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Abstract. The role of clathrin in intracellular sorting
was investigated by expression of a dominant-negative
mutant form of clathrin, termed the hub fragment. Hub
inhibition of clathrin-mediated membrane transport
was established by demonstrating a block of transferrin
internalization and an alteration in the intracellular dis-
tribution of the cation-independent mannose-6-phos-
phate receptor. Hubs had no effect on uptake of FITC-
dextran, adaptor distribution, organelle integrity in the
secretory pathway, or cell surface expression of consti-
tutively secreted molecules. Hub expression blocked ly-
sosomal delivery of chimeric molecules containing ei-
ther the tyrosine-based sorting signal of H2M or the
dileucine-based sorting signal of CD3v, confirming a
role for clathrin-coated vesicles (CCVs) in recognizing
these signals and sorting them to the endocytic path-
way. Hub expression was then used to probe the role of
CCVs in targeting native molecules bearing these sort-
ing signals in the context of HLA-DM and the invari-
ant chain (I chain) complexed to HLA-DR. The distri-

bution of these molecules was differentially affected.
Accumulation of hubs before expression of the DM
dimer blocked DM export from the TGN, whereas
hubs had no effect on direct targeting of the DR-I
chain complex from the TGN to the endocytic pathway.
However, concurrent expression of hubs, such that
hubs were building to inhibitory concentrations during
DM or DR-I chain expression, caused cell surface ac-
cumulation of both complexes. These observations sug-
gest that both DM and DR-I chain are directly trans-
ported to the endocytic pathway from the TGN, DM in
CCVs, and DR-I chain independent of CCVs. Subse-
quently, both complexes can appear at the cell surface
from where they are both internalized by CCVs. Differ-
ential packaging in CCVs in the TGN, mediated by ty-
rosine- and dileucine-based sorting signals, could be a
mechanism for functional segregation of DM from
DR-I chain until their intended rendezvous in late en-
docytic compartments.

lective budding of receptors and ligands from one
cellular membrane for transport to another (Brod-
sky, 1988; Pley and Parham, 1993; Schmid, 1997). This is
achieved by self-assembly of clathrin into a polyhedral

CLATHRIN-COATED vesicles (CCVs)! can mediate se-
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membrane coat that incorporates the adaptor protein
(AP)1 or AP2 molecules that bind receptors at the TGN
and plasma membrane (PM), respectively. There is strong
evidence that CCV formation is responsible for receptor-
mediated endocytosis at the PM and for the sorting of ly-
sosomal hydrolases in the TGN. However, there is an in-
creasing need for the precise definition of the role of
CCVs in other intracellular pathways given the prolifera-
tion of specialized sorting pathways, novel receptor sorting
motifs, and the recent discovery of a novel adaptor mole-
cule, AP3, that recognizes conventional CCV sorting mo-
tifs but is apparently not a component of CCVs (Dell’An-
gelica et al., 1997a,b; Simpson et al., 1997). Furthermore,
there are cellular sites to which clathrin has been localized,
such as maturing secretory granules (Tooze and Tooze,
1986; Dittié et al., 1996) and endosomes (Stoorvogel et al.,
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1996), where the function of clathrin is not clearly under-
stood. Here we establish a system to probe clathrin’s intra-
cellular function in mammalian cells by transfecting cells
with a dominant-negative mutant of clathrin. We then ap-
ply this approach to defining the role of CCVs in the spe-
cialized sorting pathways that control antigen presentation
by class II molecules of the major histocompatibility com-
plex (MHC).

Class I MHC molecules are targeted to the endocytic
pathway where they bind antigenic peptides that are then
displayed on the cell surface. This so-called “antigen pre-
sentation” by class II MHC molecules activates helper T
cells that stimulate B cells to produce antibody. Two of the
accessory molecules required for functional antigen pre-
sentation by class II MHC molecules bear sorting motifs
that suggest a role for CCVs in their intracellular target-
ing, but sorting steps at which CCVs are involved in this
process have yet to be completely defined. Endocytic lo-
calization of the invariant chain (I chain), which is respon-
sible for transport of the class II molecule itself, depends
on a dileucine-containing sequence (Bakke and Dobber-
stein, 1990; Lotteau et al., 1990; Pieters et al., 1993; Odor-
izzi et al., 1994), whereas localization of the HLA-DM
molecule, which is a catalyst for peptide loading, depends
on a tyrosine-containing sequence (Lindstedt et al., 1995;
Marks et al., 1995; Ohno et al., 1995; Copier et al., 1996).
These sequences conform to two of the general consensus
motifs associated with binding to adaptor components of
CCVs (Johnson and Kornfeld, 1992; Letourneur and
Klausner, 1992; Marks et al., 1997). In vitro studies show
that sequences with the tyrosine-containing motif interact
with the pl or n2 subunits of the AP1 or AP2 adaptors
(Ohno et al., 1995, 1996; Rapoport et al., 1997), and there
is evidence that the dileucine motif can mediate binding of
intact AP1 and AP2 molecules to receptor tails (Heilker
et al., 1996; Salamero et al., 1996; Dietrich et al., 1997).
However, the intracellular locations where CCVs actually
sequester receptors with the different motifs and perform
their sorting function are more specific than these binding
studies indicate. Here we establish where CCVs play a role
in targeting the I chain with associated class II molecules
and HLA-DM to the endocytic pathway, defining the ac-
tual intracellular steps where these motifs contribute to
clathrin-mediated sorting and where CCVs play a role in
antigen presentation.

There is considerable successful precedent for using mu-
tants to analyze clathrin function. Clathrin-deficient mu-
tants of Saccharomyces cerevisiae (Lemmon et al., 1991;
Seeger and Payne, 1992), Dictyostelium discoideum (Nis-
wonger and O’Halloran, 1997), and Drosophila melano-
gaster (Bazinet et al., 1993) have phenotypes that confirm
roles for CCVs in endocytosis, retention of TGN proteins,
and sorting of lysosomal hydrolases and reveal roles in
spermatogenesis and cytokinesis. Mutation of the GTPase
dynamin, which plays a specific role in the scission of
CCVs during receptor-mediated endocytosis, has been ef-
fectively applied to dissecting clathrin’s role at the PM in
Drosophila and mammalian cells (Herskovits et al., 1993;
van der Bliek et al., 1993; Damke et al., 1995; Wang et al.,
1997). To design a dominant-negative mutant of clathrin
that would enable analysis of clathrin-mediated transport
throughout the cell, we took advantage of our understand-
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ing of the domain structure of clathrin. Clathrin is a triskel-
ion-shaped molecule composed of three heavy chains
(192-kD) and three light chains (25-29 kD) of which there
are two types, LCa and LCb, in mammalian cells (for re-
view see Brodsky, 1988). Using a bacterial expression sys-
tem, we have previously demonstrated that the carboxy-
terminal third of the clathrin heavy chain trimerizes and
folds to reproduce the central portion of the triskelion,
forming the hub fragment (Liu et al., 1995). The hub mole-
cules bind clathrin light chains and can self-assemble with
the same kinetics as intact clathrin but they polymerize
into an open-ended lattice instead of a closed polyhedron.
The potential ability of hubs to interact with endogenous
clathrin heavy and light chains and the fact that they as-
semble into nonfunctional structures, made the hub frag-
ment a good candidate for a dominant-negative mutant
that could disrupt clathrin-dependent functions. Here we
demonstrate that expression of clathrin hub fragments by
transfection of mammalian cells perturbs receptor-medi-
ated endocytosis, lysosomal targeting, and clathrin-medi-
ated intracellular sorting in the TGN, without pleiotropic
effects on other intracellular transport pathways. Expres-
sion of hub fragments was found to inhibit the intracellular
targeting of HLA-DM molecules to the endocytic path-
way. In contrast, the direct targeting of I chain to the en-
docytic pathway was unaffected in the presence of hubs.
The surface levels of both molecules, however, were ele-
vated when clathrin-mediated endocytosis was blocked in
hub-transfected cells. Thus, CCVs participate in the differ-
ential sorting of the class II molecule/I chain complex and
HLA-DM. Because the sorting of these complexes is
known to be controlled by either dileucine- or tyrosine-
based motifs, these findings also suggest that whereas
CCVs sort both motifs at the PM, the dileucine-based mo-
tif is sorted independently of CCVs in the TGN.

Materials and Methods

Antibodies

Antibodies obtained from commercial sources were anti-T7 epitope tag
mAb and its biotinylated version (subtype IgG,;,; Novagen, Inc., Madison,
WI), anti-B-coat protein (COP) mAb M3AS (Sigma Chemical Co., St.
Louis, MO), anti-CD63 mAb (Immunotech Inc., Westbrook, ME). FITC-
and rhodamine-conjugated goat anti-rabbit and FITC-conjugated goat
anti-mouse Igs were from Organon Teknika Corp. (West Chester, PA).
Lissamine rhodamine (LRSC)-conjugated goat anti-mouse Ig and
TRITC-conjugated streptavidin were purchased from Jackson Immu-
noResearch Laboratories, Inc., (West Grove, PA). FITC-conjugated goat
anti-mouse IgG; and IgG,,-specific secondary antibodies were obtained
from Boehringer Mannheim Biochemicals (Indianapolis, IN). Antibodies
produced in the laboratory, using standard methods were anti-LC (anti-
clathrin light chain polyclonal rabbit antiserum recognizing the consensus
sequence in all LCs, residues 23-40; Acton and Brodsky, 1990), X32 mAb
(anticlathrin heavy chain, which does not react with the clathrin heavy
chain hub region; Blank and Brodsky, 1986), AP.6 mAb (anti—a chain of
the AP2 adaptor; Chin et al., 1989), KESL (polyclonal rabbit antiserum,
recognizing the carboxy-terminal residues in the lumenal domain of hu-
man I chain), and W6/32 mAb (anti-MHC class I [HLA-A, -B, and -CJ;
Barnstable et al., 1978). Antibodies obtained as gifts from colleagues were
100/3 mAb (anti—y chain of the AP1 adaptor, gift from E. Ungewickell,
Washington University, St. Louis, MO; Ahle et al., 1988), anti-ER (rabbit
polyclonal antiserum, gift from D. Louvard, Institut Curie, Paris, France;
Louvard et al., 1982), anti-Tac (rabbit polyclonal antiserum, gift from W.
Greene, University of California, San Francisco, CA), anti-DM (rabbit
polyclonal antiserum, gift from D. Zaller, Merck Research Laboratories,
Rahway, NJ; Sloan et al., 1995), PIN.1.1 mAb (anti-I chain cytoplasmic do-
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main, gift from P. Cresswell, Yale University, New Haven, CT; Roche et
al., 1991) and anti-cation-independent mannose-6-phosphate receptor
(CI-M6PR, polyclonal rabbit antiserum; gift from L. Traub, Washington
University).

Plasmid Construction

The cDNA encoding bovine clathrin heavy chain residues 1073-1675 (Liu
et al., 1995) was first cloned into the BamHI and HindIII sites of the vec-
tor pET23d (Novagen, Inc.) after the T7 gene 10-leader peptide sequence.
The T7Hub cDNA fragment was then cut out and inserted between the
HindIII and Xhol sites of the vector pPCDMS (Invitrogen, Carlsbad, CA)
under the cytomegalovirus (CMV) promoter to generate pCDMS8T7Hub
for transfection. HLA-DM « and  subunit cDNAs were obtained from
the Xhol fragments of pPCDM8DMa and pCDMSDMS (Kelly et al., 1991;
Marks et al., 1995), respectively, and then subcloned into the vector
pMTA302 containing the modified human metallothionein IIA promoter
(gift from S. Haskill, University of North Carolina, Chapel Hill, NC;
Makarov et al., 1994) to produce pMTA302DMa and pMTA302DMB. The
DMBHSSA construct, lacking the carboxy-terminal 16 residues of the 23-
residue cytoplasmic domain that eliminates the DM internalization motif,
was in pCDMB&.1 and its expression was regulatable by cadmium when co-
expressed with pMTA302DMa. I chain p33 (Ip33) cDNA was derived from
pCDMSIp33 (gift from P. Roche, National Institutes of Health, Bethesda,
MD; Roche et al., 1992) and inserted into pMTA302 to generate plasmid
pMTA302Ip33. Detailed cloning procedures will be provided upon re-
quest. Tac (interleukin [IL]-2 receptor « subunit) chimeric constructs
TTM.GSTYA (mouse H2M cytoplasmic tail fused to the lumenal and
transmembrane domain of Tac; Marks et al., 1995) and Tac-DKQTLL
(the T cell receptor CD3y dileucine sequence DKQTLL attached to the
carboxyl terminus of Tac, also called TTyt3-t2; Letourneur and Klausner,
1992), both in the vector pCDM8.1 (Invitrogen), were used as described
previously (Marks et al., 1996, 1997). Plasmids containing MHC class II
DR « and B chain cDNA, pCDM8-DRA, and pCDM8-DRB (pCDMS8-
DRB1%#0101) were obtained from E. Long, National Institutes of Health;
Long et al., 1994.

Cell Culture and Transfection

HeLa 229 cells (American Type Culture Collection, Rockville, MD) were
maintained in DME supplemented with 10% fetal bovine serum. Cells
were plated the day before transfection and then transfected by the stan-
dard calcium phosphate method at 30-50% confluency. Typically, 7.2 pg
per 60-mm plate or 0.7 pg per coverslip of T7Hub plasmid was used for
transfection. 12 h later the transfection mixture was removed and then re-
placed with fresh medium. Cells were generally assayed at 4048 h after
transfection. To induce expression of transfected genes under the metal-
lothionein promoter, 10 pM CdCl, was added to the culture 20-24 h be-
fore analysis.

Endocytosis Assay

For transferrin (Tfn) uptake, pPCDM8T7Hub-transfected HeLa cells were
changed to transferrin uptake buffer PBS, with 10 mM Tris-HCI, 10 mM
Pipes, 5 mM glucose, 1 mg/ml BSA, 0.1 g/ MgCl,- 6 H,0, 0.1 g/L CaCl,- 2
H,0, pH 7.4) for 3 h at 37°C. Fluorescein-conjugated human Tfn (FITC-
Tfn; Molecular Probes, Eugene, OR) at 50 pg/ml in the uptake buffer was
then added to the cells for 10 min at 37°C, after which the medium was re-
moved and then the cells were washed three times with ice-cold PBS and
processed for indirect immunofluorescent microscopy. To measure bulk
fluid-phase endocytosis, 1 mg/ml lysine-fixable FITC-dextran (70K; Mo-
lecular Probes) was added to the cells for 3 h at 37°C in PBS buffer (with
Ca’>" and Mg?").

Immunoprecipitation and Immunoblotting

Transfected cells on 60-mm plates were harvested and then lysed in cell ly-
sis buffer (10 mM Tris-HCI, 150 mM NaCl, 1% NP-40, 1 mM EDTA, pH
7.4) plus protease inhibitors. For immunoprecipitation of T7Hub from
transfected cells, 5 pl of 1 mg/ml purified anti-T7 mAb was added to the
cell lysate for at least 1 h at 4°C, followed by 50 pl of protein G-Sepharose
slurry for another hour (Pharmacia Diagnostics AB, Uppsala, Sweden).
The unbound fractions were removed and then the precipitates were
washed three times with lysis buffer at 4°C. Both supernatants and immu-
noprecipitates were then resolved by SDS-PAGE (Laemmli, 1970), trans-
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ferred to nitrocellulose, and then analyzed by immunoblotting (Towbin et
al., 1979). Antibody binding was detected with secondary antibodies con-
jugated to horseradish peroxidase (Bio-Rad Laboratories, Hercules, CA)
using the enhanced chemiluminescence substrate (Amersham Corp., Ar-
lington Heights, IL).

Indirect Immunofluorescent Microscopy

HeLa cells plated on 12-mm coverslips were transfected as described
above. 40-48 h after transfection, cells were washed three times with PBS,
fixed with 4% paraformaldehyde for 10 min at room temperature, and
then permeabilized with 0.04% saponin (Sigma Chemical Co.) for another
10 min. Cells were then incubated with blocking buffer (PBS, 0.02% SDS,
0.1% NP-40, 0.02% NaNj; with 5% goat serum or with 0.66% gelatin and
1% BSA when labeling with anti-CI-M6PR) for 30 min, followed by incu-
bation with various primary and fluorochrome-conjugated secondary anti-
bodies diluted in appropriate blocking buffer, for 1 h each. After the final
wash, the samples were mounted in 0.1% p-phenylene diamine (Sigma
Chemical Co.) in Fluoromount G (Fisher Scientific Co., Pittsburgh, PA)
and then viewed with a Zeiss Axiophot fluorescence microscope (Thorn-
wood, NY). For cytosol depletion, transfected cells were treated with
0.004% digitonin (Calbiochem-Novabiochem Corp., La Jolla, CA) in per-
meabilization buffer (12.5 mM Hepes—-KOH, 50 mM Pipes, 1 mM
MgSO,, 4 mM EGTA, pH 7.0) for 5 min on ice before fixation. To detect
the surface level of certain antigens, the transfected cells were incubated
with primary antibodies in PBS (with Ca?* and Mg?*) on ice for 30 min,
the antibody solution was removed, and then the cells were washed three
times with ice-cold PBS before fixation.

Surface Biotinylation

The surface biotinylation procedure was modified from an earlier method
(Bonnerot et al., 1995). Transfected HeLa cells were washed three times
with ice-cold PBS and then incubated with freshly prepared 0.5 mg/ml
sulfo-NHS-LC-Biotin (Pierce Chemical Co., Rockford, IL) in PBS for 15
min on ice. The reaction was quenched with 50 mM NH,CI/PBS for an-
other 15 min. Cells were lysed and then the biotinylated proteins were iso-
lated with avidin—agarose (Pierce Chemical Co.) in the cell lysis buffer.

Results

Expression of Hubs Affects the Intracellular
Distribution of Both Clathrin Heavy and Light Chains
but Not Adaptors

The hub fragment of clathrin, comprising the carboxy-ter-
minal third of the clathrin heavy chain, can bind clathrin
LCs in vitro (Liu et al., 1995) and can interact with intact
clathrin (data not shown). Therefore, we predicted that
expression of the hub in mammalian cells would affect
CCV formation in vivo. To test whether hub would bind
endogenous clathrin LCs during intracellular expression,
HeLa cells were transfected with a mammalian expression
vector encoding the hub fragment of bovine clathrin modi-
fied with a T7 epitope-tag at the amino terminus (T7Hub).
The T7Hub protein was immunoisolated from the cell ly-
sate, using anti-T7 epitope antibody, 48 h after transfec-
tion. Endogenous clathrin light chains, LCa and LCb, were
both observed associated with the T7Hub proteins (Fig. 1 A,
lane 4). Hubs presumably compete with endogenous clath-
rin heavy chains for newly synthesized LCs, since LCs do
not readily dissociate from preassembled complexes with
clathrin heavy chains (Acton and Brodsky, 1990).

The localization of LCs in the presence of hubs was fur-
ther examined by immunofluorescent microscopy. Punc-
tate staining typical of CCVs was observed in untrans-
fected cells labeled with anti-LC antibody, but in the cells
expressing hubs, the LC staining was diffuse and nonvesic-
ular, implying its cytosolic distribution (Fig. 1 B). The
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Figure 1. Transfected hubs alter the intra-
cellular distribution of both clathrin heavy
chains and LCs. (A) HeLa cells were trans-
fected with control vector (pCDMS8 without
the T7Hub insert, lanes / and 2) or with
T7Hub (pCDMS8T7Hub vector, lanes 3 and
4). 48 h after transfection, cells were lysed
and then the T7Hub protein was immuno-
precipitated with anti-T7 mAb bound to pro-
tein G-Sepharose. The unbound (UB) and
bound (B) fractions were then analyzed by
SDS-PAGE and immunoblotting. The
T7Hub protein and clathrin LCs (LCa and
LCb) were detected with anti-T7 mAb and
anti-LC antiserum, respectively. IgH and IgL.
are the subunits of the mAb used for immu-
noprecipitation, detected by the secondary
anti-immunoglobulin antibody. (B) HeLa
cells were transfected with T7Hub. 48 h af-
ter transfection, cells were processed for im-
munofluorescent microscopy and stained
with anti-T7 mAb and anti-LC antiserum
(anti-LC) followed by LRSC-conjugated goat
anti-mouse IgG and FITC-conjugated goat
anti-rabbit IgG. (C) T7Hub-transfected HeLa
cells were permeabilized with 0.004% digi-
tonin to remove cytosol before fixation and
thereby visualize membrane-associated clath-
rin. The cells were stained with anti-LC anti-
serum (anti-LC) and antiheavy chain mAb
X32 (anti-HC) followed by rhodamine-
conjugated goat anti-rabbit IgG and FITC-

conjugated goat anti-mouse IgG. The T7Hub-transfected cells were identified by the loss of punctate clathrin LC staining (arrowheads)
and are the ones with increased staining of clathrin heavy chain at the PM.

A anti-T7
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Figure 2. Expression of
T7Hub in transfected cells
does not alter the general
distribution of adaptor mole-
cules. HeLa cells were trans-
fected with T7Hub and after
48 h were then analyzed by
immunofluorescence for the
distribution of the AP1 and
AP2 adaptors. (A) Cells
stained with anti-AP2 mAb
AP.6 (AP2) and biotinylated
anti-T7 mAb followed by
FITC-conjugated anti-mouse
IgG—specific secondary anti-
body (for AP.6) and TRITC-
conjugated streptavidin. (B)
Cells stained with anti-AP1
mADb 100/3 (API) and anti-
LC (anti-LC) antiserum fol-
lowed by LRSC-conjugated
goat anti-mouse IgG and
FITC-conjugated goat anti—
rabbit IgG. The T7Hub-
transfected cells in B were
identified by the loss of punc-
tate clathrin LC staining (ar-
rowheads).




T7Hub proteins themselves were also localized mostly in
the cytoplasm (Fig. 1 B, top), though weak staining of dis-
tinct membrane-associated regions was observed after a
mild detergent wash (0.004% digitonin) to remove cytosol
(data not shown). On the other hand, increased levels of
endogenous clathrin heavy chains were membrane-associ-
ated in hub-transfected cells (Fig. 1 C, anti-HC), as dem-
onstrated by cell staining with a mAb recognizing an
epitope on endogenous clathrin heavy chains absent from
the hub fragment. In vitro studies have shown that without
LCs, heavy chains no longer require low pH and high cal-
cium for assembly, and can spontaneously assemble under
physiological conditions, without a requirement for adap-
tors (Ungewickell and Ungewickell, 1991; Liu et al., 1995;
Ybe et al., 1998). We suggest that the increased membrane
recruitment of clathrin heavy chain represents endoge-
nous heavy chains that are assembling as a result of deplet-
ing their LCs through the expression of hubs. These results
establish that introduction of hub fragments into mamma-
lian cells can directly alter the distribution and behavior of
endogenous clathrin.

Binding of clathrin to cellular membranes is mediated
through AP2 and AP1 adaptors (Keen, 1990; Pearse and
Robinson, 1990). To establish whether the increase of
clathrin at membranes in the presence of hubs caused re-
cruitment of additional adaptors, the distribution of adap-
tors was assessed in hub-transfected cells. Labeling with
mAbs specific for AP1 or AP2 revealed that the general
distribution of adaptors was not affected by hub expres-
sion. In the T7 Hub-transfected cells, AP2 remained in pe-
ripheral punctate structures and API1 staining was still
mostly perinuclear (Fig. 2). The lack of effect on adaptor
distribution suggests that the excess clathrin associated
with membranes in hub-transfected cells represents hyper-
assembly due to altered clathrin—clathrin interactions that
are adaptor independent.

Inhibition of Clathrin-dependent Functions in
Hub-transfected Cells

Having demonstrated an effect of hub expression on clath-
rin localization and assembly at the PM, we next investi-
gated whether intracellular expression of hubs can disrupt
clathrin function. To this end, receptor-mediated endocy-
tosis of FITC-Tfn was assayed in hub-transfected cells.
When cells were allowed to endocytose FITC-Tfn continu-
ously for 10 min, the ability of T7-Hub-expressing cells to
accumulate ligand was almost completely inhibited, com-
pared with accumulation of FITC-Tfn by untransfected
cells (Fig. 3 A). In contrast, the uptake of FITC-dextran, a
marker for bulk flow fluid-phase endocytosis, was compa-
rable in hub-transfected and control cells (Fig. 3 B). These
results demonstrate that T7Hub expression specifically
impairs clathrin-dependent receptor-mediated endocyto-
sis in transfected cells, but does not affect clathrin-inde-
pendent fluid-phase uptake. The ability to measure hub ef-
fects on FITC-Tfn uptake made it possible to analyze the
time course of hub-induced inhibition of CCV function.
Significant inhibition of FITC-Tfn uptake was observed
within a 20-40 h period after transfection with hubs, corre-
lating with accumulation of approximately 15-fold excess
of hubs over endogenous clathrin. This lag period for inhi-
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bition is explained by the fact that cellular clathrin is abun-
dant and the subunits turn over with half-lives of 24-48 h
(Acton and Brodsky, 1990).

CCVs are known to sort M6PR in the TGN for targeting
of lysosomal hydrolases to lysosomes (Kornfeld, 1992). In
many hub-transfected cells, the distribution of the CI-
MG6PR was altered to display broadened perinuclear stain-
ing and diminished staining of peripheral endosomes, in
comparison to the tight vesicular perinuclear crescent of
staining observed in untransfected cells (Fig. 3 C). This
phenotype suggested that hubs were inhibiting CI-M6PR
sorting by CCVs in the TGN, with the result of preventing
vesicular targeting and causing accumulation of nonsorted
molecules in the secretory pathway. This phenotype was
observed more clearly with hub effects on HLA-DM sort-
ing in the TGN in experiments described below, in which
vesicular targeting was completely inhibited. It is likely
that the apparent partial effect of hubs on CI-M6PR distri-
bution was due to the fact that a significant pool of endog-
enous CI-M6PR molecules were sorted before hub expres-
sion and had not yet turned over completely. Therefore,
hub expression is most useful for studying the role of CCV
in processes that can be measured de novo, such as the in-
ternalization of exogenous ligands or the targeting of mol-
ecules introduced into hub-expressing cells by transfec-
tion.

To ascertain that hub expression does not cause a gen-
eral pleiotropic effect on organelle integrity, the ER and
Golgi structures of cells transfected with T7Hub cDNA
were examined by immunofluorescent staining with anti-ER
antibody and a mAb against the Golgi-associated B-COP
(Allan and Kreis, 1986). In cells expressing T7Hub, no
change of the ER staining was observed, and B-COP re-
mained concentrated in the apparently intact Golgi appa-
ratus (Fig. 4, A and B). The cellular distribution of class I
MHC molecules, which are efficiently transported through
the secretory pathway to their site of accumulation on the
PM, with no known requirement for sorting, was also not
altered in cells expressing hubs (Fig. 4 C).

Expression of Hub Affects Distribution of
Chimeric Proteins with Either Tyrosine or Dileucine
Sorting Motifs

CCVs have been implicated in the transport of proteins
containing specific sorting signals in their cytoplasmic do-
mains. There is strong evidence from receptor mutagene-
sis and morphological studies that a tyrosine-based signal,
with the amino acid sequence YXX@ (X is any amino acid
and @ is an amino acid with a bulky hydrophobic side
chain), is responsible for sequestration of receptors in
CCV at the PM (Marks et al., 1997). Yeast two-hybrid ex-
periments with the p subunits of AP1 and AP2 adaptors
suggest that CCV might also be involved in sorting recep-
tors with the tyrosine-based motif in the TGN (Ohno et
al., 1995). A dileucine-based signal, with two consecutive
leucine/isoleucine residues, also confers intracellular tar-
geting to the endocytic pathway from the PM, and in vitro
binding studies likewise implicate an interaction between
this motif and both adaptors (Heilker et al., 1996; Dietrich
et al., 1997). We analyzed the effect of hub expression on
the localization of chimeric proteins with either a YXX@-
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Figure 3. Expression of T7Hub in trans-
fected cells inhibits receptor-mediated en-
docytosis but not bulk fluid-phase uptake
and alters the intracellular distribution of
the CI-M6PR. (A) HeLa cells were trans-
fected with T7Hub. 48 h after transfection,
cells were allowed to internalize FITC-Tfn
for 10 min at 37°C, and then were pro-
cessed for immunofluorescent microscopy.
Hub-transfected cells were visualized by
anti-T7 mAb and LRSC-conjugated goat
anti-mouse IgG. (B) HeLa cells were
transfected with T7Hub and, after 48 h,
were allowed to internalize FITC-dextran
at 37°C for 3 h before being processed for
anti-T7 mAb staining to visualize cells
with hubs. (C) HeLa cells were trans-
fected with T7Hub and after 48 h were
processed for immunofluorescent micros-
copy to visualize the CI-M6PR, with specific
rabbit antiserum and FITC-conjugated
goat anti-rabbit IgG, and hub-transfected
cells, with anti-T7 mAb and LRSC-conju-
gated goat anti-mouse IgG.

Figure 4. Hub expression does not have
pleiotropic effects on organelle integrity
or the constitutive secretory pathway. HeLa
cells were transfected with T7Hub and,
after 48 h, were stained with (A) anti-ER
antiserum and FITC-conjugated goat anti—
rabbit IgG, (B) anti-B-COP mAb M3AS5
and FITC-conjugated goat anti-mouse
IgG,-specific secondary antibody, or (C)
anti-MHC class I mAb W6/32 and FITC-
conjugated anti-mouse 1gG,,—specific sec-
ondary antibody. The T7Hub-transfected
cells in each field were visualized either by
(A) anti-T7 mAD followed by LRSC-con-
jugated goat anti-mouse IgG or (B and C)
biotinylated anti-T7 mAb followed by
TRITC-conjugated streptavidin.
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Figure 5. Expression of T7Hub increases steady-state levels of
cotransfected Tac chimeras bearing tyrosine- and dileucine-based
sorting motifs and causes their cell surface accumulation. HeLa
cells were transfected with control vector without the hub insert
(V) or T7THub (H). Each population of cells was cotransfected
with vector encoding the Tac chimera with the tyrosine-based
sorting signal of H2M (Y) or vector encoding the Tac chimera
with the dileucine-based sorting motif of CD3vy (LL). 48 h after
transfection, cells were surface biotinylated and lysates were pre-
pared. Surface molecules were removed from the lysate with avi-
din—agarose and then internal molecules were left in the unbound
fraction. The presence of Tac chimeras in each fraction of the ly-
sate was established by immunoblotting with anti-Tac antiserum
after SDS-PAGE. For each sample, 100% of the surface fraction
and 25% of the internal fraction were analyzed.

LL motif

Y motif
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tyrosine (TTM.GSTYA) or a dileucine (Tac-DKQTLL)
targeting signal to investigate which intracellular sorting
steps actually depend on CCV recognition of either signal.
The chimeric molecules both have the extracellular do-
main of the IL-2 receptor a chain, designated Tac, and
have cytoplasmic domains with targeting signals derived
from H2M (YTPL) and CD3y (DKQTLL), respectively.
Both molecules have been previously shown to be tar-
geted efficiently to lysosomes, where the lumenal domain
is rapidly proteolyzed (Letourneur and Klausner, 1992;
Marks et al., 1995). Thus, loss of immunoreactivity to Tac
can be considered a measure of lysosomal delivery.
Chimeric molecules were transfected into HeLa cells
with or without cotransfection of T7Hub and their steady-
state levels were measured by immunoblotting with Tac
antibody (Fig. 5). Surface biotinylation was also performed
on the transfected cells to assess the surface distribution of
the chimeras by isolating surface molecules with avidin
and then immunoblotting with Tac. When either of the
Tac chimeras were expressed alone in transfected cells,
only low levels were detectable in total cell lysate and vir-
tually none were detectable in the cell surface-biotinylated
pool (Fig. 5), consistent with lysosomal targeting. Cotrans-
fection with T7Hub cDNA caused dramatic increases in
the cellular level of either chimera. In addition, a detectable
proportion (~20%) appeared in the cell surface-biotiny-
lated pool (Fig. 5), a ratio that is probably an underestimate
due to the inefficiency of biotinylation. Intracellular distri-
bution of the chimeric proteins was further examined by
immunofluorescent microscopy. In accordance with the
biochemical analysis, the fluorescent signals from staining
the Tac constructs were greatly enhanced upon cotransfec-

anti-Tac
(-hub)

i Figure 6. Expression of T7Hub results in
anti-Tac cellular redistribution of cotransfected
(+hub) Tac chimeras bearing tyrosine- and dileu-
cine-based sorting motifs. HeLa cells were
transfected with (A and D) control vector
(—hub) or (B, C, E, and F) T7Hub (+hub)
together with (A-C) vector encoding the
Tac chimera with a tyrosine-based sorting
signal (Y motif) or (D-F) vector encoding
the Tac chimera with a dileucine-based
. sorting signal (LL motif). 48 h after trans-
anti-T7 fection, cells were processed for immuno-
(+hub) fluorescence and stained with (A, B, D,

and FE) anti-Tac antiserum followed by
FITC-conjugated goat anti-rabbit IgG
and (C and F) anti-T7 mAb followed by
LRSC-conjugated goat anti-mouse IgG.
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tion with T7Hub, compared to the generally weak staining
obtained in the control cells (Fig. 6). The bulk of the chi-
meric proteins in hub-transfected cells also seemed to be
predominantly localized on the PM (Fig. 6), whereas those
in cells without hubs had a punctate intracellular distribu-
tion. These results indicate that blocking CCV function re-
sults in the mistargeting of proteins normally destined for
lysosomes and because of a block in receptor-mediated
endocytosis, they were accumulating on the cell surface. It
is not possible to determine whether these proteins were
expressed on the cell surface as part of their normal trans-
port pathway to lysosomes or whether they were diverted
to the cell surface because of missorting in the TGN. How-
ever, these results clearly show that chimeric molecules
with either the tyrosine or dileucine motif rely on CCVs for
their endocytosis. They also confirm that hub transfection
blocks CCV function at the cell surface.

CCVs Are Involved in Both the Intracellular Targeting
and Endocytosis of HLA-DM Molecules

To address whether CCVs are also involved in sorting
molecules with tyrosine or dileucine signals in the TGN,
we chose to investigate the effect of hub expression on the
sorting of biologically active molecules bearing these sig-
nals in the class II MHC-antigen presentation pathway.
The YXX@-tyrosine signals of the HLA-DM B chain and
its rodent homologue H2Mb are necessary and sufficient
for their delivery to the lysosomal compartment and for
interaction with the w1 and p.2 adaptor subunits (Lindstedt
et al., 1995; Marks et al., 1995; Ohno et al., 1995; Copier et
al., 1996). To investigate where CCVs are actually involved
in HLA-DM sorting, plasmids containing HLA-DM « and
B subunit DNA sequences under the transcriptional con-
trol of the CMV promoter were transfected into HeLa
cells with or without T7Hub cDNA. The majority of
HLA-DM dimers was targeted to lysosome-like compart-
ments (Marks et al., 1995) undetectable on the PM (Fig. 7
A) when expressed in the absence of hub molecules. How-
ever, a significant increase of cell surface DM staining was
observed upon coexpression with the T7Hub (Fig. 7, B
and C). This result indicates that CCVs are indeed respon-
sible for the internalization of DM molecules from the cell
surface. The internal staining for DM had a lysosome-like
distribution, possibly because some of the DM molecules
would have been targeted to intracellular compartments
before hubs accumulated to an inhibitory level, as we had
observed for endogenous CI-M6PRs. The route by which
the DM molecules reached these compartments needed
further clarification.

To determine whether HLA-DM was directly targeted
from the TGN to the endocytic pathway and to establish
whether CCVs are involved in DM sorting in the TGN, we
developed a new expression strategy. cDNA encoding the
DMa and DMB chains were subcloned into expression
vectors driven by a modified version of the inducible hu-
man metallothionein promoter that was developed to re-
duce basal expression levels (Makarov et al., 1994). Thus,
when cells were cotransfected with these constructs and
hubs were expressed from a constitutive promoter, hubs
could accumulate to inhibitory levels before inducing DM
expression. In the absence of cadmium, DM was barely
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Figure 7. Hub expression results in surface accumulation of coex-
pressed HLA-DM molecules. HeLa cells were transfected with
either (A) control vector (no hub) or (B and C) T7Hub and (A-C)
cotransfected with vectors encoding the HLA-DM «/f dimer
(pCDM8DMa and pCDM8DMSB). (A and B) Surface expression
of DM was analyzed by incubating nonpermeabilized, live cells
with anti-DM antiserum for 30 min on ice. Cells were then fixed
and processed for immunofluorescent microscopy using FITC-
conjugated goat anti-rabbit IgG to detect surface DM. (C) Cells
in B were labeled with anti-T7 mAb followed by LRSC-conju-
gated goat anti-mouse IgG to identify cells with hubs.

detectable by immunofluorescence in transfected cells.
DM dimers, induced by the addition of cadmium in the ab-
sence of hubs, were targeted to lysosome-like compart-
ments and colocalized with the lysosomal marker CD63
(Fig. 8, A and B). In cells cotransfected with hubs, DM
molecules induced 24 h after cotransfection had a diffuse
perinuclear distribution consistent with localization to the
ER and Golgi complex. This was similar to the pattern
seen for endogenous CI-M6PR when its distribution was
altered by hub expression (Fig. 3 C), further indicating
that hubs inhibit sorting in the TGN, resulting in defective
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Figure 8. Direct delivery of HLA-DM mol-
ecules from the TGN to lysosome-like com-
partments is inhibited by hubs. HeLa cells
were transfected with (A-C) control vector
or (D-F) T7Hub. (A, B, D, and E) were
cotransfected with vectors encoding the
HLA-DM o/f dimer driven by the induc-
ible human metallothionein promoter
(pPMTA302DMa and pMTA302DMB). C
and F were cotransfected with a vector en-
coding the DM chain without the YTPL
internalization motif (pCDMS8.1.DMB-
HSSA) and the inducible DMa chain
(PMTA302DMa). 24 h after transfection,
expression of DM molecules was induced
by exposure to 10 uM CdCl, for 20 h. Cells
were fixed, permeabilized, and then pro-
cessed for intracellular immunofluores-
cence. Colocalization of DM relative to the
lysosomal marker CD63 was analyzed by
double-staining cells with (A and D) anti-
DM antiserum followed by FITC-conju-
gated goat anti-rabbit IgG and (B and F)
anti-CD63 mAb followed by LRSC-conju-
gated goat anti-mouse IgG. Note that in A
and D, DM is detected only in transfected
cells that are cotransfected with control vec-
tor or hub, whereas CD63 (B and E) is de-
tected in all cells. The surface staining of
DM in comparable samples was barely de-
tectable for both control and hub-trans-
fected cells (data not shown). In C and F the

surface expression of the DM chain without the YTPL internalization motif occured when expression of cotransfected DMa was in-
duced and was detected in control or hub-transfected cells by labeling with anti-DM antiserum followed by FITC-conjugated goat anti—

rabbit IgG.

targeting to vesicular structures and apparent backup in
the secretory pathway. In the case of DM expressed de
novo, no vesicular structures containing DM were de-
tected, and the staining patterns for DM and CD63 were
distinct in hub-transfected cells (Fig. 8, D and E). In addi-
tion, no significant level of induced DM was detected on
the cell surface for cells transfected with either hub-con-
taining or control vectors (data not shown). The hub ef-
fects on DM expression, causing accumulation in the peri-
nuclear area, depletion from endocytic compartments, and
preventing DM’s transient appearance on the PM indicate
that DM export from the TGN is a function of CCVs and
that the targeting of DM to lysosome-like compartments is
clathrin dependent. These data also suggest that CCVs
sort DM directly from the TGN to the endocytic pathway
before it can get to the cell surface. Thus, the endocytosis
of DM in CCVs is probably a recapture mechanism used
to recycle DM released from the endocytic pathway,
rather than the primary route taken to reach the endocytic
compartments in which it resides.

In clathrin-deficient yeast, TGN sorting is impaired and
the protease Kex2p, normally sequestered in the TGN, is
expressed on the cell surface (Seeger and Payne, 1992). In
hub-transfected cells, inhibition of CCV function at the
TGN results in a broadened perinuclear distribution of
molecules that are normally targeted to endocytic vesicles.
We hypothesized that these different outcomes reflect the
fact that hubs cause hyperassembly of endogenous clathrin
around TGN-coated pits, forming a nonfunctional struc-

Liu et al. Clathrin Hubs Inhibit Sorting in the MHC Il Pathway

ture which, via adaptors, acts as a trap for molecules that
are normally sorted, and prevents their exit from the
secretory pathway. This is in contrast to mutant yeast that
lack functional clathrin and are permissive for cell surface
export in the absence of sorting. To investigate the validity
of the “trap” theory, we analyzed the effect of hub expres-
sion on the TGN sorting of DM molecules lacking their
sorting signals (Fig. 8, C and F). Such molecules should be
able to evade being trapped by adaptors in nonfunctional
clathrin assemblies. Cells were transfected with control
vector or hub and cotransfected with mutant DM, lack-
ing its sorting signal, along with DMa, expressed under an
inducible promoter. Since DMB depends on DMa for ex-
port from the ER, this system results in inducible expres-
sion of mutant DM dimers (Karlsson et al., 1994; Marks et
al., 1995). When induced by addition of cadmium, the
mutant DM dimers were expressed on the cell surface
whether or not hub was present in the transfected cells.
Thus, the DM mutants were not trapped into a perinuclear
distribution, indicating that hub effects depend on interac-
tion with the DM sorting signal, and that hub inhibition of
sorting in the TGN is consistent with a trapping mecha-
nism. In addition, this provides further evidence that hubs
do not inhibit the constitutive secretory pathway.

CCVs Mediate Endocytosis but Not the Intracellular
Targeting of MHC Class I1 DR-I Chain Complex

The dileucine signal of the cytoplasmic tail of the I chain is
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responsible for the targeting of the I chain complexed with
class I MHC molecules to the endocytic pathway (Pieters
et al., 1993; Odorizzi et al., 1994). To determine whether
CCVs play a role in this targeting and to establish what
steps depend on their participation, I chain—class II MHC
complexes were coexpressed with hubs. For this study, a
plasmid encoding the Ip33 form of the I chain, which is the
most abundant form responsible for class II molecule tar-
geting, was chosen for transfection along with plasmids en-
coding the a and B chain of HLA-DR, a human class II
MHC molecule. In initial experiments all these cDNAs
were under transcriptional control of the constitutive
CMYV promoter, and then cotransfected into HeLa cells,
with or without cotransfection of T7Hub. First, the surface
expression of these molecules was examined by immuno-
fluorescent microscopy. I chain, coexpressed with HLA-
DR, was not detectable on the surface of control cells,
(Fig. 9 A) but was significantly increased on the surface of
cells cotransfected with T7Hub (Fig. 9, B and C). This ob-
servation demonstrates that surface I chain-DR is nor-
mally endocytosed through CCVs and is consistent with
the conclusions of a recent study of the effects of a dy-
namin mutant on I chain-DR distribution (Wang et al.,
1997), a finding that we have confirmed independently by
transfection with mutant dynamin (Marks, M., unpub-
lished results). Hub-transfected cells were also analyzed
by intracellular immunofluorescent microscopy for the
distribution of I chain-DR complexes (data not shown),
revealing a normal distribution in the endocytic pathway.
This normal localization could be a function of targeting
during hub accumulation or could be due to the fact that I
chain transport to the endocytic pathway may not depend
on CCVs.

To clarify the mechanism and primary destination of I
chain export from the TGN, I chain cDNA was subcloned
for expression driven by the modified metallothionein
promoter. The inducible I chain plasmid was transfected
into HeLa cells together with plasmids encoding DR sub-
units, with or without hubs. I chain expression was then in-
duced after 24 h of constitutive hub expression. In cells ex-
pressing hubs, the cadmium-induced I chain still appeared
localized in vesicular structures, indistinguishable from the
expression pattern observed in control cells with no hubs
(Fig. 10, A and B). A similar result was obtained when I
chain was expressed alone without DR dimers (data not
shown). Note that with or without hub expression, the in-
tracellular I chain signal in the majority of the cells was
weak due to the lysosomal degradation of the epitope rec-
ognized by the antibody used. These observations indicate
that direct targeting of I chain from the TGN to the en-
docytic pathway is clathrin independent, consistent with
an earlier immunoelectron microscopy study localizing I
chain-DR complexes to budding structures in the TGN
lacking clathrin or other CCV coat proteins (Glickman et
al., 1996).

Discussion

A Direct Approach to Establishing the Role of Clathrin
in Intracellular Transport

Clathrin’s role in receptor-mediated endocytosis from the
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PM has been well-established through a large body of cu-
mulative evidence. The role of CCV in sorting proteins at
intracellular membranes needs to be better defined. Exist-
ing methods for analyzing the role of clathrin in intracellu-
lar transport pathways in mammalian cells are indirect or
inefficient. Pharmacological methods that disrupt clathrin
function at the PM such as induction of cytosol acidifica-
tion, exposure to hypertonicity, or “potassium depletion”
may cause pleiotropic changes in the cell, in addition to
their effects on clathrin. Morphological localization of
clathrin to a particular cellular location or visualization of
a receptor in a coated pit or vesicle suggests the involve-
ment of clathrin in transport, but does not demonstrate
function. Microinjection of antibodies to clathrin, al-
though informative, has technological limitations (Doxsey
et al., 1987). Genetic approaches in yeast, Drosophila, and
Dictyostelium have proven valuable in analyzing clathrin
function (Silveira et al., 1990; Seeger and Payne, 1992; Ba-
zinet et al., 1993; Niswonger and O’Halloran, 1997) in
these organisms. Accordingly, expression of a dominant-
negative mutant of dynamin in mammalian cells, repro-
ducing the shibire phenotype of Drosophila, has been very
useful for demonstrating the role of CCV in uptake from
the PM (van der Bliek et al., 1993; Damke et al., 1995;
Wang et al., 1997). However, this approach has been un-
able to investigate the role of CCV in internal sorting pro-
cesses. To address this problem in mammalian cells, we
transfected cells with the hub fragment of the clathrin
triskelion, which we demonstrate acts as a dominant-nega-
tive mutant, specifically inhibiting clathrin function both at
the PM and in intracellular sorting steps. Blocks in en-
docytosis were observed for uptake of endogenous TfnR
and four different transfected molecules. Blocks in TGN
sorting were observed for endogenous CI-M6PR and for
transfected HLA-DM. We also demonstrate that hub ex-
pression has no effect on fluid-phase endocytosis or or-
ganelle integrity in the constitutive secretory pathway. In
addition, hubs had no effect on constitutive secretion of
class  MHC molecules or a transfected mutant DM mole-
cule lacking its CCV sorting signal.

Previous studies from the laboratory established that
the hub fragment, formed by the carboxy-terminal third of
the clathrin heavy chain, trimerizes and folds to mimic the
central portion of the clathrin triskelion. Here, we show
that the hub fragment expressed in mammalian cells binds
endogenous clathrin LCs. Accompanying this behavior is a
hyperassembly of LC-free endogenous triskelions onto
cellular membranes. This can be explained by the fact that
LCs prevent clathrin assembly at physiological pH in the
absence of adaptors (Liu et al., 1995), so triskelions with-
out LCs could be adding onto existing clathrin lattices,
without the need for adaptors. Indeed, although we ob-
serve increased membrane recruitment of endogenous
clathrin heavy chain in hub-transfected cells, we see no
change in the distribution of either AP1 or AP2 adaptors
on cellular membranes. Therefore, we hypothesize that
hubs inhibit clathrin function primarily by LC depletion
and thus induce hyperassembly at the edge of existing
clathrin-coated pits. Hubs themselves may also be incor-
porated into existing clathrin lattices, as we can detect
some membrane-associated hub molecules. The outcome
of this inhibition mechanism is that clathrin-coated pits are
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Figure 9. Hub expression results in the surface accumulation of
coexpressed I chain. HeLa cells were transfected with (A) control
vector (no hub) or (B and C) T7Hub and (A, B, and C) cotrans-
fected with vectors encoding I chain and HLA-DRa« and 8 chains
(pCDMS8Ip33, pCDM8DRa, pCDMSDR). (A and B) Surface
expression of I chain was analyzed by incubating nonpermeabi-
lized, live cells with anti-I chain antiserum KESL for 30 min on
ice. Cells were then fixed and processed for immunofluorescent
microscopy using FITC-conjugated goat anti-rabbit IgG to detect
surface I chain. (C) Cells in B were labeled with anti-T7 mAb fol-
lowed by LRSC-conjugated goat anti-mouse IgG to identify cells
with hubs.

frozen at the PM and TGN, trapping associated adaptors
and receptors. This results in a phenotype in which CCV-
mediated import or export of receptors, which are not
overexpressed, is blocked, rather than the missorting of
the phenotype observed in clathrin-deficient yeast mu-
tants (Seeger and Payne, 1992). Characteristic of this phe-
notype is the patchy accumulation of molecules on the cell
surface when endocytosis is blocked as seen in Figs. 7 and
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Figure 10. Direct delivery of I chain (coexpressed with DR) from
the TGN to the endocytic pathway is not affected by expression
of hubs. HeLa cells were transfected with (A) control vector
(no hub) or (B and C) T7Hub and (A-C) cotransfected with vec-
tors encoding HLA-DR « and B chains (pCDM8DRa and
pCDMSDRp) and the I chain driven by human metallothionein
promoter (pMTA302Ip33). 24 h after transfection, I chain expres-
sion was induced by exposure to 10 uM CdCl, for 20 h. Cells were
fixed, permeabilized, and then processed for immunofluores-
cence. The cells were stained with (A and B) anti-I chain mAb
PIN.1.1, followed by FITC-conjugated goat anti-mouse IgG—
specific secondary antibody and then (C) biotinylated anti-T7
mADb followed by TRITC-conjugated streptavidin.

9, and the apparent backup of molecules in the secretory
pathway when TGN sorting is blocked by hubs, as seen in
Fig. 3 C for the CI-M6PR and in Fig. 8 D for HLA-DM.
It has not yet been possible to establish permanent
transfectants with the hub construct under an inducible
promoter, likely due to a long-term toxic effect of even
low levels of hub expression from leaky promoters. Analy-
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Figure 11. The role of clathrin and routes of transport in target-
ing I chain—class II MHC complexes and HLA-DM to the en-
docytic pathway. Analysis of DM and I chain—class II targeting,
in the presence of hub molecules that inhibit CCV-mediated
transport, suggests that both DM and I chain-DR are directly
transported to the endocytic pathway from the TGN, without ini-
tial routing via the PM. In the TGN, DM is sorted in CCV and I
chain—-DR by a clathrin-independent mechanism. Our results also
indicate that both complexes can subsequently appear on the cell
surface and are then internalized by CCV, hence we propose they
can follow routes 2 and 3, as shown. Solid arrows indicate path-
ways determined by the data reported, with clathrin-dependence
shown in black and clathrin-independent pathways depicted in
gray. Dashed arrows indicate speculated pathways where the role
of clathrin is unknown. The detailed rationale behind this trans-
port scheme is presented in the Discussion.

sis of the distribution of existing pools of molecules after
hub transfection showed varying degrees of effects on
steady-state distribution. For example, when the distribu-
tion of TfnR was analyzed in hub-expressing cells, we ob-
served a variable, but notable, reduction of TfnR on the
cell surface (data not shown). This correlates with previ-
ous observations that the bulk of cellular transferrin re-
ceptor is endosomal (Futter et al., 1995). It also suggests
that hubs are probably inhibiting clathrin-dependent recy-
cling (Stoorvogel et al., 1996), as well as clathrin-depen-
dent endocytosis. The distribution of endogenous CI-M6PR
was also affected to varying degrees in different cells, after
24 h of hub expression.

For a more definitive application of hub expression to
studying the role of clathrin in the sorting of particular
molecules, we took the approach of cotransfecting cells
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with novel molecules to be analyzed, so that these mole-
cules were expressed either during hub accumulation or,
when the test molecule was under the control of an induc-
ible promoter, it was expressed after hub accumulation.
This approach made it possible to analyze clearly the role
of clathrin in the intracellular targeting of test molecules.
Cotransfection of hubs with chimeric molecules bearing
cytoplasmic domains with predicted CCV recognition sig-
nals attached to the Tac extracellular domain of the IL-2
receptor a-chain, revealed that hub expression blocked
the internalization of the chimeric molecules with either
the tyrosine-containing signal of the H2M B chain or the
dileucine signal of the CD3 y chain. This is, in fact, the first
functional demonstration of a role for clathrin in internal-
izing molecules with this particular YXX@-tyrosine signal.
It is also the first confirmation of the role of CCVs in up-
take of molecules with the dileucine signal, which has been
implicated in endocytosis. In sum, these experiments char-
acterizing the clathrin hub expression system revealed its
utility in studying the role of clathrin-dependent processes
in mammalian cells.

The Role of CCVs in the Class I1 MHC-Molecule
Antigen Presentation Pathway

Class I MHC molecules acquire peptides for presentation
to helper T cells when they intersect the endocytic path-
way after biosynthesis. Targeting of class II molecules to
the endocytic pathway and their peptide loading depends
on two important accessory molecules that have predicted
CCYV association signals in their cytoplasmic domains, the
I chain, and HLA-DM. By analyzing the effects of hub ex-
pression on the endocytic delivery of these molecules, we
can establish where CCVs are involved in sorting mole-
cules with dileucine- or tyrosine-based CCV association
signals, and where such sorting is critical for antigen pre-
sentation.

A dileucine signal in the I chain is responsible for target-
ing associated class II molecules to the endocytic pathway,
where the I chain is degraded and its residual CLIP pep-
tide, which occupies the class II molecule’s peptide bind-
ing site, is replaced by an antigenic peptide. How the I
chain—class II complex is targeted to the endocytic path-
way and whether it is first transported to the PM and then
internalized has not yet been established. It is clear that a
substantial proportion of newly synthesized class II-I
chain complexes appears on the cell surface before their
processing in the endocytic pathway (Roche et al., 1993;
Odorizzi et al., 1994; Wang et al., 1997) and morphological
evidence indicates intact I chain can be detected in early,
as well as late, endocytic compartments (Guagliardi et al.,
1990; Castellino and Germain, 1995). Clathrin does not
colocalize with I chain—class II complexes in the TGN
(Glickman et al., 1996) but overexpression of I chain—class
IT complexes results in an increase in AP1 binding sites on
internal cellular membranes (Salamero et al., 1996). Taken
together, these results suggest that clathrin may be in-
volved in uptake and targeting of the I chain—class II com-
plex and could also play a role at some stage in its intracel-
lular sorting.

A tyrosine-based signal in the B chains of HLA-DM or
the mouse equivalent H2Mb (Lindstedt et al., 1995; Marks

1034



et al., 1995; Ohno et al., 1995; Copier et al., 1996) is re-
quired for targeting these molecules to lysosome-like en-
docytic compartments where they interact with class II
molecules (Amigorena et al., 1994; Tulp et al., 1994; West
et al., 1994). DM serves as a catalyst to antigen presenta-
tion by stabilizing the empty form of class II molecules
(Denzin et al., 1996; Kropshofer et al., 1997), thereby pro-
moting the exchange of the CLIP fragment of I chain for
peptides derived from exogenous internalized proteins
(Denzin and Cresswell, 1995; Sherman et al., 1995; Sloan
et al., 1995; Weber et al., 1996). Yeast two-hybrid interac-
tion studies suggest a possible role for CCVs in sorting
DM to the endocytic pathway at both the PM and the
TGN. However, under steady-state conditions, DM can-
not be detected on the surface of cells in which it is ex-
pressed (Sanderson et al., 1994).

The distribution of both I chain—class II and DM com-
plexes is altered by hub expression, making it possible to
define the steps where CCVs play a role in targeting these
molecules to the endocytic pathway and the routes by
which they are transported (Fig. 11). Expression of I
chain—class II complexes or HLA-DM heterodimers in the
presence of clathrin hubs resulted in accumulation of both
complexes on the cell surface. In the absence of hubs, both
complexes were undetectable on the cell surface, confirm-
ing that they are preferentially targeted to the endocytic
pathway, and that their targeting mechanism was not satu-
rated at these levels of expression. These results indicate
that at some point in their transport, both I chain—class II
complexes and HLA-DM access the cell surface and are
internalized in CCVs. When HLA-DM or I chain—class II
complexes were expressed from an inducible promoter in
cells that had already accumulated hubs, HLA-DM mole-
cules were trapped in the secretory pathway and never
reached endocytic compartments, whereas endocytic tar-
geting of the I chain—class II complexes was unaffected by
hubs. Thus, CCVs are required for DM sorting in the TGN
but sorting of I chain—class II complexes is clathrin inde-
pendent. In addition, when HLA-DM was expressed after
hub accumulation, none appeared on the cell surface and
when I chain—class II complexes were expressed under the
same conditions, only low levels were detectable on the
cell surface. This implies both complexes are primarily tar-
geted to the endocytic pathway before surface expression,
otherwise they would have accumulated on the cell sur-
face, since hubs block their endocytosis.

Since sorting of DM and I chain—class II complexes to
the endocytic pathway has been previously shown to de-
pend on dileucine and tyrosine-based adaptor-binding mo-
tifs, this study also identifies the pathways where these
motifs function to regulate CCV association. Our findings
suggest that both motifs are sorted in CCVs at the PM, but
that in targeting molecules from the TGN to the endocytic
pathway, CCVs transport molecules with the tyrosine-
based motif, and sorting of molecules with a dileucine mo-
tif is clathrin independent. AP1 is the likely adaptor candi-
date for sorting DM into CCVs at this stage. It will be
interesting to see whether the AP3 adaptor, which plays a
role in lysosomal targeting (Cowles et al., 1997) but is ap-
parently clathrin independent (Dell’ Angelica et al., 1997b;
Simpson et al., 1997) might be involved in targeting I chain
to the endocytic pathway from the TGN. Whether both
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DM and I chain are initially delivered from the TGN to
the same endocytic compartments is not possible to deter-
mine from our data because we can only observe their fi-
nal distribution. We speculate that they may have distinct
endocytic destinations, with I chain—class II complexes be-
ing delivered to earlier compartments than DM. However,
our data do indicate that both molecules can be released
to the PM after their initial delivery to the endocytic path-
way. For I chain, we suggest its export to the PM from the
endocytic pathway could be a clathrin-dependent step,
such as recycling from an endosome, because its PM deliv-
ery seems to be inhibited in hub-expressing cells, even
though the I chain still accesses the endocytic pathway.
Such a pathway would be analagous to the route of cell
surface expression that has been proposed for the TfnR
(Futter et al., 1995). When I chain is expressed at high lev-
els, recruitment of AP1 to intracellular membranes is ob-
served, suggesting that AP1 could be the functional adap-
tor for export of I chain to the cell surface (Salamero et al.,
1996). The mechanism by which DM is released to the PM
cannot be predicted from our data, but one possibility is
that DM routinely escapes with peptide-loaded class II to
the cell surface, and that these molecules dissociate only
when they leave the acidic environment of the loading
compartment. Thus, endocytosis of DM might represent a
critical recapture step. Controlling the differential interac-
tion of DM with class I MHC molecules in various cellu-
lar environments is fundamental to antigen presentation.
Here, we demonstrate that CCVs play a critical role in co-
ordinating this molecular interplay by recognizing different
sorting signals at different stages of intracellular transport.

We thank members of the Brodsky lab for helpful comments and our col-
leagues, mentioned in the Materials and Methods, for antibodies and
DNA constructs.

This work was supported by National Institutes of Health grants
(GM38093, AI39152, and GMS57657) to F.M. Brodsky, and American
Cancer Society grants (ACS RPG-97-003-01-BE and IRG-135) to M.S.
Marks.

Received for publication 11 November 1997 and in revised form 6 January
1998.

References

Acton, S., and F.M. Brodsky. 1990. Predominance of clathrin light-chain LC,
correlates with the presence of a regulated secretory pathway. J. Cell Biol.
111:1419-1426.

Ahle, S., A. Mann, U. Eichelsbacher, and E. Ungewickell. 1988. Structural rela-
tionships between clathrin assembly proteins from the Golgi and the plasma
membrane. EMBO (Eur. Mol. Biol. Organ.) J. 7:919-929.

Allan, V.J., and T.E. Kreis. 1986. A microtubule-binding protein associated
with membranes of the Golgi apparatus. J. Cell Biol. 103:2229-2239.

Amigorena, S., J.R. Drake, P. Webster, and I. Mellman. 1994. Transient accu-
mulation of new class I MHC molecules in a novel endocytic compartment
in B lymphocytes. Nature. 369:113-120.

Bakke, O., and B. Dobberstein. 1990. MHC class II-associated invariant chain
contains a sorting signal for endosomal compartments. Cell. 63:707-716.

Barnstable, C.J., W.F. Bodmer, G. Brown, G. Galfré, C. Milstein, A.F. Wil-
liams, and A. Ziegler. 1978. Production of monoclonal antibodies to group A
erythrocytes, HLA and other human cell surface antigens—new tools for ge-
netic analysis. Cell. 14:9-20.

Bazinet, C., A.L. Katzen, M. Morgan, A.P. Mahowald, and S.K. Lemmon. 1993.
The Drosophila clathrin heavy chain gene: clathrin function is essential in a
multicellular organism. Genetics. 134:1119-1134.

Blank, G.S., and F.M. Brodsky. 1986. Site-specific disruption of clathrin assem-
bly produces novel structures. EMBO (Eur. Mol. Biol. Organ.) J. 5:2087—
2095.

Bonnerot, C., D. Lankar, D. Hanau, D. Spehner, J. Davoust, J. Salamero, and
W.H. Fridman. 1995. Role of B cell receptor Iga and IgB subunits in MHC
class II-restricted antigen presentation. Immunity. 3:335-347.

1035



Brodsky, F.M. 1988. Living with clathrin: its role in intracellular membrane
traffic. Science. 242:1396-1402.

Castellino, F., and R.N. Germain. 1995. Extensive trafficking of MHC class II-
invariant chain complexes in the endocytic pathway and appearance of pep-
tide-loaded class II in multiple compartments. Immunity. 2:73-88.

Chin, D.J., R.M. Straubinger, S. Acton, I. Nithke, and F.M. Brodsky. 1989. 100-
kDa polypeptides in peripheral clathrin-coated vesicles are required for re-
ceptor-mediated endocytosis. Proc. Natl. Acad. Sci. USA. 86:9289-9293.

Copier, J., MJ. Kleijmeer, S. Ponnambalam, V. Oorschot, P. Potter, J. Trows-
dale, and A. Kelly. 1996. Targeting signal and subcellular compartments in-
volved in the intracellular trafficking of HLA-DMB. J. Immunol. 157:1017—
1027.

Cowles, C.R., G. Odorizzi, G.S. Payne, and S.D. Emr. 1997. The AP-3 adaptor
complex is essential for cargo-selective transport to the yeast vacuole. Cell.
91:109-118.

Damke, H., T. Baba, A.M. van der Bliek, and S.L. Schmid. 1995. Clathrin-inde-
pendent pinocytosis is induced in cells overexpressing a temperature-sensi-
tive mutant of dynamin. J. Cell Biol. 131:69-80.

Dell’Angelica, E.C., H. Ohno, C.E. Ooi, E. Rabinovich, K.W. Roche, and J.S.
Bonifacino. 1997a. AP-3: an adaptor-like protein complex with ubiquitous
expression. EMBO (Eur. Mol. Biol. Organ.) J. 16:917-928.

Dell’Angelica, E.C., C.E. Ooi, and J.S. Bonifacino. 1997b. B3A-adaptin: a sub-
unit of the adaptor-like complex AP-3. J. Biol. Chem. 272:15078-15084.

Denzin, LK., and P. Cresswell. 1995. HLA-DM induces CLIP dissociation
from MHC class II «f dimers and facilitates peptide loading. Cell. 82:155-165.

Denzin, LK., C. Hammond, and P. Cresswell. 1996. HLA-DM interactions
with intermediates in HLA-DR maturation and a role for HLA-DM in sta-
bilizing empty HLA-DR molecules. J. Exp. Med. 184:2153-2165.

Dietrich, J., J. Kastrup, B.L. Nielsen, N. @dum, and C. Geisler. 1997. Regula-
tion and function of the CD3y DxxxLL motif: a binding site for adaptor pro-
tein-1 and adaptor protein-2 in vitro. J. Cell Biol. 138:271-281.

Dittié, A.S., N. Hajibagheri, and S.A. Tooze. 1996. The AP-1 adaptor complex
binds to immature secretory granules from PCI12 cells, and is regulated by
ADP-ribosylation factor. J. Cell Biol. 132:523-536.

Doxsey, S.J., F.M. Brodsky, G.S. Blank, and A. Helenius. 1987. Inhibition of
endocytosis by anti-clathrin antibodies. Cell. 50:453-463.

Futter, C.E., C.N. Connolly, D.F. Cutler, and C.R. Hopkins. 1995. Newly syn-
thesized transferrin receptors can be detected in the endosome before they
appear on the cell surface. J. Biol. Chem. 270:10999-11003.

Glickman, J.N., P.A. Morton, J.W. Slot, S. Kornfeld, and H.J. Geuze. 1996. The
biogenesis of the MHC class II compartment in human I-—cell disease B lym-
phoblasts. J. Cell Biol. 132:769-785.

Guagliardi, L.E., B. Koppelman, J.S. Blum, M.S. Marks, P. Cresswell, and F.M.
Brodsky. 1990. Co-localization of molecules involved in antigen processing
in an early endocytic compartment. Nature. 343:133-139.

Heilker, R., U. Manning-Krieg, J.-F. Zuber, and M. Spiess. 1996. In vitro bind-
ing of clathrin adaptors to sorting signals correlates with endocytosis and ba-
solateral sorting. EMBO (Eur. Mol. Biol. Organ.) J. 15:2893-2899.

Herskovits, J.S., C.C. Burgess, R.A. Obar, and R.B. Vallee. 1993. Effects of mu-
tant rat dynamin on endocytosis. J. Cell Biol. 122:565-578.

Johnson, K.F., and S. Kornfeld. 1992. The cytoplasmic tail of the mannose 6-phos-
phate/insulin-like growth factor II receptor has two signals for lysosomal en-
zyme sorting in the Golgi. J. Cell Biol. 119:249-257.

Karlsson, L., A. Péléraux, R. Lindstedt, M. Liljedahl, and P.A. Peterson. 1994.
Reconstitution of an operational MHC class II compartment in nonantigen-
presenting cells. Science. 266:1569-1573.

Keen, J.H. 1990. Clathrin and associated assembly and disassembly proteins.
Annu. Rev. Biochem. 59:415-438.

Kelly, A.P., J.J. Monaco, S. Cho, and J. Trowsdale. 1991. A new human HLA
class Il-related locus, DM. Nature. 353:571-573.

Kornfeld, S. 1992. Structure and function of the mannose-6-phosphate/insulin-
like growth factor II receptors. Annu. Rev. Biochem. 61:307-330.

Kropshofer, H., S.O. Arndt, G. Moldenhauer, G.J. Hammerling, and A.B.
Vogt. 1997. HLA-DM acts as a molecular chaperone and rescues empty
HLA-DR molecules at lysosomal pH. Immunity. 6:293-302.

Laemmli, U.K. 1970. Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature. 227:680-685.

Lemmon, S.K., A. Pellicena-Palle, K. Conley, and C.L. Freund. 1991. Sequence
of the clathrin heavy chain from Saccharomyces cerevisiae and requirement
of the COOH terminus for clathrin function. J. Cell Biol. 112:65-80.

Letourneur, F., and R.D. Klausner. 1992. A novel di-leucine motif and a ty-
rosine based motif independently mediate lysosomal targeting and endocy-
tosis of CD3 chains. Cell. 69:1143-1157.

Lindstedt, R., M. Liljedahl, A. Péléraux, P.A. Peterson, and L. Karlsson. 1995.
The MHC class II molecule H2-M is targeted to an endosomal compartment
by a tyrosine-based targeting motif. Immunity. 3:561-572.

Liu, S.-H., M.L. Wong, C.S. Craik, and F.M. Brodsky. 1995. Regulation of
clathrin assembly and trimerization defined using recombinant triskelion
hubs. Cell. 83:257-267.

Long, E., T. LaVaute, V. Pinet, and D. Jaraquemada. 1994. Invariant chain pre-
vents the HLA-DR restricted presentation of a cytosolic peptide. J. Immu-
nol. 153:1487-1494.

Lotteau, V., L. Teyton, A. Peleraux, T. Nilsson, L. Karlsson, S.L. Schmid, V.
Quaranta, and P.A. Peterson. 1990. Intracellular transport of class II MHC
molecules directed by invariant chain. Nature. 348:600-605.

The Journal of Cell Biology, Volume 140, 1998

Louvard, D., H. Reggio, and G. Warren. 1982. Antibodies to the Golgi complex
and the rough endoplasmic reticulum. J. Cell Biol. 92:92-107.

Makarov, S.S., C. Jonat, and S. Haskill. 1994. Hyperinducible human metal-
lothionein promoter with a low level basal activity. Nucleic Acids Res. 22:
1504-1505.

Marks, M.S., P.A. Roche, E. van Donselaar, L. Woodruff, P.J. Peters, and J.S.
Bonifacino. 1995. A lysosomal targeting signal in the cytoplasmic tail of the
B chain directs HLA-DM to MHC class II compartments. J. Cell Biol. 131:
351-369.

Marks, M.S., L. Woodruff, H. Ohno, and J.S. Bonifacino. 1996. Protein target-
ing by tyrosine and dileucine-based signals: evidence for distinct saturable
components. J. Cell Biol. 135:341-354.

Marks, M.S., H. Ohno, T. Kirchhausen, and J.S. Bonifacino. 1997. Protein sort-
ing by tyrosine based signals: adapting to the the Ys and wherefores. Trends
Cell Biol. 7:124-128.

Niswonger, M.L., and T.J. O’Halloran. 1997. A novel role of clathrin in cytoki-
nesis. Proc. Natl. Acad. Sci. USA. 94:8575-8578.

Odorizzi, C.G., LS. Trowbridge, L. Xue, C.R. Hopkins, C.D. Davis, and J.F.
Collawn. 1994. Sorting signals in the MHC class II invariant chain cytoplas-
mic tail and transmembrane region determine trafficking to an endocytic
processing compartment. J. Cell Biol. 126:317-330.

Ohno, H., J. Stewart, M.-C. Fournier, H. Bosshart, I. Rhee, S. Miyatake, T.
Saito, A. Galluser, T. Kirchhausen, and J.S. Bonifacino. 1995. Interaction of
tyrosine-based sorting signals with clathrin-associated proteins. Science. 269:
1872-1875.

Ohno, H., M.-C. Fournier, G. Poy, and J.S. Bonifacino. 1996. Structural deter-
minants of interaction of tyrosine-based sorting signals with the adaptor me-
dium chains. J. Biol. Chem. 271:29009-29015.

Pearse, B.M.F., and M.S. Robinson. 1990. Clathrin, adaptors and sorting. Annu.
Rev. Cell Biol. 6:151-171.

Pieters, J., O. Bakke, and B. Dobberstein. 1993. The MHC class II-associated
invariant chain contains two endosomal targeting signals within its cytoplas-
mic tail. J. Cell Sci. 106:831-846.

Pley, U., and P. Parham. 1993. Clathrin: its role in receptor-mediated vesicular
transport and specialized functions in neurons. Crit. Rev. Biochem. Molec.
Biol. 28:431-464.

Rapoport, 1., M. Miyazaki, W. Boll, B. Duckworth, L.C. Cantley, S. Shoelson,
and T. Kirchhausen. 1997. Regulatory interactions in the recognition of en-
docytic sorting signals by AP-2 complexes. EMBO (Eur. Mol. Biol. Organ.)
J. 16:2240-2250.

Roche, P.A., M.S. Marks, and P. Cresswell. 1991. Formation of a nine-subunit
complex by HLA class II glycoproteins and the invariant chain. Nature. 354:
392-394.

Roche, P.A., C.L. Teletski, D.R. Karp, V. Pinet, O. Bakke, and E.O. Long.
1992. Stable surface expression of invariant chain prevents peptide presenta-
tion by HLA-DR. EMBO (Eur. Mol. Biol. Organ.) J. 11:2841-2847.

Roche, P.A., C.L. Teletski, E. Stang, O. Bakke, and E.O. Long. 1993. Cell sur-
face HLA-DR-invariant chain complexes are targeted to endosomes by
rapid internalization. Proc. Natl. Acad. Sci. USA. 90:8581-8585.

Salamero, J., R. Le Borgne, C. Saudrais, B. Goud, and B. Hoflack. 1996. Ex-
pression of major histocompatibility complex class II molecules in HelLa
cells promotes the recruitment of AP-1 Golgi-specific assembly proteins on
Golgi membranes. J. Biol. Chem. 271:30318-30321.

Sanderson, F., M.J. Kleijmeer, A. Kelly, D. Verwoerd, A. Tulp, J.J. Neefjes,
H.J. Geuze, and J. Trowsdale. 1994. Accumulation of HLA-DM, a regulator
of antigen presentation, in MHC class II compartments. Science. 266:1566—
1569.

Schmid, S.L. 1997. Clathrin-coated vesicle formation and protein sorting: an in-
tegrated process. Annu. Rev. Biochem. 66:511-548.

Seeger, M., and G.S. Payne. 1992. Selective and immediate effects of clathrin
heavy chain mutations on Golgi membrane protein retention in Saccharo-
myces cerevisiae. J. Cell Biol. 118:531-540.

Sherman, M.A., D.A. Weber, and P.E. Jensen. 1995. DM enhances peptide
binding to class II MHC by release of invariant chain-derived peptide. Im-
munity. 3:197-205.

Silveira, L.A., D.H. Wong, F.R. Masiarz, and R. Schekman. 1990. Yeast clath-
rin has a distinctive light chain that is important for cell growth. J. Cell Biol.
111:1437-1449.

Simpson, F., A.A. Peden, L. Christopoulou, and M.S. Robinson. 1997. Charac-
terization of the adaptor-related protein complex, AP3. J. Cell Biol. 137:
835-845.

Sloan, V.S., P. Cameron, G. Porter, M. Gammon, M. Amaya, E. Mellins, and
D.M. Zaller. 1995. Mediation by HLA-DM of dissociation of peptides from
HLA-DR. Nature. 375:802-806.

Stoorvogel, W., V. Oorschot, and H.J. Geuze. 1996. A novel class of clathrin-
coated vesicles budding from endosomes. J. Cell Biol. 132:21-33.

Tooze, J., and S.A. Tooze. 1986. Clathrin-coated vesicular transport of secre-
tory proteins during the formation of ACTH-containing secretory granules
in AtT20 cells. J. Cell Biol. 103:839-850.

Towbin, H., T. Staehelin, and J. Gordon. 1979. Electrophoretic transfer of pro-
teins from polyacrylamide gels to nitrocellulose sheets: procedures and some
applications. Proc. Natl. Acad. Sci. USA. 76:4350-4354.

Tulp, A., D. Verwoerd, B. Dobberstein, H.L. Ploegh, and J. Pieters. 1994. Isola-
tion and characterization of the intracellular MHC class II compartment.
Nature. 369:120-126.

1036



Ungewickell, E., and H. Ungewickell. 1991. Bovine brain clathrin light chains
impede heavy chain assembly in vitro. J. Biol. Chem. 266:12710-12714.

van der Bliek, A.M., T.E. Redelmeier, H. Damke, E.J. Tisdale, E.M. Meyero-
witz, and S.L. Schmid. 1993. Mutations in human dynamin block an interme-
diate stage in coated vesicle formation. J. Cell Biol. 122:553-563.

Wang, K., P.A. Peterson, and L. Karlsson. 1997. Decreased endosomal delivery
of major histocompatibility complex class II-invariant chain complexes in
dynamin-deficient cells. J. Biol. Chem. 272:17055-17060.

Weber, D.A., B.D. Evavold, and P.E. Jensen. 1996. Enhanced dissociation of

Liu et al. Clathrin Hubs Inhibit Sorting in the MHC Il Pathway

HLA-DR-bound peptides in the presence of HLA-DM. Science. 274:618-620.

West, M.A., J.M. Lucocq, and C. Watts. 1994. Antigen processing and class II
MHC peptide-loading compartments in human B-lymphoblastoid cells. Na-
ture. 369:147-151.

Ybe, J.A., B. Greene, S.-H. Liu, U. Pley, P. Parham, and F.M. Brodsky. 1998.
Clathrin self-assembly is regulated by three light-chain residues controlling
the formation of critical salt bridges. EMBO (Eur. Mol. Biol. Organ.) J. 17:
1297-1303.

1037






