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Earlier studies have demonstrated interaction of the murine
major histocompatibility complex (MHC) class I molecule Kd

with amyloid precursor-like protein 2 (APLP2), a ubiquitously
expressedmember of the amyloid precursor protein family. Our
current findings indicatethatAPLP2is internalizedinaclathrin-
dependent manner, as shown by utilization of inhibitors of the
clathrin pathway. Furthermore, we demonstrated that APLP2
andKdbind at the cell surface and are internalized together. The
APLP2 cytoplasmic tail contains two overlapping consensus
motifs for binding to the adaptor protein-2 complex, andmuta-
tion of a tyrosine shared by both motifs severely impaired
APLP2 internalization and ability to promote Kd endocytosis.
Upon increased expression of wild type APLP2, Kd molecules
were predominantly directed to the lysosomes rather than recy-
cled to the plasmamembrane. These findings suggest amodel in
which APLP2 binds Kd at the plasma membrane, facilitates
uptake of Kd in a clathrin-dependent manner, and routes the
endocytosed Kd to the lysosomal degradation pathway. Thus,
APLP2 has a multistep trafficking function that influences the
expression of major histocompatibility complex class I mole-
cules at the plasma membrane.

The efficacy of the cellular immune response to intracellular
pathogens and tumors is reliant on major histocompatibility
complex (MHC)5 class I molecules. MHC class I molecules
present peptides, including peptides derived from pathogens
and tumors, at the cell surface to cytotoxic T lymphocytes.

Cytotoxic T lymphocytes have been selected during develop-
ment for their ability to react to cells in the periphery expressing
self MHC class I molecules bearing non-self peptides. The level
of cell surface expression of MHC class I molecules on infected
and malignant cells therefore dictates the extent to which the
antigen-specific cytotoxic T lymphocytes can recognize, and
subsequently lyse, abnormal cells. The cell surface expression
of MHC class I molecules is controlled by the quantity and
quality of MHC class I molecules that are assembled, and also
by the rate at which MHC class I molecules depart from the
plasma membrane.
Amyloid precursor-like protein 2 (APLP2) binds to theMHC

class Imolecule Kd in cells that express�2-microglobulin (1, 2).
APLP2 regulates the level of folded Kd molecules at the cell
surface: a reduction in APLP2 expression causes an elevation in
the amount of folded Kd at the plasma membrane, and an
increase in APLP2 expression results in a decline in folded Kd

surface expression (3, 4). Higher APLP2 expression lowers the
level of Kd at the plasma membrane by increasing the endocy-
tosis, destabilization, and turnover of Kd molecules (4).

The family of proteins to which APLP2 belongs includes
APL-1 in Caenorhabditis elegans, APPL in Drosophila, and
three proteins in mammals: amyloid precursor protein (APP),
amyloid precursor-like protein 1, and APLP2 (5, 6). APLP2
shares a high degree of sequence homology with APP, particu-
larly at the C-terminal end. However, APP possesses a unique
�-amyloid peptide domain that is not presentwithinAPLP2 (6).

APLP2 is a ubiquitously expressed protein with both a type I
transmembrane form and a secreted form generated by proteo-
lytic cleavage (7, 8). Functions for APLP2 have been shown in
cell proliferation, cell adhesion, nerve growth, mitosis segrega-
tion, cell signaling, and transcriptional regulation (9–14). The
APLP2 signaling/transcriptional function is mediated by a
C-terminal cleavage product, which translocates to the nucleus
(14, 15). By analogy to what is known from the study of the
closely related protein APP, the cleavage of APLP2 that pro-
duces the free intracellular domain likely occurs after the arrival
of the protein at the plasmamembrane andmay occur in endo-
cytic compartments (16, 17).
Our recent studies have demonstrated that, in addition toKd,

APLP2 binds to other murine MHC class I molecules, with
varied affinity (18). Furthermore, we have shown that APLP2
also binds to humanMHC class I molecules, and that increased
APLP2 expression causes down-regulation of human MHC
class I molecules at the plasma membrane (19). The impact of
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APLP2 on cell surface expression of the MHC class I molecule,
and the site of APLP2/MHC class I co-localization within the
cell, depends on the specific MHC class I allotype (18). The
polymorphic �1/�2 domain and conserved (�3/transmem-
brane/cytoplasmic) regions of the MHC class I molecule are
involved in interaction with APLP2 (18).
Although our previous studies demonstrated that APLP2 is

bound to the endocytosed Kd molecule, the specific location
where the binding occurs was not identified (4). In the present
study, we established that APLP2 binds Kd at the cell surface
before these two proteins internalize into the same endocytic
vesicles. Our results demonstrated that APLP2 is principally
endocytosed by a clathrin-mediated process, because a domi-
nant-negative dynamin II K44A mutant and the C-terminal
portion of AP180, both of which inhibit clathrin-dependent
endocytosis (20, 21), blocked APLP2 internalization. Further-
more, clathrin-mediated endocytosis of APLP2 was required
for APLP2 to promote Kd endocytosis. The APLP2 cytoplasmic
tail contains overlapping tyrosine-based NPXY and YXXØ
motifs for adaptor protein-2 (AP-2) binding (22, 23), and we
demonstrated that mutation of the tyrosine included in both
motifs impaired internalization of APLP2, indicating the
importance of this sequence in APLP2 endocytosis. APLP2
mutated at this cytoplasmic domain tyrosine residue, in con-
trast to wild type APLP2, was unable to facilitate the endocyto-
sis of Kd. Cells expressing a high level of APLP2 were noted to
have relatively few internalized Kd molecules recycling to the
plasmamembrane, and delivery of Kd to the lysosomes in these
cells was shown by inhibition of lysosomal function with
ammoniumchloride.Our findings indicate thatAPLP2 is endo-
cytosed by a clathrin-dependent mechanism, and that APLP2
utilizes clathrin-mediated endocytosis to increase the internal-
ization of Kd bound by APLP2 at the cell surface. Furthermore,
our data demonstrate that APLP2 directs Kd molecules to lyso-
somes and the Kd molecules are degraded rather than recycled
to the cell surface.

EXPERIMENTAL PROCEDURES

Antibodies (Abs)—Monoclonal Ab 34-1-2 recognizes the
�1/�2 domain of Kd (24). The 64-3-7monoclonal Ab can detect
open, peptide-free Ld (24, 25) and can also detect open forms of
other MHC class I heavy chains, such as Kd, into which the
64-3-7 epitope has been introduced, and addition of the 64-3-7
epitope does not impair peptide presentation, trafficking, or
surface expression of Kd or other MHC class I molecules (26–
29). The 34-1-2 and 64-3-7 Abs were donated by Dr. T. Hansen
(Washington University, St. Louis, MO). The Ab used for
APLP2 detection was made against full-length APLP2 (Calbio-
chem). Rabbit anti-FLAGAbwas obtained fromCell Signaling,
mouse anti-FLAG Ab was purchased from Sigma, and fluores-
cein isothiocyanate-conjugated goat anti-FLAG Ab was ob-
tained fromAbD Serotec. The rabbit anti-LAMP1Abwas from
Novus Biologicals. All Alexa Fluor secondary Abs used for
immunofluorescence were purchased fromMolecular Probes.
Cell Lines—Cells were cultured in RPMI 1640 medium

(Invitrogen) containing glutamine, pyruvate, penicillin/strep-
tomycin, and 15% fetal bovine serum.TheHeLa cellswere given
by Dr.W.Maury (University of Iowa, Iowa City, IA). The HeLa

cells were transfected with a cDNA for Kd bearing the 64-3-7
epitope (etKd) (26) in the pIRIS.puro2 vector (BD Biosciences
Clontech) and were selected with puromycin. For some
experiments, a C-terminal FLAG-tagged APLP2 cDNA in
pCMVTag4A (Stratagene) was transiently transfected into
HeLa-etKd to make HeLa-etKd cells that expressed APLP2 at
higher levels. GFP-tagged Rab5 and Rab5Q79L cDNAs (30)
in the EGFP vector (Clontech), kindly donated by Dr. R.
Lodge, were transiently transfected into HeLa-etKd cells for
someexperiments.TheGFP-dynamin IIK44Amutant cDNA(20)
in a pEGFP N1 vector (Clontech), used in transient transfections,
was a gift from M. McNiven (Mayo Clinic, Rochester, MN). The
FLAG-tagged C-terminal fragment of AP180 in the pFLAG-
CMV2 vector that was used for transient transfections was con-
tributedbyDr. J.DonaldsonandDr.L.Greene (National Institutes
of Health, NICHD, Bethesda, MD). All transient transfections
were done with Effectene (Qiagen), using 1 �g of DNA per 0.5 �
106 cells.
Immunoprecipitations and Western Blots—For immunopre-

cipitation andWestern blotting, variations of published proto-
cols (31) were used. For washes prior to lysis of cells, PBS con-
taining 20mM iodoacetamide (Sigma) was used, and thewashes
were done three times. Cells were lysed in CHAPS lysis buffer,
which was 1% CHAPS (Roche Applied Science) in Tris-buff-
ered saline (pH 7.4) with freshly added 0.2 mM phenylmethyl-
sulfonyl fluoride and 20 mM iodoacetamide. For some experi-
mental samples, the lysis buffer also contained a freshly added,
saturating quantity of monoclonal Ab. For all samples, after
45 min with intermittent gentle mixing, the samples were
centrifuged and the Protein A-Sepharose beads were washed
in 0.1% CHAPS, 20 mM iodoacetamide in TBS (pH 7.4) four
times and boiled in 0.125 M Tris (pH 6.8), 2% SDS, 12% glyc-
erol, 0.02% bromphenol blue to elute the proteins. The elu-
ates were electrophoresed on 4–20% Tris glycine acrylamide
gels (Invitrogen).
For Western blots, the proteins were transferred to Immo-

bilon-P blotting membranes (Millipore). After blocking in re-
constituted dry milk overnight at room temperature, the blots
were incubated in a dilution of Ab for 2 h at room temperature,
washed 3 times for 15minwith 0.05%Tween 20/PBS, and incu-
bated 1 h in diluted biotin-conjugated goat anti-mouse or anti-
rabbit IgG (Caltag Laboratories). Following 3 washes in 0.05%
Tween 20/PBS, the blots were incubated 1 h in diluted strepta-
vidin-conjugated horseradish peroxidase (Zymed Laboratories
Inc.). The blots were washed 3 times for 15 min with 0.3%
Tween 20/PBS and then treated with enhanced chemilumines-
cence Western blot reagents (GE Healthcare). The blots were
exposed to Kodak Bio-Max film (Eastman Kodak Co., Roches-
ter, NY) for visualization of the bands.
Immunoprecipitation and Western blotting were done to

confirm the binding of the APLP2-Y755A-FLAG, APLP2-
Y721A-FLAG, and APLP2-Y721A/Y755A-FLAG mutants to
Kd. For these experiments, the membranes were incubated in a
dilution of Ab for 2 h at room temperature, washed 3 timeswith
0.05% Tween 20/PBS, and incubated for 1 h at room tempera-
ture in diluted horseradish peroxidase-conjugated goat anti-
mouse Ab (Jackson ImmunoResearch). After three washes
in 0.1% Tween 20/PBS, the membranes were treated with
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enhanced chemiluminescence reagents and exposed to film as
described above.
Immunofluorescence Analysis—For immunofluorescence

analysis, cells were grown on glass coverslips. For some exper-
iments, cells were incubated at 37 °C to allow internalization of
proteins and Abs bound to them, and the remaining Abs still
bound at the cell surface (not internalized) were removed by
incubation in stripping buffer (0.5% acetic acid, 500 mM NaCl)
for 90 s. The stripping step ensured that the subsequent immu-
nofluorescence analysis would reveal only proteins that had
been internalized. Cells were fixed with a solution of 4% (v/v)
paraformaldehyde in PBS for 10min. Ab incubationswere done
in staining solution (0.2% (w/v) saponin, 0.5% (w/v) bovine
serum albumin/PBS) for 30 min at room temperature, unless
otherwise specified. As a control for clathrin-mediated endocy-
tosis, HeLa-etKd cells transfected with a cDNA for GFP-tagged
dynamin II K44A or the FLAG-tagged AP180 C-terminal
fragment were pulsed with fluorochrome-labeled transferrin
(Tf-568 fromMolecular Probes) for 5 min at 37 °C.
In all immunofluorescence analysis experiments, PBSwashes

were 5 min at room temperature, and immediately prior to
mounting for image analysis the cells were washed 3 times in
PBS. All images were obtained with a Zeiss LSM 5 Pascal con-
focal microscope. A �63 1.4 numerical aperture lens with
appropriate filters was used. For some experiments, ImageJ
software (rsb.info.nih.gov) was used to measure the fluores-
cence of the Ab-labeled internalized Kd molecules. The mean
fluorescence intensity was calculatedwith the histogram tool in
ImageJ, using data from �80 cells of each type within a total of
�10 images acquired with the same optical settings.

RESULTS

APLP2 and Kd Bind at the PlasmaMembrane and Are Inter-
nalized Together—Previous studies from our laboratories
showed that APLP2 co-localized in endosomes with Kd inter-
nalized from the cell surface and that APLP2 could be co-im-
munoprecipitated with internalized Kd (4). To determine
whether the interaction between APLP2 and Kd occurs at the
cell surface, Kdmolecules at the surface ofHeLa-etKd cells were
labeled with the 34-1-2 Ab on ice for 20 min, and then the cells
were lysed and Ab complexes isolated with Protein A-Sepha-
rose. The complexeswere electrophoresed, blotted, and probed
with Abs to identify the Kd heavy chain (Fig. 1A, top panel) or
APLP2 (Fig. 1A, bottom panel). As controls, the same surface
labeling procedure was performed usingHeLa cells, and immu-
noprecipitations were done with Ab 34-1-2 using lysates of
HeLa-etKd and HeLa cells that had not been surface labeled
(Fig. 1A). From the lysates of HeLa-etKd cells labeled at the cell
surface with 34-1-2 and maintained on ice to prevent internal-
ization, APLP2 was co-immunoprecipitated with Kd (Fig. 1A,
bottom panel, lane 5). This approach specifically immunopre-
cipitated cell surface Kd, as confirmed by the presence of only
the highmolecular weight (presumably glycosylated) Kd in lane
5 (Fig. 1A, top panel).

As mentioned above, earlier studies from our laboratories
showed that APLP2 and internalized Kd co-localized in endo-
somes; however, these studies had not ascertained whether any
of these APLP2 molecules were also internalized from the cell

surface. To determine whether APLP2 co-localized with Kd

after both molecules were internalized from the cell surface,
co-localization analysis was performed. HeLa-etKd cells were
incubated with 34-1-2 and anti-APLP2 Abs for 12 min and the
remaining Abs at the cell surface were removed. Cells were
fixed, permeabilized, and stained with fluorescently labeled
secondary Ab. As shown by the representative z-section in Fig.
1B, the Kd and APLP2molecules internalized from the cell sur-
face were co-localized in the same vesicular compartments. To
analyze whether the vesicles in which the internalized APLP2
and Kd co-localized were endosomes, HeLa-etKd cells were
transiently transfected with either GFP-Rab5 (Fig. 1C) or GFP-
Rab5Q79L (Fig. 1D), and then surface labeled with Abs for Kd

and APLP2. Rab5 is an endosomal marker, and Rab5Q79L is a
dominant-active Rab5mutant that causes enlargement of early
endosomes accessible to internalized proteins (30), thereby
facilitating endosomal compartment identification by confocal
microscopy. The internalization of Ab-labeled Kd and APLP2
molecules was induced by incubating the cells at 37 °C for 15
min. The remaining Ab at the cell surface was removed by
acid washing, and the cells were permeabilized and stained
with secondary Ab. APLP2 and Kd, both endocytosed from
the cell surface, were visualized within the same Rab5�

endosomal vesicles.
Internalization of APLP2 by a Clathrin-dependent Mecha-

nismandKd by aClathrin-independentMechanism—In an ear-
lier study, we showed that increased expression of APLP2
reduces cell surface Kd levels (4). As a step toward understand-
ing the mechanisms by which elevated APLP2 expression
increases the endocytosis of Kd molecules, we assessed the
means by which APLP2 itself is endocytosed. HeLa-etKd cells
were transiently transfected with a dominant-negative dy-
namin II mutant, K44A, or with the C terminus of AP180. Both
dynamin II K44A and the C-terminal portion of AP180 have
been shown previously to inhibit clathrin-dependent endocy-
tosis (20, 21). To determine whether the dynamin II dominant-
negative mutant or the C terminus of AP180 could down-reg-
ulate endocytosis of APLP2, each was transiently transfected
into HeLa-etKd cells, and confocal microscopy was used to
assess APLP2 internalization.
As shown in Fig. 2A, the expression of GFP-dynamin II K44A

hindered the internalization ofAPLP2, indicating thatAPLP2 is
endocytosed by a clathrin-dependent mechanism. Expression
of GFP-dynamin II K44A also blocked the uptake of transferrin
(included as a positive control), which is known to be a clathrin-
mediated process (data not shown). The presence of the C-ter-
minal fragment of AP180-FLAG also prevented APLP2 and
transferrin endocytosis (Fig. 2B and data not shown), consistent
with our results using the GFP-dynamin II mutant. (As a con-
trol, the level of surface staining of APLP2, without allowing
APLP2 internalization, was assessed for comparison (supple-
mental Fig. S1).) In contrast, the endocytosis of Kd was not
inhibited by either GFP-dynamin II K44A or the C-terminal
portion of AP180-FLAG (Fig. 2, C andD), suggesting Kd is pre-
dominantly endocytosed in HeLa-etKd cells by a clathrin-inde-
pendent pathway.
Internalization of APLP2 by a Clathrin-mediated Endocytic

Mechanism Was Necessary for APLP2 to Facilitate Kd
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Endocytosis—By binding to Kd, APLP2 may recruit Kd into the
clathrin-mediated endocytic pathway as APLP2 itself is inter-
nalized. If so, then the tendency of APLP2 to increase Kd endo-
cytosis would depend upon the ability of APLP2 to be endocy-
tosed. As a control, we incubated HeLa-Kd cells that were
transiently transfected with APLP2-FLAG with the 34-1-2 Ab
to label the cell surface Kd molecules and warmed the cells at
37 °C to cause the Kdmolecules to be internalized. The remain-
ing Abs at the surface were stripped off by an acid wash (with
stripping buffer), and the cells were fixed and stained with anti-
FLAG Ab. As expected from our previous study (4), cells that
expressed APLP2-FLAG contained more endocytosed Kd, rel-
ative to cells not expressing APLP2-FLAG (Fig. 3A). To deter-
mine whether APLP2must be endocytosed for it to increase Kd

endocytosis, HeLa-etKd cells were transiently transfected with
both APLP2-FLAG and the GFP-tagged dynamin II K44A
dominant-negative mutant. The cells were pulsed with the
34-1-2 Ab to label the cell surface Kd molecules and the Kd

molecules were allowed to internalize, then the remaining
Abs at the surface were removed, and the cells were fixed and
stained with anti-FLAG Ab. After washing, the cells were
incubated with secondary Abs to identify the APLP2-FLAG
and Kd molecules (Fig. 3B). In contrast to the control results
showing significantly higher numbers of Kd molecules en-
docytosed in cells expressing APLP2-FLAG (in cells not
transfected with GFP-dynamin II K44A) (Fig. 3C), the results
displayed in Fig. 3D demonstrated that the expression of
GFP-dynamin II K44A prevented enhancement of Kd internal-
ization by APLP2, as there was no difference in the quantity of
Kd molecules endocytosed in cells co-expressing both trans-
fected APLP2-FLAG and GFP-dynamin II K44A, compared
with cells expressing neither. These data suggest that overex-
pression of APLP2 causes enhanced endocytosis of Kd through
the clathrin pathway but expression of the dynamin II K44A
mutant abolishes this effect.

FIGURE 1. APLP2 bound Kd at the cell surface and they internalized
together into common Rab5� early endosomes. A, Kd was demonstrated
to bind APLP2 at the cell surface. Lane 1, HeLa-etKd cells were lysed and Pro-
tein A-Sepharose beads were added to the centrifuged lysate supernatant.
Lanes 2 and 3, immunoprecipitations were performed with anti-Kd Ab 34-1-2
on HeLa and HeLa-etKd lysates. Lanes 4 and 5, HeLa and HeLa-etKd cells were
incubated with Ab 34-1-2 on ice for 20 min, the cells were lysed and centri-
fuged, and Protein A-Sepharose beads were added to the supernatant. All
samples were Western blotted with the 64-3-7 Ab to detect the etKd heavy
chain (HC) or with anti-APLP2 Ab. B, Kd and APLP2 were identified as co-
localized within vesicular compartments. Cell surface Kd and APLP2 mole-
cules were labeled with 34-1-2 Ab and anti-APLP2 Ab, respectively, for 12 min
at 37 °C to allow internalization of labeled proteins with the bound Abs, and
any remaining Abs at the surface were removed. Cells were then fixed and
stained with Alexa Fluor 568 goat anti-mouse Ab and Alexa Fluor 488 goat
anti-rabbit Ab. Serial z-section images were acquired for HeLa-etKd cells, and
the arrows point to common membrane structures on a representative z-sec-
tion micrograph (obtained from six slices imaged at 0.4-�m intervals). Red, Kd;
green, � APLP2; yellow, co-localized Kd and APLP2. C and D, cell surface Kd and
APLP2 were internalized into the same endocytic vesicles. HeLa-etKd cells
were transfected with either (C) GFP-Rab5 or (D) GFP-Rab5Q79L for 24 h, then
pulsed with anti-Kd Ab 34-1-2 and anti-APLP2 Ab and incubated in complete
medium for 15 min at 37 °C. Following the incubation, non-internalized Abs
were removed. The cells were fixed, permeabilized, and stained with Alexa
Fluor 568 goat anti-rabbit and Alexa Fluor 405 goat anti-mouse Abs. Red,
APLP2; green, GFP-Rab5 or GFP-Rab5Q79L; blue, Kd; white, co-localized APLP2,
Kd, and GFP-Rab5 or GFP-Rab5Q79L. Bar, 10 �m. The insets show a higher
magnification of areas within the larger boxes, and the arrows point to repre-
sentative endosomes with co-localized APLP2 and Kd.
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A Tyrosine in the APLP2 C Terminus Was Required for the
Effect of APLP2 on Kd Internalization—NPXY and YXXØ
sequence motifs present in other proteins bind to the AP-2
complex (21, 22). These two endocytic motifs (NPXY and
YXXØ) overlap within the amino acid sequence NPTYKYL of
the APLP2 cytoplasmic tail. An additional YXXØ putative
endocytic motif (in the sequence YGTI) is also present in the

APLP2 cytoplasmic tail. We mu-
tated the tyrosine residue in each of
these sequences to an alanine (sin-
gly or together), and generated con-
structs with these APLP2 mutants
(Y755A, Y721A, or Y721A/Y755A)
bearing a C-terminal attached FLAG
tag.
To verify that the tyrosine muta-

tions did not disrupt binding of
APLP2 to Kd, HeLa-etKd cells were
transiently transfected with vector
only, wild type APLP2-FLAG, or
each of the three mutant APLP2-
FLAG constructs. The cells were
lysed and immunoprecipitations
were performedwith anti-FLAGAb
to isolate FLAG-tagged proteins.
The immunoprecipitates wereWest-
ern blotted with anti-APLP2 Ab to
confirm the quality of the immuno-
precipitationsorwith64-3-7 todetect
the presence of co-immunoprecipi-
tated Kd. Results demonstrating Kd

binding to APLP2-Y755A-FLAG are
shown in Fig. 4A, and similar results
indicating Kd association were ob-
tained for APLP2-Y721A-FLAG and
APLP2-Y721A/Y755A-FLAG (data
not shown).
For assessment of the effect of

the Y755A mutation on APLP2
endocytosis and on the ability of
APLP2 to facilitate Kd endocytosis,
cells transfected with either wild
type APLP2-FLAG or APLP2-
Y755A-FLAG were incubated with
anti-APLP2 Ab at 37 °C to allow
APLP2 internalization. Cell surface
APLP2 was taken up normally in
cells transfected with APLP2-FLAG
(Fig. 4B, left panel). However, muta-
tion of the Tyr-755 residue to ala-
nine in APLP2 inhibited the inter-
nalization of cell surface APLP2
(Fig. 4B, right panel), indicating that
Tyr-755 is required for APLP2 to
internalize. In addition, it appears
from these data that the expression
of APLP2-Y755A-FLAG also likely
inhibited the uptake of wild type,

endogenous APLP2 (Fig. 4B, right panel). (Surface staining of
APLP2, without warming the cells to permit internalization,
was monitored as a control (supplemental Fig. S2).) We also
found that the impairment of APLP2 endocytosis was very sim-
ilar for APLP2-Y721A/Y755A-FLAG as compared with
APLP2-Y755A-FLAG (data not shown). In contrast, we found
no difference in APLP2 endocytosis between APLP2-Y721A-

FIGURE 2. APLP2 was demonstrated to be endocytosed by a clathrin-mediated mechanism, but Kd was
shown to be endocytosed principally by a clathrin-independent mechanism. HeLa-etKd cells were trans-
fected for 24 h with a cDNA encoding (A and C) GFP-tagged dynamin II K44A or (B and D) C-terminal fragment
of AP180-FLAG. Cells were pulsed with (A and B) anti-APLP2 or (C and D) anti-Kd Ab at 37 °C for 20 min to allow
Ab binding and internalization, and then the cells were stripped of non-internalized surface-bound Ab and
fixed. Cells in B and D were stained with anti-FLAG Ab for 1 h in saponin-containing staining solution to visualize
the AP180 C-terminal fragment (using rabbit anti-FLAG Ab if 34-1-2 Ab had been used for the pulse, or mouse
anti-FLAG Ab if anti-APLP2 Ab had been used for the pulse). The cells transfected with GFP-dynamin II K44A
were incubated with Alexa Fluor 568 goat anti-mouse secondary Ab to visualize internalized Kd or with Alexa
Fluor 568 goat anti-rabbit Ab to reveal internalized APLP2. For AP180-FLAG C terminus transfectants, the cells
were incubated with Alexa Fluor 568 goat anti-mouse Ab and Alexa Fluor 488 goat anti-rabbit Ab if a 34-1-2 Ab
pulse had been done, or with Alexa Fluor 488 goat anti-mouse Ab and Alexa Fluor 568 goat anti-rabbit Ab if an
anti-APLP2 Ab pulse had been done. A and B, red, APLP2; C and D, red, Kd; A and C, green, GFP-dynamin II K44A;
B and D, green, AP180 C terminus-FLAG. Bar, 10 �m. Cells shown bordered with white are transfected with
GFP-dynamin II K44A or AP180 C terminus-FLAG.
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FLAG andwild typeAPLP2-FLAG (data not shown), indicating
that the Tyr-721 position does not contribute to APLP2
internalization.
The APLP2 sequence NPTYKYL contains overlapping

NPXY and YXXØmotifs, with Tyr-755 at the intersection of
the two motifs. In studies on other proteins, it has been
shown that both of these motifs can interact with AP � sub-
units; however, only the NPXYmotif has been demonstrated
to interact with Dab2 (23, 32–34). We have found that trans-

fection with AP-2 �2 small interfering RNA largely abro-
gates internalization of APLP2, suggesting that APLP2 endo-
cytosis is mediated by the AP-2 complex. In contrast, we
found that Dab2 small interfering RNA transfection caused
little decrease in APLP2 endocytosis, indicating that Dab2-
mediated clathrin-dependent endocytosis is a minor path-
way for APLP2 internalization. However, transfection with
both small interfering RNA for the AP-2 �2 subunit and
Dab2 resulted in greater inhibition of APLP2 endocytosis

FIGURE 3. Blocking clathrin-mediated endocytosis by expression of dynamin II K44A prevented APLP2 from increasing Kd endocytosis. A, HeLa-etKd

cells transfected transiently with APLP2-FLAG (but not GFP-dynamin II K44A) for 24 h were pulsed with 34-1-2 Ab for 20 min in complete medium. At the end
of the pulse period, non-internalized cell surface-bound Abs were removed. After fixation, the cells were stained with rabbit anti-FLAG Ab for 1 h. The cells were
incubated with Alexa Fluor 568 goat anti-rabbit Ab to identify APLP2-FLAG and Alexa Fluor 405 goat anti-mouse Ab to identify 34-1-2-bound Kd. Red,
APLP2-FLAG; blue, Kd. Bar corresponds to 10 �m. Cells expressing APLP2-FLAG are encircled with a dashed white line. B, the same procedure described in A was
followed except that the HeLa-etKd cells were co-transfected transiently with both APLP2-FLAG and GFP-dynamin II K44A for 24 h. Red, APLP2-FLAG; green,
GFP-dynamin II K44A; blue, Kd. Bar corresponds to 10 �m. Cells co-expressing APLP2-FLAG and GFP-dynamin II K44A are encircled with a dashed white
line. C, ImageJ software was used to measure the internalized Kd fluorescence for �80 cells transfected with APLP2-FLAG versus no APLP2-FLAG. Note
that in this control no cells were transfected with GFP-dynamin II K44A, and APLP2-FLAG was able to increase Kd endocytosis. D, Image J software was
used to measure the internalized Kd fluorescence for �80 cells expressing both APLP2-FLAG and GFP-dynamin II K44A, as well as �80 cells expressing
neither protein. In this case, some of the cells expressed GFP-dynamin II K44A, and APLP2-FLAG was not able to increase Kd endocytosis if GFP-dynamin
II K44A was also expressed in the same cell. C and D, mean fluorescence intensities and mean � S.E. were calculated, and p values were determined by
Student’s paired t test: C, p � 0.001; D, p � 0.81.
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than either small interfering RNA alone, evidently due to
blockage of both major and minor pathways of APLP2 inter-
nalization (data not shown). Overall, these findings are con-

sistent with a major role for the
YXXØ motif and a more minor
role for the NPXY motif in APLP2
endocytosis.
WhenHeLa-etKd cells expressing

either APLP2-Y755A-FLAG or wild
type APLP2-FLAG were labeled
with anti-Kd Ab and the cells
were incubated at 37 °C to induce
Kd endocytosis, the FLAG-tagged
APLP2 Y755A, in contrast to wild-
type APLP2-FLAG, did not pro-
mote Kd endocytosis (Fig. 4, C and
D). A statistically significant differ-
ence was found between the num-
ber of endocytosed Kd molecules in
cells expressing APLP2-FLAG ver-
sus no APLP2-FLAG (Fig. 4E), but
not between the number of inter-
nalized Kd molecules in cells with
APLP2-Y755A-FLAG versus no
APLP2-Y755A-FLAG (Fig. 4F).
Therefore, the Tyr-755-mediated en-
docytosis of APLP2 is necessary for
APLP2 to facilitate Kd endocytosis.
Elevated Expression of APLP2

Increased Shuttling of Kd to the Lyso-
somes Rather Than Back to the
Plasma Membrane—Our findings
raised the question of what was the
fate of the Kd molecules that were
shuttled to the clathrin-mediated
endocytosis pathway by APLP2. For
investigation of the subcellular itin-
erary of Kd in cells that expressed
lower and higher levels of APLP2,
HeLa-etKd cells were transiently
transfected with APLP2-FLAG,
pulsed with anti-Kd Ab 34-1-2 and
warmed to 37 °C, stripped of non-
internalized Abs by acid wash, and
either directly fixed (Fig. 5A) or first
chased for 2 h and then fixed (Fig.
5B). Staining with anti-FLAG Ab
and comparison of cells within the
same fields that were not trans-
fected versus transfected with
APLP2 revealed that Kd recycling
after 2 h was decreased in cells
expressing a higher level of APLP2
(Fig. 5B). In cells that were not
transfected with APLP2-FLAG, by
2 h of chase most of the internalized
34-1-2-bound Kd molecules had
recycled back to the plasma mem-

brane (indicated byarrows), although a few remained in vesicles
within the cells (Fig. 5, B and C). However, in cells transfected
with APLP2-FLAG (examples are shown encircled with a white

FIGURE 4. The tyrosine residue at position 755 in the APLP2 C terminus was found to be required for
APLP2 to facilitate Kd endocytosis. A, APLP2-Y755A-FLAG was demonstrated to bind Kd. Lysates of HeLa-etKd

cells (lane 1), HeLa-etKd cells (lane 2) transfected for 24 h with APLP2-FLAG, or HeLa-etKd cells (lane 3) trans-
fected for 24 h with APLP2-Y755A-FLAG were immunoprecipitated with the anti-FLAG Ab. The immunopre-
cipitates were Western blotted with anti-APLP2 Ab to detect the immunoprecipitated APLP2-FLAG or APLP2-
Y755A-FLAG or with the 64-3-7 monoclonal Ab to detect the etKd heavy chain (HC). B–D, HeLa-etKd cells
transfected with APLP2-FLAG or APLP2-Y755A-FLAG for 24 h were pulsed with anti-APLP2 rabbit Ab (B) or with
anti-Kd (34-1-2) Ab (C and D) for 10 min at 37 °C. C and D, after the pulse period, non-internalized cell surface-
bound Abs were removed. B–D, the cells were fixed, incubated for 1 h with mouse anti-FLAG (B) or rabbit
anti-FLAG Ab (C and D) to identify transfected cells, and stained with fluorochrome-conjugated secondary Abs.
Bar, 10 �m. B, secondary Ab Alexa Fluor 488 (goat anti-mouse Ab) staining was done to identify APLP2-FLAG-
or APLP2-Y755A-FLAG-transfected cells, and the image shows the Alexa Fluor 568 (goat anti-rabbit) staining to
visualize any internalized wild type APLP2-FLAG, APLP2-Y755A-FLAG, or wild type APLP2 (non-FLAG-tagged)
molecules. C and D, Alexa Fluor 568 (goat anti-rabbit Ab) staining was used to identify APLP2-Y755A-FLAG or
APLP2-FLAG, and Alexa Fluor 488 (goat anti-mouse Ab) was used to identify internalized, 34-1-2-bound Kd. Red,
APLP2-FLAG; green, Kd; yellow, co-localized APLP2-FLAG and Kd. Cells encircled with white dashed lines are
transfected with APLP2-FLAG (C) or APLP2-Y755A-FLAG (D). E, ImageJ software was used to measure the
fluorescence of the internalized Kd for �80 cells expressing APLP2-FLAG and �80 cells not expressing APLP2-
FLAG. F, Image J software was used to measure the internalized Kd fluorescence for �80 cells expressing
APLP2-Y755A-FLAG and �80 cells not expressing APLP2-Y755A-FLAG. E and F, mean fluorescence intensities
and mean � S.E. were calculated, and p values were determined by the Student’s paired t test.
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boundary), a majority of the 34-1-2-bound Kd molecules were
still localized to the cell interior at 2 h (Fig. 5, B and C). These
data suggest that APLP2 not only enhances the endocytosis of
Kd but also down-regulates Kd recycling.

Because Kd recycling was decreased by APLP2, we next
ascertainedwhetherKdmoleculeswere being transferred to the
lysosomes. HeLa-etKd cells that had been transfected with

APLP2-FLAG for 24 h were labeled with the anti-Kd Ab 34-1-2
and incubated at 37 °C. After Kd uptake, non-internalized Abs
were removed by acid wash, and the cells were subjected to a
4-h chase. The cells were then fixed and stained with anti-
FLAG and anti-LAMP1 Abs for the transfected APLP2-FLAG
and the LAMP1 lysosomalmarker, respectively. Comparison of
cells within the same fields that were transfected versus

FIGURE 5. Kd recycling was reduced in cells expressing an increased level of APLP2. A, HeLa-etKd cells transfected with APLP2-FLAG for 24 h were pulsed
for 15 min at 37 °C with anti-Kd Ab 34-1-2. After the pulse period, non-internalized cell surface-bound Abs were removed. The cells were fixed, incubated for 1 h
with rabbit anti-FLAG Ab, and stained with Alexa Fluor 488 goat anti-mouse Ab and Alexa Fluor 568 goat anti-rabbit Ab. B, the same procedure described in A
was followed except that the cells were transferred to complete medium for 2 h after cell surface-bound Abs were removed with stripping buffer, and at the end
of the 2-h chase period the cells were fixed and stained. Arrows indicate internalized Kd that had recycled to the plasma membrane (A and B). Red, APLP2-FLAG;
green, Kd; yellow, co-localized APLP2-FLAG and Kd. Bar, 10 �m. Cells outlined with white boundaries are transfected with APLP2-FLAG. C, comparison of
intracellular Kd in HeLa-etKd cells transfected with APLP2 versus untransfected cells in the same experiment. Quantification of mean fluorescence intensity of
the stained intracellular Kd was done with ImageJ software using data from �70 cells in each group. The graph shows the mean fluorescence intensity values,
and the error bars on the graph indicate the mean � S.E. for each sample set.
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untransfected with APLP2-FLAG revealed that the cells that
had been transfected with APLP2-FLAG (marked with a
boundary line) had few or none of the 34-1-2 Ab-labeled Kd

molecules still within the cells after the 4-h chase (Fig. 6A).
With the cells that were not transfected with APLP2, most of
the 34-1-2 Ab-labeled Kd molecules had recycled back to the
plasma membrane (shown by an arrow) by 4 h (Fig. 6A).
To confirm the destination of the Kdmolecules that were not

being recycled to the plasma membrane, the cells were pre-
treatedwith the lysosome inhibitor ammonium chloride at 24 h
post-transfection with APLP2-FLAG. Ab 34-1-2 was added to
bind to the cell surfaceKdmolecules, and the cells werewarmed
to cause Kd endocytosis. Remaining non-internalized Abs were
stripped off by an acid wash, and the cells were incubated for a
4-h chase before they were stained with anti-FLAG and anti-
LAMP1Abs. In ammoniumchloride-treated cells thatwere not
APLP2-FLAG-transfected, by 4 h most of the labeled Kd mole-
cules had recycled to the surface (Fig. 6B). Some intracellular
vesicles in these non-APLP2-FLAG-transfected cells also con-
tained labeled Kd molecules that may have been rescued from
degradation due to the inhibition of lysosomal function (Fig.
6B). In contrast, in cells transfected with APLP2-FLAG and
treated with ammonium chloride, internalized Kd molecules
had accumulated in the lysosomes. This finding suggests that
APLP2 had directed Kd molecules to the lysosomes, but
because lysosomal function was blocked by ammonium chlo-
ride, the Kd molecules remained intact. Thus, in cells not
treated with ammonium chloride, Kd trafficking to lysosomes

and (as a consequence) its turnover in the lysosomes was
increased upon elevation of the cellular level of APLP2.

DISCUSSION

Endocytosis ofMHCclass Imolecules has been studied using
several cell types as models, including lymphocytes, fibroblasts,
and macrophages, with variability reported for the extent and
pathway of internalization (35–46). The endocytosis of MHC
class I molecules is dependent on a sequence in the MHC class
I molecule cytoplasmic tail (40, 41, 47). Studies have indicated
thatMHC class I molecules are recycled to the cell surface after
internalization (e.g.Ref. 42) by a process inwhich Eps15 homol-
ogy domain-containing proteins (EHD1 and EHD4) play an
important role (48–50). EHD1 causes the generation of tubules
that contain endocytosed MHC class I molecules, and higher
expression of EHD1 increases MHC class I recycling, whereas
reduced EHD1 expression slows the rate of MHC class I recy-
cling (48, 49).
In our studies, the endocytosis of Kd in HeLa-etKd cells was

not inhibited by dynamin II K44A or the C-terminal portion of
AP180, indicating that endocytosis was primarily non-clathrin
mediated. This observation with Kd is in agreement with previ-
ously published findings that the endocytosis of other MHC
class I molecules occurs principally via a clathrin-independent
path (35, 44), although there have also been reports that MHC
class Imolecules are internalized by a clathrin-dependent path-
way in certain cell types (38, 39). Our observation that APLP2
can divert Kd into the clathrin-dependent pathway suggests

FIGURE 6. Kd routing to lysosomes for degradation was increased in cells with a higher level of APLP2. A, HeLa-etKd cells transfected with APLP2-FLAG for
24 h were pulsed for 15 min at 37 °C with anti-Kd Ab 34-1-2. After the pulse, non-internalized cell surface-bound Abs were removed. The cells were transferred
to complete medium for 4 h, and then fixed and stained with fluorescein isothiocyanate-conjugated goat anti-FLAG Ab and rabbit anti-LAMP1 Ab for 1 h. The
cells were stained with Alexa Fluor 405 goat anti-mouse Ab (to identify the 34-1-2-labeled Kd molecules) and Alexa Fluor 568 goat anti-rabbit Ab (to identify the
LAMP1 marker in the lysosomes). Green, APLP2-FLAG; blue, Kd; red, LAMP-1; white, co-localized APLP2-FLAG, Kd, and LAMP-1. Bar, 10 �m. B, the same procedure
as in A was followed except that at 24 h the cells were treated with 20 mM ammonium chloride for 12 h before the 34-1-2 Ab pulse. The insets show a higher
magnification of areas within the larger boxes, and the arrows point to representative lysosomes with co-localized APLP2-FLAG and Kd.
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that the intervention of APLP2 or other non-MHC proteins in
some cells may explain some of the differences in the pathways
of MHC class I internalization that have been described.
Our findings showed that APLP2 endocytosis is dependent

on the tyrosine at position 755, which is located within overlap-
ping NPXY and YXXØ motifs in the distal part of the APLP2
cytoplasmic domain. The Tyr-755 and both motifs are con-
served between mouse and human APLP2. Furthermore, the
signal for endocytosis of the closely related molecule APP has
also been shown to rely on motifs in the cytoplasmic tail. The
C-terminal domain of APP contains two overlapping NPXY
andYXXØendocyticmotifs within the sequence YENPTYKFF,
and deletion of the YENPTY sequence in APP decreased APP
endocytosis (51). Consistent with this finding, studies from sev-
eral laboratories have shown that cells expressing either APP
with the cytoplasmic domain deleted or APP mutated at the
tyrosine in the NPTY cytoplasmic tail sequence secrete higher
levels of solubleAPP than cells expressingwild typeAPP, which
could result from impairment of APP endocytosis (52–54).
Subsequent mutational analysis defined the YENP sequence as

thecritical tetrapeptidemotif forAPP internalizationand the tyro-
sine in theNPTY sequence as a lysosomal targeting signal forAPP
(55). Besides the dominant YENPTY sequence, the cytoplasmic
tail of APP contains a YTSI sequence proximal to the transmem-
brane region that has another tyrosine-based endocytic motif
(YXXI). Mutation of the tyrosine in the YTSI sequence does not
impair APP endocytosis, although this motif plays an important
role in the basolateral targeting of APP in polarized cells (56).
In a previous study from our laboratories (4), APLP2 was

discovered to interact with folded, internalized Kd molecules
and facilitate Kd endocytosis. A study focused mainly on the
closely related protein APP has been recently published (57), in
which both APLP2 and APP were observed to interact with the
high-affinity choline transporter, and APP was demonstrated
to facilitate its endocytosis. Together, our findings and those of
Wang et al. (57) suggest that APP family members APP and
APLP2 play important roles in regulating expression of cell
surface proteins. In our model of APLP2 regulation of Kd sur-
face expression, APLP2 binds Kd at the plasma membrane
(Fig. 7, A and B). Via the clathrin-mediated and AP-2-depen-

FIGURE 7. Diagram of a model in which increased expression of APLP2 results in the recruitment of clathrin machinery at APLP2�Kd complexes, causing
uptake of Kd in a clathrin-dependent manner and routing Kd to the lysosomes. A, increased availability of APLP2 leads to more binding of APLP2 to Kd and
subsequent internalization of both APLP2 and Kd by a clathrin-mediated mechanism into Rab5� early endosomes. B, inhibition of APLP2 clathrin-mediated
endocytosis by mutation of Tyr-755 to alanine (as depicted) or by dynamin II K44A or the AP180 C-terminal fragment (not depicted in this figure) prevents
APLP2 from enhancing Kd endocytosis. C, in cells with less APLP2, the majority of Kd molecules follow a recycling pathway from the Rab5� endosomes to the
endocytic recycling compartment (ERC) and back to the cell surface (indicated by the thick arrows) and a minority traffic to late endosomes (LE) and lysosomes
(LYS) (indicated by the thin arrows). D, in cells with a higher level of APLP2, the majority of Kd molecules follow a degradation pathway from the Rab5�

endosomes to the lysosomes (LYS) (indicated by thick arrows), and a minority of Kd molecules enter a recycling pathway (indicated by thin arrows).
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dent endocytosis (involving the Y755 in theAPLP2C terminus)
of APLP2, APLP2 increases the internalization of Kd, diverting
it away from its clathrin-independent route of endocytosis (Fig.
7,A and B). APLP2 increases the trafficking of the endocytosed
Kd molecules to the late endocytic compartment and lyso-
somes, where the Kd molecules are degraded (Fig. 7, C and D).
Thus, despite convergence at Rab5� early endosomes, the
many Kd molecules escorted into the cell interior by APLP2
molecules as they take the clathrin pathway are principally des-
tined for lysosomal destruction, whereas the fewer Kd mole-
cules internalized via the clathrin-independent pathwaywhen a
lower level of APLP2 is expressed in the cell are predominantly
recycled (Fig. 7, C and D).
APLP2 has been reported to be overexpressed in tumors (58),

and APLP2 levels were noted to be higher in invasive breast
cancer lesions than in non-invasive breast cancer lesions (59).
Therefore, the effects of increased APLP2 onMHC class I mol-
ecules that we have demonstrated have possible implications
not only in normal MHC class I molecule turnover but also in
cancer evasion of the cellular immune response. Recent find-
ings from our laboratory indicating that APLP2 is highly
expressed in many human tumor cell lines and decreases the
cell surface expression of human MHC class I molecules on
tumor cells are consistent with this supposition (19). In addi-
tion, other functions of APLP2 related to cell signaling, adhe-
sion,migration, and proliferation, whichmay play a role both in
normal cell physiology and in malignancy, may all be influ-
enced, directly or indirectly, by the endocytosis of APLP2.
Overall, our analyses of APLP2-directed endocytosis of MHC
class I molecules provide significant new perspectives on cru-
cial cellular processes.
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