular distribution of both proteins at steady state (Fig. 1,
bottom row). The common perinuclear endosomes reached by MHC
proteins after 10-20 minutes of endocytosis contained transferrin
receptor (ThR) (supplementary material Fig. S1). By contrast, the
peripheral early endocytic carriers of MHC proteins (5 minutes of
endocytosis) were devoid of TfnR (supplementary material Fig. S1).
This suggests that MHC proteins use internalization routes that are
distinct from that of TfnR.

To further characterize the endocytosis pathways of MHC
molecules, we investigated whether they co-internalize with cholera
toxin B (CTB). CTB is a ligand for Gyl and is endocytosed on
two pathways, one of which is dependent on clathrin whereas the
other does not involve this molecule (Kirkham et al., 2005;
Lundmark et al., 2008; Torgersen et al., 2001). As shown in Fig.
2, less than 10% of MHC Il-containing early endocytic carriers
(5 minutes) were devoid of CTB (i.e. ~90% of internalized MHC
IT colocalized with CTB). This high degree of colocalization did
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Fig. 2. Co-internalization of MHC molecules with cholera toxin B (CTB).
M12.C3F6 cells were labeled with CTB-FITC and either mAb 40F (rows 1-2)
or mAb R1-9.6 (rows 3-4) on ice, then warmed to 37°C for 5 or 20 minutes,
and stained with secondary reagents after fixation and permeabilization. Rows
1-4 show representative equatorial sections from confocal stacks. (Left) The
percentage of MHC-containing vesicles that stained only for MHC and not for
CTB-FITC (‘MHC-only’) is plotted. Per condition 20 equatorial sections were
analyzed, error bars denote s.d. Note that most MHC II-positive endocytic
vesicles contained CTB at 5 and 20 minutes of endocytosis, whereas MHC 1
significantly colocalized with CTB only at 20 minutes of endocytosis, and not
at 5 minutes (~60% ‘MHC I-only’ vesicles). Also note the presence of many
CTB-containing vesicles devoid of MHC II in the top row. Scale bars: 2 um.

not significantly change upon transport to perinuclear endosomes
(20 minutes). When CTB-positive early endocytic carriers were
analyzed, it was evident that only about 50% of CTB-positive
structures contained internalized MHC II at 5 minutes (Fig. 2; data
not shown), suggesting that a part of the CTB used an endocytosis
pathway not related to the uptake of MHC II. By contrast, MHC I
appeared largely in vesicles that were devoid of CTB after 5 minutes
of endocytosis (~60% of endocytosed MHC I), but reached an MHC
II-like level of colocalization with CTB at 20 minutes. At very early

endocytosis times (2.5 minutes), internalized MHC I was completely
separated from CTB; however, only a few vesicles were detected
per cell (data not shown). Our results suggest that MHC II shares
its endocytosis pathway with CTB, whereas MHC 1 is endocytosed
on a different route that subsequently merges with the CTB
pathway. We also confirmed the difference in early endocytic
carriers of MHC proteins by a biochemical approach. For this
purpose, M12.C3.F6 cells were surface-biotinylated with a cleavable
biotin derivative, allowed to endocytose for 5 minutes, and stripped
of surface biotin (Lindner, 2002). Postnuclear membranes of these
cells were fractionated by density gradient electrophoresis (DGE),
a method that is capable of separating plasma membrane,
biosynthetic membranes and endocytic organelles (Lindner, 2001).
Biotinylated MHC I and MHC II molecules were detected in broadly
overlapping zones, but at slightly different peak positions,
suggesting that the early endocytic carriers of MHC proteins are
not identical (supplementary material Fig. S2).

To further characterize the endocytosis of MHC molecules, its
kinetics and its sensitivity to filipin was compared with that of
TfnR, a well-known cargo of clathrin-coated vesicles. Filipin is
thought to form large complexes with cholesterol in the plasma
membrane and to prevent the formation of cholesterol-dependent
membrane rafts (Bolard, 1986; Orlandi and Fishman, 1998).
M12.C3.F6 cells were pre-incubated with or without 15 uM filipin
before being surface labeled with a cleavable biotin derivative.
The cells were then allowed to endocytose in the presence or
absence of filipin. After stripping the surface biotin, endocytosed
molecules were detected by their biotin label. As shown in Fig.
3, only few percent of each type of surface MHC molecule was
internalized within 8 minutes. Quantitative data were obtained by
a comparison of serial dilutions of total surface biotinylated MHC
proteins with internalized ones (supplementary material Fig. S3).
Invariant chain-driven endocytosis of MHC II accounted for <1%
of the endocytosis of mature, invariant chain-free MHC II in
M12.C3.F6 cells (supplementary material Fig. S4). Thus, >99%
of the endocytosis of MHC 1I (as determined in Figs 1-3 and
supplementary material Figs S1-S2) is driven by mature MHC I1.
In contrast to the slow internalization of MHC proteins, clathrin-
mediated endocytosis of surface TfnR was already complete at
8 minutes (Fig. 3, lower panel). Filipin inhibited the internalization
of MHC I and MHC II by >80%, but reduced the endocytosis of
TfnR by only 20% at 8 minutes. Thus, the endocytosis of MHC

Filipin: - - - - - - - - + + + + + + o+ o+
GSH: - - - = + + o+ o+ - - - - + + o+ o+ —e— control
upt.[min: 0 2 4 8 02 48 0 2 4 8 0 2 4 8 e filipin
‘ MHC ||| & »s b8 «o MHC | °
66 - m 4 Fig. 3. Cholesterol-dependent endocytosis of MHC
45 _u - - - proteins. M12.C3.F6 cells were pre-treated or not with
2 15 uM filipin III before surface biotinylation and
bt internalization in the presence or absence of filipin.
s ETEDE MHC 1l MHCH] ¥ = Surface biotin was removed by GSH (right) or not (left)
. . . I / and MHC I and MHC II were sequentially
29 [ 2 / immunoprecipitated and probed for biotin (top and
- - .. ' B i middle panel). The remaining biotinylated proteins were
) retrieved and probed for TfnR (lower panel). MHC
£ bt proteins were quantified as described in Fig. S3 (see
205 - TfnR TfnR - /P"' ) supplementary material), TfnR was quantified by
116 | 60 T densitometry. Internalization was expressed relative to the
97 - - - - N S| | ————— T—— ot / i mean of samples not stripped by GSH. Shown are results
66 —| / of one experiment out of two with similar results. Note
20 / . .. .
45 -| = that internalization of MHC proteins was slow and
024 6 8 sensitive to filipin, whereas endocytosis of TfnR was fast

time [min] and almost unaffected by filipin.
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proteins differs in respect to kinetics and filipin sensitivity from
that of a typical cargo protein of clathrin-coated pits. MHC proteins
therefore appear to be internalized by clathrin-independent
pathways (Mayor and Pagano, 2007), which often show a higher
dependence on membrane cholesterol (Naslavsky et al., 2004;
Orlandi and Fishman, 1998).

Preference of MHC proteins for distinct membrane
environments

We next assessed the tendency of MHC proteins to distribute to
stabilized membrane rafts. For this purpose, antibodies bound to
surface MHC I or MHC 1I were reacted with cross-adsorbed
secondary antibodies. Surface Gy;1 was detected with FITC-labeled
CTB. Patch formation was induced by brief warming and stopped
by chilling and fixation. As shown in Fig. 4A, the pattern of patches
for MHC I and Gy1 was different in both tangential and equatorial
confocal sections, although a moderate enrichment of Gy;1 in some
MHC I patches was visible as well. By contrast, patched surface
MHC II showed a very good overlap with clustered Gy 1 (Fig. 4B).
We also investigated to what extent MHC proteins would co-patch,
if clustered individually. Control incubations using unmatched
reagents did not give any detectable signal under our microscope
settings. As shown in Fig. 4C, the overall pattern of staining
appeared to be different for MHC I and MHC II in tangential
sections. However, in some larger patches colocalization was
evident. As a negative control, co-patching of MHC II and B220
(Fig. 4D), a membrane protein excluded from rafts (Anderson et
al., 2000), was performed. In this case, no co-patching was detected,
suggesting that the occasional colocalized patches observed in Fig.
4C were significant. We conclude that antibody-patched MHC I
and MHC II prefer distinct membrane environments on the plasma
membrane. This preference is, however, not absolute, as some
overlap was evident under our experimental conditions. The
membrane environment preferred by clustered MHC 1II appears to
be a raft subtype enriched in Gy 1, whereas clustered MHC 1
partitions to a distinct raft subtype or a non-raft environment.

Fig. 4. Analysis of the membrane environment of
patched MHC proteins in M12.C3.F6 cells. Clusters of
MHC I (A) or MHC II (B) on M12.C3.F6 cells were
induced with mAbs R1-9.6 (A) or 40F (B) and
appropriate secondary reagents. Gyl was patched by
CTB-FITC. Clusters of MHC I and MHC I (C) or
B220 (D) were induced with mAb 40F and mAbs R1-
9.6 (C) or RA3-6B2 (D), and cross-adsorbed
secondary reagents. Note the extensive co-patching of
MHC II and Gy1 (B), the low co-patching of MHC I
and Gy1(A), or MHC I and MHC II (C), and its
absence from the MHC 11-B220 sample (D). Scale
bars: 2 um.

Distribution of MHC proteins to distinct DRMs

We wondered whether a preference of MHC proteins for distinct
membrane environments could be confirmed by the DRM technique.
This would require a separation of DRMs with different protein
and lipid composition. We tested different extraction protocols for
their capability to resolve distinct DRMs. With the standard Triton
X-100 (TX-100)-based isolation procedure only a small fraction of
MHC I and MHC 1I floated on gradients devoid of detergent
(supplementary material Fig. S5). No difference was evident
between the flotation positions of both MHC proteins. Some
endoplasmic reticulum (ER)-specific immature invariant chain
(liimm) floated as well, suggesting that the procedure was not
selective for cholesterol- and sphingolipid-rich DRMs absent from
the ER (Alfalah et al., 2005). In the continued presence of detergent,
no flotation of MHC proteins and little flotation of raft markers
were found (supplementary material Fig. S5). This suggests that
TX-100 DRMs are sensitive to extended detergent exposure. More
rigorous TX-100-based extraction procedures might therefore lead
to the disintegration of DRMs rather than to the separation of
potential DRM subpopulations. For this reason, we focused on Brij
98 DRMs that are stable upon prolonged detergent exposure (R.L.,
unpublished data). In the original procedure, cellular membranes
were only briefly exposed to detergent (Drevot et al., 2002). Under
these conditions, the majority of MHC II and alkaline phosphatase
(AP) floated to fractions 8-10 on a linear 10-40% sucrose gradient
devoid of detergent (Fig. 5SA). Some MHC I was found in an
overlapping zone that was poorly resolved from the soluble material.
Suspecting incomplete extraction, we increased the on-ice extraction
time to >14 hours and included 1% Brij 98 in the gradient. With
this rigorous procedure, AP and MHC II distributed closer to the
top of the gradient (Fig. 5B, light DRMs), whereas MHC I floated
closer to the bottom (dense DRMs). Furthermore, DRM-associated
MHC I molecules were more focused and better resolved from
soluble molecules than were those shown in Fig. SA. Thus, the
rigorous extraction procedure separated DRMs containing MHC 1
or MHC II. In agreement with earlier results, CD81, a marker for
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Fig. 5. Separation of MHC I- and MHC II-containing DRMs. (A) Brief Brij 98
extraction following a protocol derived from Drevot et al. (Drevot et al.,
2002). (B) Rigorous Brij 98 extraction protocol. (C) Flotation of surface-
biotinylated MHC I and MHC II molecules after rigorous Brij 98 extraction.
Note that MHC I and MHC I floated to separate fractions in B and C, but not
in A. Also note that MHC I- and MHC II-containing DRMs were both derived
from the same membrane, the plasma membrane, in C. AP, alkaline
phosphatase; sSMHC II o3, cell surface MHC II subunits; sMHC I HC, cell
surface MHC I heavy chain; sMHC I LC, cell surface MHC I light chain; rel.
distr., relative distribution.

tetraspanin domains at the plasma membrane, was largely
solubilized (Karacsonyi et al., 2004). Only residual amounts of this
protein were detected in a position close to MHC II-containing
DRMs. The maturely glycosylated form of MHC II-associated
invariant chain was detected in gradient fractions slightly denser
than light DRMs (data not shown), as described earlier (Karacsonyi
et al., 2004). Some ICAM1 floated in light DRMs but not in dense
ones (Fig. 5B). This was surprising, because ICAM1 has been
claimed to interact with MHC T (Lebedeva et al., 2004). However,
immunoprecipitation experiments did not provide any evidence for
such an association in our cells (Fig. 5C; R.L., unpublished data),
suggesting that MHC I floated independently of ICAMI.

The data in Fig. 5B did not provide a clue about whether both
types of DRMs were derived from the same or from different cellular
membranes. To address this issue, M12.C3.F6 cells were surface-
biotinylated with NHSS-LC-biotin and subjected to DRM isolation
as in Fig. 5B. After immunoprecipitation, biotinylated MHC I and
MHC II were found in the same peak positions and in similar ratios

to their soluble pools (compare Fig. 5B and Fig. 5C). This
demonstrates that precursors of dense and light DRMs are present
within the same membrane. A key role for light chain-free MHC I
heavy chain in the membrane raft association of MHC I has been
proposed (Bodnar et al., 2003; Matko et al., 1994). To clarify
whether MHC 1 in dense DRMs contains light chains, the
biotinylated MHC I immunoprecipitates were analyzed on 15%
acrylamide gels. As shown in Fig. 5C, MHC I light chains were
clearly present in dense DRMs. However, our result does not rule
out a role of free MHC I heavy chains in MHC I localization to
dense DRMs, as the antibody used (R1-9.6) might not recognize
free heavy chains, which tend to unfold. Indeed, none of our anti-
MHC 1 antibodies were reactive with denatured MHC I in
conventional western blots. For that reason, the distribution of MHC
I was assayed by dot blot, a procedure that avoids denaturation.

Polypeptide composition of DRMs containing MHC | and

MHC Il

To investigate to what extent the two types of DRMs were related,
we silver stained the proteins after SDS-PAGE. As shown in Fig.
6A, the polypeptide composition in fractions 5-7 (light DRMs
containing AP, Gyl and MHC 1II) was clearly different from that
in fractions 11-13 (dense DRMs containing MHC 1). Only a few
polypeptides appeared to occur in both DRMs, ruling out a close
relationship. A Coomassie blue-stained gel of concentrated DRMs
showed that the overall protein content of dense DRMs was much
higher than that of light DRMs (Fig. 6A, bottom right). However,
in relation to solubilized material (fractions 19-22, no further
concentration), both DRMs (each 33-fold concentrated) contributed
only little to the total protein present in postnuclear membranes of
M12.C3.F6 (less than 3% of the total postnuclear membrane
proteins). To rule out that these results are restricted to a particular
cell line, two other commonly used mouse B-cell lines were
analyzed (supplementary material Fig. S6). Markers for light DRMs
(Gml) and non-DRM membrane proteins (Lampl and CDS81)
showed a distribution comparable to those of M12.C3.F6. MHC
proteins floated similarly in all B-cell lines, although differences
were evident in the position and extent of flotation. As judged by
silver staining, dense DRMs contained a similar set of proteins in
all cell lines; however, light DRMs showed a greater variability.
This might be because of the different differentiation stages of the
B-lymphoma lines used. Regardless of this issue, MHC proteins
were found to co-float with DRMs defined by the two protein peaks.
This suggests that MHC I and MHC II are genuine components of
dense and light DRMs, respectively, in mouse B-cells.

Ultrastructure, lipid composition and cholesterol dependence

Light and dense DRMs differ in their ultrastructure, as shown by
negative staining and ultrathin sectioning (supplementary material
Fig. S7). The combination of both techniques demonstrated that light
DRMs were composed of flat, round disks of membranes, whereas
dense DRMs consisted of composite, curved, open objects. The
differences in structure and polypeptide composition suggest that
dense and light DRMs may also differ in their lipid constituents. As
is evident from Fig. 6A, Gy 1 was highly enriched in light DRMs,
but was hardly detected in dense DRMs. For further analysis, lipids
were extracted from DRMs and postnuclear membranes and analyzed
by high-performance thin-layer chromatography (HPTLC). Staining
with primulin revealed an enrichment of cholesterol, sphingomyelin
(SM)/phosphatidylinositol (PI) and phosphatidylserine in light
DRMs relative to the composition in postnuclear membranes (Fig.
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Fig. 6. Polypeptide and lipid composition of dense and light
DRMs of M12.C3.F6 cells. (A) DRMs prepared by rigorous Brij
i 98 extraction at a detergent to protein ratio of 1.25. (Top) Marker
0 PNM profiles. (Bottom left) Protein profile by silver staining. (Bottom
E 0 light DRMs right) Coomassie-stained gel of dense and light DRMs, each 33-
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v 25 was calculated assuming identical molar primulin adsorption of all
= lipids. SM and PI were quantified together. Error bars denote s.d.
] Note the abundance of cholesterol, SM/PI and PS in light DRMs,
and of PE in dense DRMs. PC, phosphatidylcholine; PE,
. phosphatidylethanolamine; PI, phosphatidylinositol; PS,
Chol PE PC PS SM+PI phosphatidylserine; SM, sphingomyelin.

6B). Dense DRMs showed a different lipid composition than light
DRMs, with little cholesterol and SM/PI, but with a high prevalence
of phosphatidylethanolamine (PE). PE and phosphatidylcholine
were the most abundant lipids in dense DRMs, accounting for about
95% of the primulin signal. The low cholesterol content of dense
DRMs was surprising in regard of the strong cholesterol dependency
of MHC I endocytosis. Therefore, we investigated whether the DRM
association of MHC I was dependent on cholesterol. Sequestration
of cholesterol by filipin did not destabilize MHC-containing DRMs
(RK. and R.L., unpublished data). We therefore examined the effect
of B-methyl-cyclodextrin (MCD), a drug capable of extracting
cholesterol from cellular membranes, on the DRM association of
MHC I. Cells were treated with 10 mM MCD for 30 minutes at
37°C before DRM isolation. As a positive control for cholesterol
depletion, the distribution of MHC II and AP was analyzed.
Approximately half of the floating MHC II was solubilized by MCD
treatment, whereas the other half shifted to a broad zone in the region
of dense DRMs (Fig. 7). This was also observed for AP, suggesting
that light DRMs were affected but not completely solubilized under
our conditions. By contrast, MCD treatment released 80% of the
floating MHC I to soluble fractions (Fig. 7). This suggests that,
despite its low level, cholesterol is essential for the stability of MHC
I-containing DRMs. This discrepancy might be caused by the
heterogeneity of dense DRMs that possibly consist of a minor

cholesterol-dependent, MHC I-positive subpopulation and a major
subpopulation that is independent of cholesterol. To clarify this issue,
the effect of MCD treatment on the polypeptide composition of dense
DRMs was analyzed by silver staining. As shown in Fig. 7 (bottom),
polypeptides of light DRMs completely disappeared from their
position after MCD treatment, whereas polypeptides of dense DRMs
were still present, albeit at a slightly reduced level. Because MHC
I levels were diminished by over 80% by this treatment, MHC I-
containing DRMs form a minor but distinct subpopulation of dense
DRMs. We wondered whether this MHC I-containing subpopulation
of dense DRMs also contained sphingolipids, another important lipid
component of membrane rafts. There is evidence that distinct
membrane rafts in the plasma membrane differ in respect to their
Gum1 and Gy3 content (Fujita et al., 2007; Gomez-Mouton et al.,
2001). Unfortunately, no Gy3 could be detected in M12.C3.F6 cells
(data not shown). However, the sphingolipid G2 was present at
low amounts in these cells, and it distributed to dense DRMs and
to a lesser extent also to light DRMs (Fig. 8A). Clustering revealed
its co-distribution with both MHC I and MHC 1I at the plasma
membrane (Fig. 8B). This suggests that Gys2 is a component of both
types of membrane environment and that the MHC I-containing
subpopulation of dense DRMs may bear some resemblance in
structural organization to cholesterol- and sphingolipid-rich light
DRMs.



()
(&)
c
Q0
O
w
)
o
—
(@)
E
[
—_
>
o
)

1590 Journal of Cell Science 122 (10)

M, [kDa] 2 4 6 8 10 12 14 16 18 20 22 p
66{ con
o e ““ -
454
ss1 MCD L Ry ST muiuu
= 451 MHC Il
g 20 A
B
o 10
o
oo
— MHC |
R
= 20
=
[}
5 0
— 20
B
10 AP
0
M, [kDa]
200-
120 :
101 silver
79 .
50 stain,
35- control
28-
209-
120. | .
101" Lk BHHHH silver
50- 1 EH : Stain,
gg: == - MCD

light dense

Fig. 7. Sensitivity of dense and light DRMs to cholesterol extraction.
M12.C3.F6 cells were extracted with 10 mM MCD or left untreated before
PNM preparation and rigorous extraction with Brij 98. In addition to
individual proteins, total protein was analyzed by silver staining. Gels from
control and MCD-treated samples were stained in one tray for comparability.
Note that MHC I, MHC II and light DRM polypeptides were strongly
diminished at their DRM position by MCD treatment, whereas polypeptides
associated with dense DRMs were only slightly affected. AP, alkaline
phosphatase; con, control; MCD, B-methyl-cyclodextrin.

Relationship between DRMs and stabilized membrane rafts

The TX-100 resistance of some membrane raft proteins is enhanced
by antibody-mediated clustering/patching (Becart et al., 2003;
Harder et al., 1998; Huby et al., 1999), suggesting that this regimen
changes the properties of the subsequently extracted DRMs. To
investigate this issue for Brij 98 DRMs, we patched MHC molecules
on the surface of M12.C3.F6 cells and prepared DRMs by rigorous
Brij 98 extraction. Upon patching with MHC I-specific antibodies,
more than 90% of MHC I became resistant to Brij 98 extraction
and the MHC I-containing DRMs shifted, by about two fractions,
closer to light DRMs (supplementary material Fig. S§A). Patching
of MHC 1I also induced high resistance to Brij 98. Antibody-
clustered MHC II molecules were shifted by three fractions to the
opposite direction (to higher densities, see Fig. S8A), and now
overlapped with dense DRMs. Patching of MHC II also co-shifted
~30% of AP and Gy(1, which is indicative of the co-recruitment of
these markers. By contrast, patching of MHC I had only a small
effect on the distribution of AP, Gy1 and mature MHC II. These
small shifts were nevertheless specific, as a non-raft protein at the
plasma membrane, B220, and ER-localized, immature MHC 1I o

fractions [1 ml]

A 1.2 3 4 5 6 7 8 9101 P
o " c‘ i A|MHC 1
(X X N oe Gyl
@0 @e o |GM2
[ o 0@ 8 |wHc
B light dense soluble

Fig. 8. Distribution of Gy2 to MHC I- and MHC II-containing membrane
environments. (A) Localization of Gy2 in dense and light DRMs. Immunoblot
analysis of the distribution of MHC I, MHC 11, Gyl and G2 after rigorous
Brij 98 extraction and flotation. Owing to low Gy2 levels in M12.C3.F6 cells,
DRMs were concentrated 20-fold before dot blotting with anti-Gy2. (B) Co-
clustering analysis of Gy2 and MHC proteins. Gy2 and MHC I or MHC 11
were clustered by primary and cross-adsorbed secondary antibodies. Only
tangential confocal sections are displayed. Note that both MHC I and MHC 11
showed co-clustering with patched Gy2. Scale bars: 2 um.

chain were not affected at all (supplementary material Fig. S8A).
Our data thus demonstrate that patching with antibodies at the cell
surface specifically changes the properties of the DRMs that
contain the targeted molecules. In a search for other putative protein
constituents of DRMs, gradient profiles were silver stained and
inspected for polypeptides that co-shifted with patched MHC
molecules (supplementary material Fig. S8B). We detected a
polypeptide of approximately 210 kDa that specifically shifted with
MHC I (arrow) and two polypeptides in the 30-50 kDa range that
shifted with MHC II (asterisks). Furthermore, our analysis revealed
that MHC-containing DRMs were only minor subpopulations, as
patching only resulted in density shifts in a few polypeptides.

Discussion

Our results provide several lines of evidence for an involvement of
distinct membrane rafts in the endocytosis of mature MHC
molecules: (1) MHC proteins preferred distinct membrane
environments at the plasma membrane; (2) MHC I and MHC 1I
distributed to chemically distinct types of DRMs; and (3) the
endocytosis of MHC molecules showed a high dependence on
cholesterol characteristic for membrane raft-mediated endocytosis
and it proceeded via two distinct vesicular carriers, both of which
were devoid of TfnR.

The membrane environment of MHC proteins

Antibody-mediated clustering has been widely used to obtain
information about the membrane environment of molecules.
Although this technique does not report on the environment of
membrane molecules before patching, it reveals a tendency of
closely apposed membrane molecules to assemble a specific
environment such as a raft. Co-patching of MHC II and Gy1 has
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been reported, but MHC I has not been found to co-cluster with
this molecule (Anderson et al., 2000; Goebel et al., 2002; Huby et
al., 1999; Karacsonyi et al., 2004). We confirmed these data and
also demonstrated that there was only limited co-patching of MHC
I and MHC 11, suggesting that these proteins prefer distinct
membrane environments. Our results are at variance with studies
that reported a co-distribution of MHC I with MHC II even in the
absence of experimental clustering (Chiu et al., 1999; Jenei et al.,
1997; Szollosi et al., 1996; Vamosi et al., 2004). We cannot rule
out that patching of MHC proteins releases them from any pre-
existing clusters. Evidence for such a reorganization has been
obtained for GPI-anchored proteins, which dissociated from highly
dynamic nanoclusters and switched internalization pathways upon
patching (Sharma et al., 2004). However, we consider pre-existing
clusters containing both MHC I and MHC II to be unlikely in our
cells, because: (1) two different procedures, detergent extraction
and patching, provided evidence for the distinct preferences of MHC
molecules; (2) endocytosis of MHC I and MHC II proceeded on
different pathways; and (3) there is biophysical evidence that MHC
II molecules do not diffuse in higher association states without
patching (Umemura et al., 2008; Vrljic et al., 2002).

Distribution of MHC proteins to chemically distinct DRMs
Attempts to separate different types of DRMs supported the notion
that chemically distinct DRMs might exist (Briigger et al., 2004;
Drevot et al., 2002; Roper et al., 2000). Our work continues on
these lines and shows for the first time a direct separation of two
chemically distinct DRMs derived from a single subcellular
compartment. The distribution of MHC proteins to distinct DRMs
correlated with the preference for different membrane environments
and with the selection of separate endocytic pathways, implicating
the association with distinct membrane rafts as the common cause.
However, observations of detergent-induced formation of DRMs
on synthetic membranes devoid of rafts (Heerklotz, 2002) and of
PIP2 patches in living cells (van Rheenen et al., 2005) place doubt
on a close correlation between DRMs and membrane rafts.
Consistent with artificial induction, our Brij 98 DRMs are larger
than membrane rafts observed in live cells [30-500 nm (see Fig.
S7 in the supplementary material), versus 5-30 nm (Prior et al.,
2003; Sharma et al.,, 2004)]. However, the observation of two
chemically distinct DRMs suggests that Brij 98 induced homotypic
coalescence of DRM precursors, thus avoiding mixing. These DRM
precursors might correspond to the dynamic ‘nanoclusters’ observed
in live cells (Sharma et al., 2004) or to lipid shells (Anderson and
Jacobson, 2002).

MHC 1II has been shown by us and many others to be associated
with DRMs (Anderson et al., 2000; Becart et al., 2003; Bouillon
et al., 2003; Goebel et al., 2002; Hiltbold et al., 2003; Huby et al.,
1999; Karacsonyi et al., 2005; Karacsonyi et al., 2004; Meyer zum
Bueschenfelde et al., 2004; Setterblad et al., 2004; Setterblad et al.,
2003). To our knowledge, this study is the first report showing a
direct and cholesterol-dependent DRM association for MHC I, an
observation that is consistent with its filipin-sensitive internalization
pathway (Fig. 3) (Naslavsky et al., 2004). The cholesterol
dependence, the presence of Gy2 in dense DRMs, and its co-
patching with MHC 1 suggest that the MHC I-containing
subpopulation of dense DRMs might be organized similarly to
cholesterol- and sphingolipid-rich membrane rafts. Some MHC I-
related CD1 molecules, which function in the presentation of lipid
antigens, have also been shown to be associated with DRMs (Sloma
et al., 2008). However, this property appears to be controlled by

invariant chain, a molecule that floated closer to light than to dense
DRMs in our gradients (data not shown). We therefore would predict
that invariant chain-dependent CD1 molecules are not components
of dense DRMs.

Antibody-mediated clustering (patching) is thought to stabilize
membrane rafts by inducing their coalescence, which in turn
increases the resistance to detergent (Harder et al., 1998). For MHC
II, moderate to strong increases in detergent resistance have been
reported after patching (Becart et al., 2003; Huby et al., 1999),
consistent with our data (supplementary material Fig. S8). We found
a similar increase for MHC I, underscoring its affinity for membrane
rafts. Furthermore, specific density shifts were observed after
patching. These were probably caused by the antibodies and the
recruitment of additional membrane components to cell surface
patches. Clustering antibodies should increase the density of DRMs,
as observed for MHC II. Shifts to lower density might be caused
by the recruitment of cytoskeletal proteins (Holowka et al., 2000;
Setterblad et al., 2003). The opposite shift of MHC I DRMs,
however, can only be explained by a substantial recruitment of low-
density membrane components, consistent with an induced
reorganization of the DRM. Apart from small amounts of Gyl and
AP, we detected a ~210 kDa polypeptide that specifically shifted
with MHC 1. The latter polypeptide is the first candidate marker
for a stabilized MHC I raft. It is also interesting that the patching
of MHC molecules resulted in co-shifts of only a few proteins,
suggesting that most dense and light DRMs did not contain MHC
proteins. In line with this, MHC I DRMs formed a small, MCD-
sensitive subpopulation of dense DRMs (Fig. 7). The presence of
multiple types of Brij 98-resistant membranes might reflect the
heterogeneity of membrane rafts (Jacobson et al., 2007; Pike, 2004).

Endocytosis of MHCs on separate membrane raft
internalization pathways

Our work has revealed a correlation between the internalization of
MHC I and MHC II into separate, TfnR-negative endocytic carriers,
and their preference for distinct membrane rafts as measured by
cell biological and biochemical assays. It suggests that MHC
proteins use different entry mechanisms, both of which are strongly
cholesterol dependent. Our results are at variance with a study
proposing a common endocytic pathway for MHC I and MHC 11
(Chiu et al., 1999). In this study, however, endocytosis was analyzed
only at time points after the separate pathways merged, as revealed
in our analysis. Moreover, we observed slow and highly filipin-
sensitive endocytosis of MHC proteins that was contrasted by the
fast and barely filipin-sensitive endocytosis of TfnR. In line with
this, early endocytic carriers for MHC molecules were devoid of
TfnR (supplementary material Fig. S1). These results suggest that
MHC proteins internalize on clathrin-independent routes in mouse
B-cells. An ARF6-regulated recycling pathway has been described
for MHC I and for a GPI-anchored protein in human fibroblasts
(Naslavsky et al., 2004). It involves tubular, ARF6-positive
endosomes transited en route to conventional, RAB5-positive early
endosomes. Our data on DRM association, cholesterol-dependent
endocytosis and the morphology of early endocytic carriers are
consistent with such a pathway. By contrast, the ability of MHC II
to co-internalize with a part of CTB (Fig. 2), and to co-recruit Gy 1
and a GPI-linked protein after patching (Fig. 4, supplementary
material Fig. S8), suggests that MHC II might enter via the so-
called CLIC/GEEC pathway. This Cdc42-, ARF1- and GRAF1-
regulated route mediates bulk flow endocytosis in fibroblasts and
is a major uptake pathway for CTB/Gy1 and for GPI-linked proteins
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(Kirkham et al., 2005; Kumari and Mayor, 2008; Lundmark et al.,
2008; Sabharanjak et al., 2002). The study of Lundmark et al. also
provided evidence for cold-sensitive tubular carriers involved in
the uptake via this pathway (Lundmark et al., 2008), consistent with
our observations (supplementary material Fig. S1). The ARF6- and
the Cdc42/ARF1-regulated pathways are thought to converge on
conventional early endosomes (Mayor and Pagano, 2007), again in
agreement with our findings. Shortly before this manuscript was
submitted a study appeared providing evidence for clathrin- and
dynamin-independent  endocytosis of MHC II into
ARF6'RAB35'EHD1" endosomes in human antigen-presenting
cells (Walseng et al., 2008). Although partially consistent with the
data presented here, this study implies a common entry pathway
for MHC I and MHC 1I. Similar to others (Chiu et al., 1999),
however, the authors base their conclusions on marker colocalization
at endocytosis times (30 minutes) after the merge of the MHC entry
pathways (see Fig. 1).

Why are there two distinct endocytosis pathways for MHC
molecules to common endosomes? These pathways might be just
a functional consequence of the different membrane raft preferences
of MHC molecules. In B-cells, which co-express MHC [ and MHC
II, such differential preferences might foster the functional
separation of immunological synapses formed with CD8"- and
CD4*-T-cells, respectively. A distinct membrane raft preference of
MHC proteins could also influence their endosomal sorting. MHC
1T recycles through non-proteolytic, early endosomal compartments
without reaching late endocytic organelles (Griffin et al., 1997,
Lindner, 2002; Lindner and Unanue, 1996; Pinet et al., 1995). On
this recycling route, MHC II is (re)loaded with peptides and proteins
by an exchange mechanism (Griffin et al., 1997; Lindner and
Unanue, 1996; Pathak and Blum, 2000; Sinnathamby and Eisenlohr,
2003). By contrast, low pH, proteolytic, late endocytic organelles
have been proposed as the peptide-loading compartments in MHC
I cross-presentation (Gromme et al., 1999; Lizee et al., 2003), but
very recent work also invokes early endosomal compartments (Di
Pucchio et al., 2008). It will be challenging to elucidate the sorting
mechanisms that govern the access to and the egress from loading
compartments of these non-classical antigen-presentation pathways.

Materials and Methods

Reagents

Antibodies against CD81 (EAT-1), B220 (RA3-6B2), TfnR (C2) and Lamp! (1D4B)
were from BD Biosciences, those against ICAM1 (KAT-1) were from Fitzgerald and
those against Gy2 were from Calbiochem. The anti-MHC I antibody 30-5-7 was a
kind gift from Ted Hansen (Washington University, St Louis, MO). Other antibodies
(40F, 10.2.16, In-1 and R1-9.6) were produced from cell culture supernatants (Lindner,
2002). The anti-A*o-chain antibody has been described previously (Lindner, 2001).
CTB and an anti-CTB antibody were obtained from Quadratech. Secondary antibodies
were bought from Dianova, DAKO or Invitrogen. ProLong antifade was obtained
from Invitrogen. Neutravidin-HRP, NHSS-LC-biotin, NHSS-SS-biotin and the BCA
protein assay were from Pierce. Protein A- and protein G-sepharose and ECL film
were bought from Amersham. Western Lightning ECL reagent was from NEN.
Sucrose, B-octylglucoside, and DNase I were obtained from Calbiochem. Brij 98,
FITC-labeled cholera toxin B-subunit, MCD, poly-L-lysine, glutathion and filipin ITT
were bought from Sigma. Nitrocellulose membrane (BA83) was obtained from
Millipore. Glutaraldehyde and osmium tetroxide were purchased from Polysciences.
HPTLC 20X20 cm aluminum sheets coated with silica gel 60 were from Merck/VWR.
All other chemicals were analytical grade and were obtained from Sigma or
Merck/VWR.

Cells

The B-cell line M12.C3.F6 and the hybridoma lines 40F, 10.2.16, In-1 have been
described previously (Lindner, 2002). They and the B-cell lines TA3 (Glimcher et
al., 1983) and CH27 (Haughton et al., 1986), and the hybridoma R1-9.6 (anti-mouse
MHC I) (Koch et al., 1983), were cultured in RPMI 1640 Glutamax I supplemented
with 1 mM pyruvate, 100 U/ml penicillin and 100 pg/ml streptomycin, 10 mM HEPES,
pH 7.3, 50 uM B-mercaptoethanol (Invitrogen) and 10% fetal calf serum (Biochrom).

Immunofluorescence assay for endocytosis

MI2.C3.F6 cells (1X10° were incubated with antibodies and/or CTB-FITC at
10 pg/ml in 100 pl endocytosis medium (EM: RPMI 1640 Glutamax I supplemented
with 1 mM pyruvate, 100 U/ml penicillin, 100 pg/ml streptomycin, 10 mM HEPES
and 0.1% or 1% BSA) for 45 minutes on ice. After washing, the cells were resuspended
in 200 pl pre-warmed EM for 2.5-20 minutes at 37°C or kept on ice. Endocytosis
was stopped with 1 ml cold HBSS. Cells were fixed with 4% paraformaldehyde in
PBS, quenched with 50 mM NH4CI in PBS, washed and transferred onto poly-L-
lysine-coated glass coverslips. Alternatively, cells were fixed immediately after
endocytosis by dilution in 1.4 ml pre-warmed 4% paraformaldehyde and a 4-minute
incubation at 37°C. Then the cells were quenched and transferred onto coverslips.
After permeabilization with 0.05% saponin in PBS and blocking (BB: 1% BSA, 0.05%
saponin, 0.02% NaNj in PBS), the cells were incubated with cross-adsorbed
secondary antibodies (5 pg/ml in BB) for 45 minutes at room temperature, washed
in PBS, mounted in ProLong antifade medium and inspected on a Zeiss 510 confocal
laser scanning microscope. Appropriate photomultiplier settings were obtained with
controls stained with mismatched primary and secondary antibodies.

Antibody-mediated clustering of MHC proteins

M12.C3F6 cells (1X10°) were incubated with 10 pg/ml primary antibodies (40F, R1-
9.6 or anti-Gy2) in washing buffer (WB; 1% BSA in HBSS) for 45 minutes on ice.
Incubation with secondary antibodies (5 pg/ml in WB) and/or CTB-FITC (1 pg/ml
in WB) was for 45 minutes on ice. After several washes, the cells were resuspended
in 100 pl cold WB and incubated for 5 minutes at 37°C for patching. The cells were
washed again, fixed with 4% paraformaldehyde, quenched with 50 mM NH4Cl in
PBS, and transferred onto poly-L-lysine-coated coverslips. Mounting and analysis
was carried out as described above.

Surface biotinylation and endocytosis

Surface biotinylation was done as described (Lindner, 2002). For detergent extraction
experiments, 5X 107 M12.C3.F6 cells were biotinylated with non-cleavable NHSS-
LC-biotin. For endocytosis experiments, M12.C3.F6 cells (3X107 per time point)
were surface biotinylated with NHSS-SS-biotin. Endocytosis was started by incubating
the cells in pre-warmed EM for 2-8 minutes at 37°C and stopped by adding ice-cold
EM. Subsequently, surface biotin was removed by GSH-stripping and the cells were
processed for sequential immunoprecipitation as described (Karacsonyi et al., 2004;
Lindner, 2002).

Isolation of detergent-resistant membranes

Detergent extractions were performed on post-nuclear membranes (PNMs) prepared
as described (Karacsonyi et al., 2004; Lindner, 2002). All extractions were performed
at protein concentrations of 4-6 mg/ml and detergent to protein ratios of 1.7 to 2.5
(w/w). To all extracts, DNase I at 100 pug/ml was added. For extraction with TX-
100, a published protocol was used with slight modifications (Anderson et al., 2000;
Karacsonyi et al., 2005): PNMs were resuspended in 500 pl MES buffer (20 mM
MES, 150 mM NaCl, 0.02% NaN3) supplemented with 1% TX-100 and protease
inhibitors (5.1 pg/ml leupeptin, 0.1 mM PMSF, 1 ug/ml E-64, 1 pg/ml pepstatin and
5 mM iodoacetamide) and extracted for 1 hour on ice. Then, 500 ul of cold 90%
sucrose in MES buffer were added and a linear 10-40% sucrose gradient (in MES
buffer and protease inhibitors +1% TX-100) was poured onto the sample. The gradient
was ultracentrifuged at 247,400 X g for 18.5 hours in a Beckman SW41 rotor and
fractionated. In the short Brij 98 extraction procedure (Drevot et al., 2002), PNMs
were resuspended in 450 pl of MES buffer and protease inhibitors. After warming
to 37°C, 50 ul of 10% Brij 98 was added, then samples were incubated for 5 minutes
at 37°C, chilled on ice (~1 hour) and mixed with 500 pl of 90% sucrose dissolved
in MES buffer. Gradients (devoid of Brij 98) and centrifugation were as described
above. In the rigorous Brij 98 extraction procedure (Karacsonyi et al., 2004), PNMs
were resuspended in 500 pl of MES buffer supplemented with 1% Brij 98 and protease
inhibitors (MB") and lysed on ice for ~14 hours, followed by 5 minutes at 37°C. The
reversed extraction order, with the 37°C step first, yielded similar results. The extract
was then mixed with 500 pl of 90% sucrose in MB. Gradients (in MB") were poured
and centrifuged as above.

Density gradient electrophoresis

Density gradient electrophoresis (DGE) was performed as described earlier (Lindner,
2001; Lindner, 2002). Before processing for DGE, the cells (3X107) were passed
through a biotinylation/endocytosis experiment as detailed above.

Protein methods

SDS-PAGE, immunoblotting and densitometric quantification were performed as
described (Karacsonyi et al., 2004). For total protein analysis, standard Coomassie
staining or a silver staining procedure (Morrissey, 1981) were used. Sequential
immunoprecipitation was performed as described (Karacsonyi et al., 2004; Lindner,
2002).

Perturbation of membrane cholesterol
For sequestration of membrane cholesterol, M12.C3.F6 cells were pre-incubated with
15 uM filipin IIT in endocytosis medium (EM) at 37°C for 30 minutes. After surface
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biotinylation, endocytosis was done in EM at 37°C in the continued presence of filipin
II1. For extraction of membrane cholesterol, washed M12.C3.F6 cells were incubated
in pre-warmed RPMI 1640 containing 10 mM MCD for 30 minutes at 37°C. After
one gentle wash with HBSS, post-nuclear membranes were prepared.

Lipid analysis and enzymatic reactions

DRM fractions (derived from 1.8 10® cells) were pooled, mixed with 1:3 with cold
MES buffer (20 mM MES, 150 mM NaCl, 0.02% NaNj3) and spun at 100,000 X g
for 2 hours at 4°C. Lipid was extracted from pelleted DRMs or post-nuclear
membranes (PMNSs, derived from 3107 cells) as described earlier (Karacsonyi et
al., 2005). Alkaline phosphatase and B-hexosaminidase were analyzed as described
(Karacsonyi et al., 2004; Lindner, 2001).

Electron microscopy

For negative staining, light and dense DRM fractions were adsorbed onto carbon
film and contrasted with uranylacetate according to published procedures (Valentine
et al., 1968). For ultrathin sectioning, light and dense DRM fractions were diluted
1:3 in MES buffer and centrifuged in a TLA 100.4 rotor (Beckman, 439,800 X g,
1 hour, 4°C). Pellets were fixed in 2.5% glutaraldehyde in sodium cacodylate buffer
(pH 7.3, 0.1 Osm) at 4°C. The specimens were post-fixed in 1.5% OsOy4 and 0.7%
K;3[Fe(CN)g] for 1 hour at room temperature, dehydrated in ethanol (50, 75, 90, 100%
and embedded in epon. Ultrathin sections were cut on an LKB Ultratome III (Bromma,
Sweden), stained with uranylacetate and lead citrate, and examined in a Philips EM301
microscope at 80 kV.

We thank Elke Mallon for ultrathin sectioning, Gudrun Daenecke
for technical assistance, Ted Hansen for generously providing the mAb
30-5-7, and Ernst Ungewickell and Hassan Naim for comments on
the manuscript. This work was supported by the German Research
Foundation (SFB 621, to R.L.).
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