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MHC Class |1 Molecules Traffic into Lipid Rafts during
Intracellular Transport

Neil J. Poloso, Aura Muntasell, and Paul A. Roche!

There have been many studies demonstrating that a portion of MHC class || molecules reside in deter gent-insoluble membrane
domains (commonly referred to as lipid rafts). We have proposed that the function of raft association is to concentrate specific
MHC class |1-peptide complexes in plasma membrane microdomains that can facilitate efficient T cell activation. We now show
that MHC class |1 becomes lipid raft associated before binding antigenic peptides. Using pulse-chase radiolabeling techniques, we
find that newly synthesized MHC class Il and MHC class Il-invariant chain complexes initially reside in a detergent-soluble
membrane fraction and acquire detergent insolubility as they traffic to lysosomal Ag processing compartments. Monensin, an
inhibitor of protein transport through the Golgi apparatus, blocks association of newly synthesized MHC class I with lipid rafts.
Treatment of cells with leupeptin, which inhibits invariant chain degradation, leads to the accumulation of MHC class 11 in lipid
rafts within the lysosome-like Ag-processing compartments. Raft fractionation of lysosomal membranes confirmed the presence
of MHC class |1 in detergent-insoluble microdomains in Ag-processing compartments. These findings indicate that newly syn-
thesized MHC class || complexesaredirected to detergent-insoluble lipid raft microdomains befor e peptide loading, a process that
may facilitate the loading of similar peptides on MHC class || complexes in these microdomains. The Journal of |mmunology,

2004, 173: 4539—-4546.

ctivation of CD4" T cells requires engagement of the

TCR with specific MHC class |1-peptide complexes on

the surface of an APC. Less than 500 MHC class |-
peptide complexes are required for T cell activation, a number that
can represent <0.1% of the total amount of class Il on the APC
surface (1-3). We are interested in understanding the mechanism
that would allow aT cell to engage such asmall number of specific
class I1-peptide complexes. One possible mechanism could be that
these relevant class |1-peptide complexes are not randomly distrib-
uted on the surface of APCs but are instead locally concentrated in
small plasma membrane microdomains.

Lipid rafts are membrane microdomains that have received con-
siderable attention in recent years. These microdomains are char-
acterized as having a high concentration of cholesterol and sphin-
golipids and are often enriched in GPl-anchored and other lipid-
modified proteins. Although individua rafts are too small to
visualize by light microscopy, rafts and raft components are often
characterized by their biophysical property of exhibiting relative
insolubility in nonionic detergents and can be isolated in discon-
tinuous sucrose density gradients (4). As assessed by both deter-
gent insolubility and immunofluorescence microscopy, there is
considerable evidence that a significant proportion of MHC class||
resides in these detergent-insoluble lipid raft membrane microdo-
mains in a variety of APC subtypes, including B cells, macro-
phages, and activated dendritic cells (5-12). Disruption of APC
lipid rafts profoundly inhibits T cell activation by APCs only under
conditions in which the number of Ag-specific complexes is lim-
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iting (13). This evidence has led usto propose that association with
lipid rafts servesto increase the local surface density of MHC class
Il peptide complexesto facilitate TCR cross-linking and activation
(11, 13).

Because perturbing MHC class |1 association with lipid rafts can
inhibit Ag presentation to T cells, it follows that under these con-
ditions each “raft” must contain more than one class || molecule
with any given peptide (i.e., each raft must contain at least two
copies of identica class Il-peptide complexes). However, how
MHC class || containing identical peptides could cometo residein
the same lipid raft microdomain is unclear. Our hypothesis is that
it occurs by a mechanism that is intimately related to the cell bi-
ology of class || trafficking and antigenic peptide loading in APCs.
Newly synthesized class Il binds to a chaperone protein, termed
the invariant chain (1i)? in the endoplasmic reticulum (ER), which
escorts nascent MHC class Il apl complexes out of the ER,
through the Golgi apparatus, and ultimately into lysosome-like Ag
processing compartments (14). In these compartments, li is de-
graded by proteases and dissociates from MHC class |1 (15). Only
asmall CLIP remains associated with the peptide-binding groove
of the MHC class Il o dimer in this compartment (16, 17). The
peptide editor HLA-DM, which also resides in these Ag-process-
ing compartments, catalyzes the exchange of the class Il-associ-
ated CLIP fragment with high affinity antigenic peptides that are
generated by proteolysis of internalized foreign Ag (16, 17). Upon
antigenic peptide loading the MHC class |l-peptide complexes
travel via vesicles and/or tubules from these peptide-loading com-
partments to the plasma membrane (14, 18, 19).

In this study, we have examined at what point in the intracel lular
MHC class |l trafficking pathway MHC class Il first associates
with lipid raft microdomains. We considered two distinct, testable
possibilities: 1) that newly arriving MHC class |l-peptide com-
plexes are aready raft-associated before delivery to the plasma

2 Abbreviations used in this paper: li, invariant chain; ER, endoplasmic reticulum;
MCD, methyl-B-cyclodextrin; endo H, endoglycosidase H; NEPHGE, nonequilibrium
pH gradient electrophoresis; LIP, leupeptin-induced polypeptide.
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membrane or 2) that MHC class I1-peptide complexes associate
with pre-existing lipid rafts only after arrival at the plasma mem-
brane. Using pulse-chase biosynthetic |abeling techniques, we find
that the former of the two possibilities is correct and that newly
synthesized MHC class I associates intracellularly with lipid rafts
in a post-Golgi Ag-loading compartment. Additionally, we show
that association of MHC class |1 with lipid rafts is not dependent
upon class Il binding to li, demonstrating that raft association of
MHC class Il isan intrinsic property of the MHC class || molecule
itself and does not require li-dependent sorting of MHC class |1
molecules to intracellular Ag-processing compartments.

Materials and Methods
Cell lines

Human JY B cellswere maintained in RPMI 1640 containing 10% FBS, 10
mM glutamine, 10 mM HEPES, and 50 wg/ml gentamicin (complete
RPMI) at 37°C. Hela cells were maintained in DMEM containing 10%
FBS, 10 mM HEPES, 10 mM glutamine, and 50 pg/ml gentamicin at 37°C.

Transfection studies

cDNA constructs used in this study were pcDNA-3 (Invitrogen Life Tech-
nologies, Carlsbad, CA), pcDNA3-human li-p33, and CDM8-HLA-DR3«,
CDM8-HLA-DR3 (20). Subconfluent HelL a cells were transiently trans-
fected using LipofectAmine Reagent (Invitrogen Life Technologies) ac-
cording to manufacturer’s instructions and harvested for biochemical stud-
ies 24 h later.

Abs and reagents

Abs to ICAM-1 and CD59 were purchased from Serotec (Raleigh, NC).
mAb L243 and isotype control 1gG Abs were purchased from BD Pharm-
ingen (San Diego, CA). Anti-calnexin mAb was purchased from BD Trans-
duction Laboratories (San Diego, CA). The mAbs to the HLA-DR-a-chain
(DA6.147), HLA-DR B-chain (XD5.A11), and human li (Pinl.1) have
been previously described (20). A rabbit antiserum recognizing the cyto-
solic domain of the HLA-DR B-chain was the generous gift of Dr. E. Long
(Nationa Institute of Allergy and Infectious Diseases, National Institutes
of Health, Bethesda, MD). The control Ab, MOPC21, and protein
A-Sepharose beads was purchased from Sigma-Aldrich (St. Louis, MO).
The anti-li Ab, LL1, has been previously described (21). The anti-
HLA-DM mAb K-76 was akind gift of Dr. S. Pierce (Nationa Institute of
Allergy and Infectious Diseases, National Institutes of Health). [*°S]Me-
thionine was purchased from ICN Biosciences (Irvine, CA). Methyl-B-
cyclodextrin (MCD) was purchased from Sigma-Aldrich. Endoglycosidase
H (endo H) was purchased from New England Biolabs (Beverly, MA).

Radiolabeling (pulse-chase) experiments

Human JY B cells were harvested from culture (in log phase growth) and
washed twice with methionine-free DMEM containing 3% dialyzed FBS,
10 mM HEPES, 50 pwg/ml gentamicin, and 50 uM 2-ME. Cells (usually
75 X 10° cells per time point/condition) were resuspended at 10 X 10%/ml
and incubated in methionine-free medium at 37°C for 9 min. [**S]Methi-
onine was added to a fina concentration 1.5 mCi/75 X 10° cells and in-
cubated with the cells at 37°C in a humidified CO, atmosphere for various
time points. The pulse radiolabeling was stopped by the addition of ice-
cold media containing a 20-fold excess of unlabeled methionine and
washed. Cells were then either immediately used for subsequent raft frac-
tionations or chased in complete RPM| medium containing a 5-fold excess
of unlabeled methionine at a concentration of 2 X 10%ml for various time
points. In some experiments. monensin (100 nM; Sigma-Aldrich) or leu-
peptin (0.5 mg/ml; Sigma-Aldrich) were added during the chase. In some
studies, either unlabeled or radiolabeled cells were treated with 10 mM
MCD for 12 min before raft isolation as described previously (11).

Isolation of lipid rafts

Isolation of membrane rafts was performed as described in Ref. 13. Briefly,
cellswere lysed at a concentration of 10° cells/ml in MES-saline buffer (20
mM MES, 150 mM NaCl, pH 6.5) containing 1% Brij-58 and protease
inhibitors (500 uM PMSF, 100 uM Na-p-tosyl-I-lysine chloromethyl ke-
tone (TLCK), 5 mM iodoacetamide, 10 wg/ml aprotinin, and 5 wg/ml leu-
peptin) for 1 h on ice. The lysate was mixed 1:1 with 90% sucrose in MES
saline and placed at the bottom of an ultracentrifuge tube. The sample was
overlaid with 6 ml of 30% sucrose and 4 ml of 5% sucrose in MES buffer
and centrifuged at 100,000 X gin a SW41-Ti swinging bucket rotor at 4°C
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for 18 h. Fractions (1 ml) were gently removed from the top of the gradient
and each sample was incubated with N-octylglucoside (1% final) at 4°C for
1 h to completely solubilize Brij-58 insoluble membrane fractions.

Isolation of lysosomal Ag-processing compartments

Lysosomes from JY B cellswere isolated by standard protocol as described
(22). JY B cells (10°) were washed twice in HBSS (Mg and Ca-free) and
oncein TEA/sucrose buffer (10 mM triethanolamine, 1 mM EDTA, 10 mM
acetic acid, 250 mM sucrose, pH 7.4). Cells were then resuspended in
ice-cold TEA/sucrose (~35 X 10%ml) and passed through a ball-bearing
homogenizer (0.01 cm clearance) on ice for eight passes (resulting in
~80% cracked cells). The homogenate was subjected to centrifugation at
1300 X g for 10 min twice to remove intact cells, nuclei, and cell debris.
Two milliliters of postnuclear supernatant was mixed with 9 ml of ice-cold
TEA-buffered 27% Percoll (Amersham Biosciences, Piscataway, NJ) and
placed into a 12-ml ultracentrifuge tube. A 0.6-ml cushion of TEA-buffered
27% Histodenz (Sigma-Aldrich) was underlaid beneath the Percoll and the
sample was subjected to centrifugation at 17,000 rpm in a SWA4LTi rotor for
1 h at 4°C. The low density membranes (2 ml) were visualized and col-
lected from the top of the gradient and the high-density lysosomal mem-
branes (0.6 ml) were visualized just above the Histodenz cushion and col-
lected by needle puncture. Aliquots of each pool were saved for
immunoblot analysis. The membranes from each pool were pelleted by
centrifugation at 100,000 X g at 4°C, washed once in PBS, and the mem-
brane pellets lysed in an equal volume of MES buffer containing 2%
Brij-58 and protease inhibitors. Lipid raft isolation was conducted as de-
scribed in the previous section.

Immunopr ecipitations

To detect radiolabeled proteins or protein complexes in membrane raft
fractions, pools of raft and nonraft (soluble) fractions were subjected to
immunoprecipitation. BSA (1 mg/ml final) was added to each pool to in-
hibit nonspecific protein adsorption to Sepharose beads. Protein A-Sepha-
rose beads (Sigma-Aldrich) were precoupled to rabbit anti-mouse g serum
(Sigma-Aldrich) and specific mouse mAbs were incubated with the beads
for 1 h at 4°C. Beads were washed in Tris-saline buffer (10 mM Tris, 150
mM NaCl, pH 7.4) and once in immunoprecipitation buffer (1% Triton
X-100, 1 mg/ml BSA in Tris saline containing protease inhibitors as de-
scribed in raft isolation). Pooled fractions were precleared with beads cou-
pled to the control mAb MOPC21 for 1 h at 4°C. Aliquots of precleared
lysates were added to specific immunoprecipitation beads and the mixtures
were incubated 2—-4 h at 4°C on a rotator. |mmunoprecipitates were ex-
tensively washed in immunoprecipitation buffer and the pellets were frozen
at —80°C until analysis. Immunoprecipitates were analyzed by either one-
dimensional SDS-PAGE or two-dimensional gel with nonequilibrium pH
gradient electrophoresis (NEPHGE) in the first dimension followed SDS-
PAGE in the second dimension (23). All radiolabeled gels were fixed in
20% methanol/10% acetic acid, and signals enhanced by treatment with
Enlightening (ICN Biosciences) before drying and exposure. Aliquots of
each immunoprecipitate were also analyzed by SDS-PAGE and immuno-
blotting. In some experiments, immunoprecipitates were split and treated
with or without endo H for 1 h at 37°C as per the manufacturer's
instructions.

Immunoblotting

To visualize proteins residing in membrane rafts, equal portions of each
fraction or pooled fractions were analyzed by separation on 10.5% SDS-
PAGE, transferring to Sequi-blot PVDF membranes (Bio-Rad, Hercules,
CA) and immunoblotting with specific mAbs. Blots were analyzed by us-
ing primary Abs (either supernatants, purified Abs, or ascite fluid) as de-
scribed in the figure legends. Blots were developed with HRP-conjugated
anti-mouse 1gG (1:2500) or anti-rabbit 1gG (1:5000) (Southern Biotech-
nology Associates, Birmingham, AL) followed by ECL (PerkinElmer, Bos-
ton, MA). Quantitative analysis of protein expression in various samples
was performed by laser densitometry of either immunoblots or autoradio-
grams using a Molecular Dynamics Densitometer and ImageQuant soft-
ware (Sunnyvale, CA). Scans of multiple exposures were obtained to en-
sure that the results fell into the linear range of the instrument.

Results
MHC class Il is insoluble in the detergent Brij-58

Previously, we have reported that ~15-20% of MHC class Il mol-
ecules reside in lipid rafts as shown by TX-100 detergent insolu-
bility (11). Subsequent studies have shown that anywhere from 2
to 50% of MHC class Il is detergent insoluble as analyzed by
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sucrose density gradient centrifugation depending on the cell type
examined, the ratio of cell protein-to-detergent, and detergent used
for membrane protein solubilization (6, 8—10, 12, 24). Therefore,
before investigating the kinetics of MHC class Il association with
detergent insoluble membrane microdomains, we sought to fully
characterize the distribution of MHC class Il and other integral
membrane proteins in these raft microdomains isolated from EBV-
transformed B cell lines lysed in the nonionic detergent Brij-58.
Sucrose density gradient centrifugation revealed that both calnexin
(an ER-resident protein) and ICAM-1 (a plasma membrane pro-
tein) were excluded from the low buoyant density raft fractions
and were found in the soluble fractions of the gradient (98 and
100%, respectively) (Fig. 1A). By contrast, CD59, a GPI-anchored
protein, exclusively partitions with the detergent-insoluble raft
fractions (Fig. 1A). Approximately 65% of the total pool of mem-
brane-associated MHC class |1 partitioned with the lipid raft frac-
tions in these gradients (Fig. 1, A and C). This behavior was cho-
lesterol dependent, because perturbation of plasma membrane
cholesterol using MCD before raft isolation reduced MHC class 11
association with lipid rafts by 85% (Fig. 1, B and C). From these
results, we conclude that the low buoyant density of MHC class ||
is not an artifact of incomplete membrane solubilization and is a
cholesterol-dependent phenomenon.

MHC class || becomes detergent-insoluble during transport to
the cell surface

In our attempts to understand more completely the biological role
of MHC class Il association with detergent-insoluble lipid raft
membrane microdomains, we set out to determine whether MHC
class Il molecules that have not yet bound antigenic peptides were
raft-associated or if class Il association with lipid rafts only oc-
curred after peptide loading. To address this question, we “pulse’
radiolabeled B cells with [*S]methionine for only 10 min and
followed the fate of these labeled MHC class || molecules during
different times of “chase” to determine whether raft association of
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FIGURE 1. Detergent insolubility of MHC class Il in Brij-58. JY B
cells (50 X 10°) were either mock-treated (A) or treated with 10 mM MCD
(B) for 12 min. Following treatment, cells were washed in HBSS, lysed in
1% Brij-58, and analyzed by sucrose density gradient centrifugation as
described in Materials and Methods. Equal portions of each fraction were
analyzed by immunoblotting using Abs recognizing MHC class || a-chains
(mAb DA6.147), CD59, ICAM-1, or calnexin. C, The percentage of the
total fraction of each protein partitioning with the detergent-insoluble lipid
raft fractions was determined by quantitative immunoblot analysis. The
graph represents combined data from the total number of experiments in-
dicated, were nisegual to the number of experiments for the particular data
point.
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newly synthesized MHC class |1 changed as the class I molecules
trafficked through the cell. Very little newly synthesized MHC
class Il molecules were found in lipid rafts following the 10 min
pulse (<2%, Fig. 2A). After a 3-h chase, a time when some (but
not all) MHC class Il would have reached the cell surface (25),
45% of newly synthesized MHC class |1 had now associated with
rafts (Fig. 2, A and C). The absence of the high-mannose, unproc-
essed form of 1i-p33 in the MHC class Il immunoprecipitate sug-
gests that either raft-associated MHC class |1 is devoid of li or the
immunoprecipitate contains MHC class Il a8l complexes possess-
ing mature, processed forms of 1i-p33 (indicated as li-p33;). By
16 h (atime point in which almost al labeled MHC class Il is on
the cell surface (25)) ~60% of newly synthesized MHC class |1 is
associated with lipid rafts (Fig. 2A), a value that is essentialy
identical to that of the total pool of membrane-associated class |1
(as determined by Western blotting) (Fig. 2B). The loss of
[*®*SImethionine signal at the 16 h chase point is a consequence of
the dissociation of the methionine-rich li from the MHC class |1
aBl complex. These studies demonstrate that MHC class Il was
initially present in a detergent soluble membrane domain and ac-
quired detergent insolubility during intracellular transport.
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[] Total MHC Class Il

Raft association (%)
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FIGURE 2. MHC class Il traffics into rafts during biosynthesis. For
each time point indicated, 75 X 10° JY B cells were pulsed with [*°S]me-
thionine for 10 min at 37°C. Aliquots of the incubation were then harvested
immediately (Pulse) or chased in complete media containing excess non-
radioactive methionine for either 3 h or for 16 h. Cells were harvested,
lysed, and rafts were isolated as described in Materials and Methods. Fol-
lowing raft fractionation, raft (R) and nonraft soluble (S) fractions were
pooled and subjected to immunoprecipitation using a mixture of MHC
class |I-specific mAbs (DA6.147 and XD5.A11). Immunoprecipitates were
boiled and reduced in sample buffer containing 2-ME before loading. A,
Immunoprecipitates were analyzed by SDS-PAGE and autoradiography to
visualize newly synthesized [**S]methionine-labeled MHC class |1. B, Ali-
quots of these same immunoprecipitates were analyzed by immunobl otting
using a MHC class Il «a-chain specific mAb (DAG6.147) to determine the
total amount MHC class |1 present in each sample under steady state con-
ditions. C, The percentage of class Il molecules partitioning with lipid raft
microdomains (as a fraction of the total amount of class Il present in all
gradient fractions) was determined by quantitative densitometry of either
immunoblots (for total MHC class 11) or autoradiograms (for [**S]methi-
onine-labeled class I1). The graph represents the results of four independent
experiments.
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Mature MHC class 1-1i complexes are enriched in lipid rafts

During transit from the ER to the plasma membrane, MHC class |1
apl complexes traverse the Golgi apparatus and ultimately enter
lysosome-like Ag processing compartments (14). In these com-
partments, li is proteolyticaly degraded, dissociates from the
MHC class Il a8 complex, and antigenic peptides load onto nas-
cent MHC class Il (14). We next examined whether newly syn-
thesized, raft-associated MHC class |1 remains associated with i
as afl complexes, or if MHC class Il only associates with lipid
rafts after li dissociation. To determine the subunit composition of
newly synthesized raft and nonraft MHC class Il, we analyzed
MHC class || immunoprecipitates from cells metabolically labeled
and chased for either 3 h or 16 h by two-dimensional PAGE
(NEPHGE followed by SDS-PAGE). After 3 h of chase, [3*S]me-
thionine-labeled, raft-associated MHC class || molecul es remained
associated with li, revealing the presence of MHC class Il «fl
complexes in lipid rafts (Fig. 3A). Two-dimensional PAGE dem-
onstrated that the carbohydrate moieties on the raft-associated
class Il a-, B-, p33li-, and p35li chains were sialylated and fully
mature, revealing that these protein complexes had entered the
trans-cisternae of the Golgi apparatus (Fig. 3A). Notice also the
relatively low abundance of high-mannose (unprocessed) p33-li
and p35-1i in class I immunopreci pitates from the lipid raft frac-
tion. By contrast, carbohydrate moieties present on MHC class |1
molecules in the detergent-soluble (nonraft) fraction were not fully
sidylated and existed predominantly in their high-mannose glyco-
form, consistent with the location of these complexes in the ER
and early Golgi compartments. After 16 h of chase essentialy al
li had dissociated from the newly synthesized MHC class |1 (25)
and the subunits of the class Il o8 dimer exist in their completely
sialylated form (Fig. 3A).

To further confirm that MHC class Il afl complexes in the
soluble fraction were primarily present in the ER, we treated class
Il immunoprecipitates from pooled raft and soluble fractions with
endo H. Endo H removes immature high mannose carbohydrates
from newly formed proteins that have not traversed the medial-
cisternae of the Golgi apparatus, where the carbohydrates are pro-
cessed and become resistant to endo H digestion. Based on the

A

FIGURE 3. Mature MHC class Il-li complexes are
present in rafts. A, Pulse-chase radiolabeling of JY B
cells, cell lysis, and raft isolation were performed as de-
scribed in Fig. 2. MHC class |1 was immunoprecipitated
from pools of the raft and the soluble (nonraft) fractions
using MHC class |1 mAb-coupled beads. The beads were
washed and then eluted in 8 M urea for 30 min at 37°C.
The immunoprecipitates were subjected to two-dimen-
sional PAGE and visualized by autoradiography. The ar-
rows indicate the positions of the MHC class Il a-chain,
MHC class Il B-chain, the high mannose forms of p33-li
or p35-li, and the sialylated/processed form of p33-li
(p33I,) or p35-li (p35l,,). B, MHC class Il was immuno-
precipitated from pooled raft and soluble (nonraft) frac-
tionsusing an anti-MHC class || B-chain rabbit serum and B
treated with or without endo H as described in Materials

and Methods. The samples were analyzed by immuno-

blotting using an li-specific mAb (LL1). The mobility of

endo H-resistant and endo H-sensitive li is indicated by

arrows. The results are representative of three indepen-

dent experiments.

Soluble
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two-dimensional PAGE analyses, we would expect i complexed
with class I to be endo H-resistant in the raft fraction, but mostly
endo H-sensitive in the soluble (nonraft) fraction. As expected, i
bound to class Il in the raft fraction is predominantly endo H-
resistant, while in the soluble fraction it is predominantly endo
H-sensitive (Fig. 3B). Therefore, we conclude that MHC class 11
aBl complexes are detergent soluble early in the biosynthetic (se-
cretory) pathway and begin to acquire detergent insolubility after
transport through the Golgi apparatus.

MHC class Il is raft-associated in lysosomal Ag-processing
compartments

To further define the stage in which MHC class Il begins to ac-
cumulate in lipid rafts we treated cells with either monensin or
leupeptin, well-characterized inhibitors of MHC class 11 trafficking
(15, 23, 26, 27). Monensin is an ionophore that inhibits protein
transport from the medial- to trans-cisternae of the Golgi appara-
tus, prevents terminal glycosylation of MHC class |1-associated i,
and results in an accumulation of MHC class Il a8l complexesin
the medial-Golgi apparatus (23). By contrast, leupeptin is a pro-
tease inhibitor that prevents complete li proteolysis, and as a con-
sequence class || molecules are retained in lysosome-like Ag-pro-
cessing compartments (15, 26, 27). Furthermore, incomplete li
proteolysis generates a 21-kDa leupeptin-induced polypeptide
(LIP) fragment of li that remains associated with class Il and con-
tains a lysosomal-retaining motif, and for this reason class Il o-
LIP complexes revead peptide-free MHC class |l that resides in
internal Ag-processing compartments (15). Using these inhibitors
we can therefore examine the detergent insolubility of MHC class
Il “trapped” at various points in the biosynthetic pathway. To re-
strict our analysis to newly synthesized MHC class I, we once
again used a pulse-chase approach. B cells were metabolically la-
beled with [3>S]methionine and chased in the absence or presence
of either monensin or leupeptin for 3 h before raft isolation. Once
again, very little newly synthesized MHC class Il was present in
lipid rafts after the initial 10 min pulse labeling, but after 3 h
~50% of newly synthesized MHC class Il had acquired detergent
insolubility (Fig. 4A). Treatment with monensin almost completely
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FIGURE 4. MHC class Il associates with lipid rafts in late Golgi/lyso-
somal compartments. Following a 10-min pulse radiolabeling with
[**SImethionine, JY B cells were washed and chased for 3 h in complete
medium alone (no treatment, NT), medium containing monensin (Mon), or
medium containing leupeptin (Leu). As a control, a sample of the 10-min
pulse radiolabeled sample (P) was included. Following lipid raft fraction-
ation, raft (R) and soluble/nonraft (S) fractions were pooled and were sub-
jected to immunoprecipitation by MHC class || mAb beads (DA6.147 and
XD5.All). A, The immunoprecipitates were analyzed by SDS-PAGE and
autoradiography to visualize radiolabeled MHC class |1 molecules. B, Ali-
quots of these same immunoprecipitates were analyzed by immunoblotting
using the anti-MHC class || a-chain-specific mAb (DA6.147) to determine
the total amount of MHC class |1 present in each sample under steady state
conditions. C, The percentage of class || molecules partitioning with lipid
raft microdomains under each condition (as a fraction of the total amount
of class |l present in all gradient fractions) was determined by quantitative
densitometry of either immunoblots (for total MHC class I1) or autoradio-
grams (for [**S]methionine-labeled class I1). The graph represents the re-
sults of three independent experiments.

prevented newly synthesized MHC class Il from acquiring deter-
gent insolubility (Fig. 4A). It should be noted that this short 3-h
treatment had very little effect on the distribution of the entire pool
of cell-associated class Il (Fig. 4, B and C).

Unlike monensin, treatment with leupeptin did not inhibit MHC
class Il association with lipid rafts (Fig. 4A). The inclusion of
leupeptin during the 3-h chase resulted in the appearance of the li
breakdown product LIP associated with MHC class |1, confirming
the presence of these complexes in lysosome-like Ag-processing
compartments (Fig. 4A). Because class II-LIP complexes are not
capable of binding antigenic peptides (28), these data demonstrate
that MHC class Il acquires detergent insolubility before binding
antigenic peptides.

To further determine whether MHC class |1 was associated with
lipid rafts in intracellular Ag-loading compartments, we isolated
these compartments by subcellular fractionation on 27% Percoll
gradients. The purity of the low-density membranes (which in-
cludes plasma membrane) and the high-density lysosome fraction
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was confirmed by immunoblotting. Analysis of each fraction for
MHC class Il and HLA-DM (a lysosomal resident protein) re-
vealed that our lysosomal fraction contained >90% of HLA-DM
but <2% of the total class Il (Fig. 5A). The pooled membrane
fractions were then solubilized in Brij-58 and subjected to raft
fractionation on sucrose density gradients. Approximately 42% of
MHC class |l was associated with lipid rafts when purified lyso-
somal membranes were analyzed on these sucrose gradients (Fig.
5, Band C). Thisisvirtualy identical to the amount of MHC class
Il associated with lipid rafts in the low density membrane fraction
(Fig. 5, B and C). (The difference between this value and that
obtained using intact cells is likely due to different membrane-
detergent ratios used in each procedure.) Therefore, MHC class |1
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FIGURE 5. MHC class Il is raft associated in isolated Ag-processing
compartments. JY B cells were broken, internal compartments isolated
using 27% Percoll gradients, and low density (LD) and high density lyso-
somal membranes wereisolated as described in the Materials and Methods.
A, Equal volumes of each pooled fraction were analyzed by immunoblot-
ting using Abs recognizing MHC class Il a-chain (DA6.147), HLA-DM
(K-76), and CD59. B, Purified low density membrane and the high density
lysosomal membrane pools were solubilized in Brij-58 and lipid rafts were
isolated by fractionation on sucrose density gradients. Equivalent portions
of each fraction were subjected to immunoblot analysis for MHC class |1
(DAB.147). C, The percentage of class I molecules partitioning with lipid
raft microdomains under each condition (as a fraction of the total amount
of class Il present in all gradient fractions) was determined by quantitative
densitometry of immunoblots. The graph represents the results of three
independent experiments.
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FIGURE 6. MHC class II-CLIP complexes reside in lipid rafts. JY B
cells were lysed in Brij-58 and fractionated by sucrose density centrifuge-
tion as described in Materials and Methods. A, Pools of raft (R) and soluble
(S) fractions from JY gradients were subjected to immunoprecipitation
using an isotype control Ab (MOPC21), an Ab to detect all forms of
HLA-DR « (DA6.147), an Ab that predominantly recognizes class Il «f3
dimers (L243), or an Ab that specifically recognizes li-derived CLIP frag-
ment (CerCLIP). The immunoprecipitates were analyzed for MHC class 1
content by immunoblotting with the anti-a-chain mAb DA6.147. B, These
graphs represent the percentage of MHC class Il partitioning in the lipid
raft fractions as compared with the total amount of MHC class || present
in the raft and nonraft pools. Immunoblots were quantitated by laser den-
sitometry and the SD is the result of the combination of multiple exposures
of identical blots.

is present in detergent-insoluble raft microdomainsin the Ag-load-
ing compartments. Taken together these studies show that raft ac-
quisition of MHC class Il occurs in a postmedial Golgi compart-
ment (by the time the molecules reach the lysosomes) and al so that
association of MHC class Il with lipid rafts occurs before cell
surface arrival of MHC class |1-peptide complexes.

MHC class |1-CLIP peptide complexes reside in lipid rafts

Another way to examine whether MHC class |1 acquires detergent
insolubility before peptide loading is to determine the behavior of
MHC class II-CLIP complexes. CLIP is normally removed from
nascent MHC class || molecules by the action of the peptide editor
HLA-DM in lysosome-like Ag-processing compartments (29, 30)
and the presence of MHC class II-CLIP complexes is therefore
indicative of MHC class Il that has not yet bound high affinity
antigenic peptides. Pooled raft and nonraft (soluble) fractions from
B cells were subjected to immunoprecipitation using Abs recog-
nizing all HLA-DR-« chains (mAb DA6.147), the mature MHC
class Il af heterodimer (mAb L243), or CLIP (mAb Cer.CLIP).
When these immunoprecipitates were examined for MHC class 11
content (by immunoblotting for the MHC class Il «-chain), we
found no significant difference between the relative amount of each
type of MHC class Il molecules in lipid rafts (Fig. 6). This is
additional evidence that MHC class || molecules acquire detergent
insolubility before binding high affinity antigenic peptides.

Association with i is not required for MHC class Il raft
association

Our earlier radiolabeling experiments revealed the presence of
MHC class Il ol complexesin lipid rafts (Fig. 3). Therefore, we
examined whether expression of |i was required for initial MHC
class |1 raft association. To address this question, we isolated lipid
rafts from Hel a cells expressing MHC class Il a- and B-chainsin
the presence or absence of |i and analyzed the raft association of
MHC class Il from each cell type. As expected, the control pro-
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teins CD59 and ICAM-1 resided in raft and nonraft (soluble) frac-
tions, respectively (Fig. 7A). The expression of li (Fig. 7B) did not
significantly change the distribution of MHC class Il with deter-
gent insoluble raft microdomains (Fig. 7, A and C). This data dem-
onstrates that the li-dependent sorting of MHC class Il to Ag-pro-
cessing compartments is not gtrictly required for the association of
MHC class Il with detergent-insoluble membrane microdomains.

Discussion
In this study, we investigated at which point during the biosyn-
thetic pathway MHC class |1 enters detergent-insoluble lipid raft
microdomains, and whether this event preceded loading of class |1
with antigenic peptides. We found that upon synthesis, MHC class
Il «Bl complexes were present in detergent-soluble membranes
and over time chased into detergent-insoluble lipid raft mem-
branes, while the distribution of the total unlabeled pool of class||
in rafts remained stable. This demonstrates that newly synthesized
MHC class Il is not initially present in lipid rafts. This pattern of
movement into detergent-insoluble membranes or lipid rafts fol-
lowing initial synthesis is reminiscent of findings described for
another raft resident protein, placental-like alkaline phosphatase,
which acquires detergent insolubility and moves into lipid rafts
during transport through the Golgi apparatus (31). Thisis consis-
tent with our findings by two-dimensiona PAGE analysis and
endo H treatment that MHC class Il a8l complexes containing
Golgi-processed carbohydrates are enriched in detergent-insoluble
lipid rafts, while the carbohydrates on the majority of detergent-
soluble (nonraft) aBl complexes have not been processed. Fur-
thermore, addition of monensin, which blocks transport of MHC
class Il from the media to trans-Golgi (23), amost completely
prevented the acquisition of MHC class Il detergent insolubility.
Taken together, this data supports the idea that MHC class Il must
traffic through the medial-Golgi to become raft associated.
Although biochemical isolation of rafts using the criteria of de-
tergent insolubility may not completely reflect the true nature of
lipid rafts on living cells, our pulse-chase data clearly demonstrate
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FIGURE 7. Expression of |i does not affect association of MHC class ||
with lipid rafts. HeLa cells were transiently transfected with HLA-DR-«
and HLA-DR-B cDNAs in the absence or presence of 1i-p33 cDNA. One
day after transfection, cells were harvested and lysed in 1% Brij-58 and the
extract was fractionated by sucrose density gradient centrifugation. A,
Pooled raft (R) and soluble/nonraft (S) fractions were probed for MHC
class Il a-chain using mAb DA6.147 and each fraction was aso probed
with Abs recognizing ICAM-1 or CD59. B, Lysates from each transfectant
were probed for expression li using mAb LL1. C, The percentage of class
I molecules partitioning with lipid raft microdomains from cells express-
ing class Il in the absence or the presence of |i (as a fraction of the total
amount of class Il present in al gradient fractions) was determined by
quantitative densitometry of immunoblots. The graph represents the results
of three independent experiments.
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that the observed insolubility of MHC class Il is not a detergent-
induced artifact. Detergent insolubility of newly synthesized MHC
class || molecules was observed only after these proteins traversed
the medial-Golgi even in cellsin which the partitioning of the total
pool of class Il molecules was unchanged, highlighting this critical
point. Therefore, it is important to emphasize that this phenome-
non of detergent insolubility requires the trafficking of MHC class
Il molecules into distinct compartments in the APC.

Three pieces of evidence support the idea that detergent insol-
ubility or raft association of MHC class |1 occurs before peptide
loading. First, we found MHC class Il ol complexesin lipid rafts,
although the majority of these a8l complexes did possess late
Golgi-processed carbohydrates. This points to raft association be-
fore li dissociation in Ag-loading compartments. Second, MHC
class I1-CLIP complexes were present in lipid rafts, demonstrating
that even MHC class 1 that had not yet been “edited” by HLA-DM
in peptide-loading compartments were present in lipid rafts. Fi-
nally, treatment with leupeptin, which inhibits export of MHC
class I molecules to the cell surface, reveaed the accumulation of
MHC class II-LIP complexes in lysosome-like Ag-processing
compartments that remained detergent insoluble. In addition, anal-
ysis of the purified Ag-processing compartments themselves re-
vealed the presence of MHC class |1 in detergent-insoluble lipid
rafts, excluding the possibility that drug treatment induced raft
association in these compartments. Furthermore, the lysosomal
compartmentsin B lymphocytes are highly enriched in cholesterol
(32). Therefore, we propose that MHC class |1 is already detergent
insoluble in lysosomal Ag-processing compartments, athough the
initial membrane in which class Il a8l complexes associate with
rafts, whether it be in late Golgi compartments (33) or the plasma
membrane before internalization of nascent class Il a8l complexes
(20, 25), remains to be determined. Although we show that MHC
class Il resides in lipid rafts before and after peptide loading, due
to the dynamic nature of lipid rafts it is difficult to unambiguously
conclude that the peptide-loading event occurs in these
microdomains.

Although this study provides direct evidence that MHC class 1
molecules are trafficked into lipid rafts before peptide loading,
there have been some indications that internally loaded MHC class
Il molecules are concentrated in lipid rafts. Machy et al. (6)
showed that dendritic cells loaded with HEL protein, but not pre-
processed HEL peptide, could cross-prime CD8" T cells, and this
process was sensitive to treatment of DCs with raft-disrupting
agents. The same group has al so reported that internally loaded Ag
can skew naive CD4™ T cells to a Thl phenotype, and raft dis-
ruption of these cells leads to a shift toward a Th2 phenotype (19).
Surprisingly, the Th2 phenotype was aso observed if the DCs
were |oaded on the plasma membrane with preprocessed antigenic
peptides, suggesting that peptide loading onto intracellular class 11
molecules generates a cohort of cell surface MHC class |1-peptide
complexes whose function is lipid raft dependent.

In addition to regulating T cell differentiation, there are data
suggesting the mechanisms of Ag loading in APCs affects APC
biology. Upon DC engagement with a T cell, MHC class Il po-
larizes toward the immune synapse along thin, lysosomally derived
tubules (19, 34). Bertho et al. (34) recently found that these tubules
polarized to the T cell only when the DC processed and internally
degraded Ag, as this was not observed when the DCs were loaded
with preprocessed antigenic peptides. Although these studies have
their caveats regarding the absolute numbers of MHC class 1l-
peptide complexes formed under these different conditions and the
role of endocytosis in regulating DC function, they strongly sug-
gest that the mechanism of antigenic peptide loading (and there-
fore the effective concentration of specific MHC class |1-peptide
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complexesisrafts) may affect the quality of the signal delivered to
the T cell by the APC (affecting T cell polarization) as well as the
quality of a signa delivered to the DC from the T cell (affecting
DC lysosome tubulation). We propose that internal loading of
MHC class 1 enriches specific MHC class | 1-peptide complexesin
small numbers of distinct detergent-insoluble membrane microdo-
mains, while surface loading by preprocessed peptides does not
concentrate specific class |1-peptide complexes in the same mi-
crodomains (i.e., they are more disperse).

This leads us to the simple question: what makes MHC class |1
associate with lipid rafts? In the data presented here, we find that
li expression does not influence MHC class |1 raft association (Fig.
6). Additionally, we have previously shown that >50% of surface
MHC class |l is associated with lipid rafts (11). Thisisin marked
contrast to a recent study showing that expression of li in tumor
cell linesinhibits the association of surface MHC class |1 with lipid
rafts (35). Other than citing cell type differences or experimental
protocol, we have no explanation for the discrepancy between our
data and that of Dolan et a. (35).

Biophysical studies have lead investigators to propose that in-
dividual rafts could contain as many as 60 protein molecules (36)
and a recent study suggests that each raft could contain as few as
three protein molecules (37). Given such data, it is difficult to
envision how a significant concentration of ligands, such as spe-
cific MHC class |1-peptide complexes, could occur in large enough
density to activate a T cell. Nevertheless, disruption of these lipid
rafts does indeed abrogate activation of T cells by APCs, even if
these APCs are formaldehyde fixed after raft disruption (11). One
could argue that while only a very small percentage of surface
MHC class Il molecules contain the correct peptide for T cell
recognition, given enough timethe T cell could “scan” the APC for
enough MHC class |I-peptide complexes that are passively diffus-
ing on the APC plasma membrane to become fully activated. How-
ever, it is unlikely that large numbers of class II molecules could
diffuse to the T cell:APC contact site given the small amount of
time an APC and T cell are engaged in vivo before TCR cross-
linking (38). Additionally, the requirement for TCR cross-linking
to generate the initial “stop” signal for the T cell (39) would be
more likely to occur if the specific MHC class I complexes were
preclustered. The datawe present here shows the presence of MHC
class Il preclustered in lipid raft microdomains before peptide
loading, thereby facilitating the loading of specific peptides on the
MHC class |1 within an individual raft. It isinteresting to speculate
that the importance of membrane microdomainsin clustering afew
specific MHC class |l-peptide complexes may be critical at this
early time, when it would facilitate the initial cross-linking of the
TCR. This engagement could then trigger asignal for the T cell to
stop and alow itself to rearrange its cytoskeleton (and membrane
organization), thereby alowing time for the T cell to “scan” for
enough specific MHC class |1-peptide complexes to become fully
activated.
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