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Mucolipin-1 (ML1) is a member of the transient receptor poten-
tial ion channel superfamily that is thought to function in the bio-
genesis of lysosomes. Mutations in ML1 result in mucolipidosis type
IV, a lysosomal storage disease characterized by the intracellular
accumulation of enlarged vacuolar structures containing phospho-
lipids, sphingolipids, and mucopolysaccharides. Little is known
about how ML1 trafficking or activity is regulated. Here we have
examined the processing and trafficking of ML1 in a variety of cell
types. We find that a significant fraction of ML1 undergoes cell
type-independent cleavage within the first extracellular loop of the
protein during a late step in its biosynthetic delivery. To determine
the trafficking route of ML1, we systematically examined the effect
of ablating adaptor protein complexes on the localization of this
protein. Whereas ML1 trafficking was not apparently affected in
fibroblasts from mocha mice that lack functional adaptor protein
complex (AP)-3, small interfering RNA-mediated knockdown
revealed a requirement for AP-1 in Golgi export of ML1. Knock-
down of functional AP-2 had no effect on ML1 localization. Inter-
estingly, cleavage of ML1 was not compromised in AP-1-deficient
cells, suggesting that proteolysis occurs in a prelysosomal compart-
ment, possibly the trans-Golgi network. Our results suggest that
posttranslational processing of ML1 is more complex than previ-
ously described and that this protein is delivered to lysosomes pri-
marily via an AP-1-dependent route that does not involve passage
via the cell surface.

Mucolipidosis type IV (MLIV)? is an autosomal recessive lysosomal
storage disorder characterized clinically by developmental abnormali-
ties of the brain, impaired neurological and gastric functions, and oph-
thalmologic defects that include corneal opacity and retinal degenera-
tion (1). At the cellular level, lysosomal storage bodies appearing as
enlarged vacuolar structures are found in every cell type of affected
individuals, with the accumulated products including a broad range of
phospholipids, sphingolipids, and mucopolysaccharides (1, 2). Other
classes of mucolipidoses include sialidosis (type I), I-cell disease (type
II), and pseudo-Hurler polydystrophy (type III), where accumulation is
aresult ofimpaired targeting of the lysosomal hydrolases involved in the
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catabolism of the stored lipids. However, lysosomal hydrolase activity is
not impaired in MLIV, since the accumulated lipid products have been
previously shown to be catabolized normally (3). Rather, MLIV patho-
physiology has been linked to mutations in the transient receptor poten-
tial (TRP) channel family member mucolipin-1 (TRPML subfamily;
herein referred to as ML1), where mutations result in a defect in mem-
brane sorting along the late endocytic pathway (4—6).

Mammalian TRP channels are a large class of proteins that are char-
acterized by a common structure and permeability to both monovalent
cations and Ca®" ions (7-9). At least 20 mammalian TRP channels have
been identified that comprise six TRP subfamilies. TRPs have wide-
spread tissue distributions and have been implicated in diverse cellular
functions, including roles in mechanosensation, osmosensation, sensa-
tion of fluid flow in vascular endothelia, sensation of temperature, pain,
and touch, and transepithelial transport of Ca>* and Mg*" (7-9). Spe-
cifically, mucolipin-1 (ML1) is a 580-amino acid protein that has a
molecular mass of 65 kDa and has been localized to late endosomes/
lysosomes in several cell types (10). Two other mammalian mucolipin
family members have also been identified, ML2 and ML3. Whereas little
is known regarding ML2 function, mutations in the mouse Mcoln3 gene
are associated with deafness and pigmentation defects in varitint-wad-
dler (Va) mice (11). ML1 is suggested to be a multiple subconductance
and nonspecific cation channel, where activity is modulated by both
Ca’* and pH (12, 13), indicating that this protein may be involved in
trafficking or fusion events between late endosomes and lysosomes in
the late endocytic pathway (14, 15). ML1 has six predicted transmem-
brane-spanning segments and is oriented with both the amino and car-
boxyl termini in the cytoplasm (Fig. 44), a characteristic trait of all TRP
channel family members. The TRP domain of ML1 spans transmem-
brane segments 3—6 with the pore region occurring between the fifth
and sixth segments. Additionally, ML1 has a large extracellular loop,
located between the first and second transmembrane segments that has
four consensus N-linked glycosylation sites. Among other TRP family
members, only polycystin-2 (TRPP subfamily) shares this feature of hav-
ing a large extracellular loop. It is thought that this large extracellular
loop may be involved in channel activation, since both ML1 and poly-
cystin-2 have relatively short amino- and carboxyl-terminal cytoplas-
mic tails that often serve as activation regions for other cation channels.
MLI1 also has a carboxyl-terminal dileucine targeting motif that has
been postulated to serve as the lysosomal targeting signal for ML1 (4, 5).

Much of what is presently known regarding ML1 has come from
studies in Caenorhabditis elegans where the ML1 functional ortho-
logue, CUP-5, has been identified. Mutations in the cup-5 gene have
been described to cause a defect in lysosome biogenesis, since CUP-5 is
localized to both late endosome-lysosome fusion sites as well as to
mature lysosomes. The observed endocytic abnormalities observed in
cup-5 mutants were rescued upon the addition of either human ML1 or
ML3 (16). Therefore, it is hypothesized that ML1 may be responsible for
regulating fusion events during the biogenesis of lysosomes (16—-18).
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However, little is known about how ML1 is targeted to late endosomes/
lysosomes or how this ion channel may function to regulate membrane
trafficking events along this pathway.

Here, we have investigated the posttranslational processing and traf-
ficking of ML1. We find that ML1 is cleaved at a site between the second
and third N-glycans of the first extracellular loop. Delivery of ML1 to
lysosomes occurs via a direct pathway dependent on adaptor protein
complex-1 (AP-1) and does not involve passage via the cell surface. ML1
cleavage occurs late in the biosynthetic pathway, after the glycans have
been sialylated, but prior to lysosomal delivery, since inhibition of lyso-
somal delivery does not prevent cleavage. The apparently exclusive
requirement for AP-1 in ML1 delivery suggests that surface delivery of
this channel may have physiologically detrimental effects on cells.

MATERIALS AND METHODS

DNA Constructs—Constructs encoding human ML1 (corresponding
to accession number BC005149) double-tagged with HA at the amino
terminus and with Myc upstream of the carboxyl-terminal dileucine
motif, or tagged individually with HA or Myc epitopes were provided by
Kirill Kiselyov (28). A double-tagged ML1 construct in which a prema-
ture stop codon was inserted into the ML1 open reading frame prior to
the lysine residue at amino acid position 577 (ML1 ALLVN) was also a
gift of Dr. Kiselyov.

Site-directed Mutagenesis—The mutations N179A, N220A, N230A,
R200A, and K219A were generated using the QuikChange site-directed
mutagenesis kit (Stratagene) according to the manufacturer’s protocol.
Mutations and overall plasmid integrity were confirmed by direct DNA
sequencing. The following forward (F) and reverse (R) primer pairs were
used to introduce the desired mutations: N179A (F), 5'-CGTGGAC-
CCGGCCGCCGACACATTTGAC-3'; N179A (R), 5'-GTCAAAT-
GTGTCGCGGGCCGGGTCCACG-3'; N220A (F), 5'-GGAAAG-
CAGCTCCAGTTACAAGGCCCTCACGCTC-3"; N220A (R), 5'-
GAGCGTGAGGGCCTTGTAACTGGAGCTGCTTTCC-3'; N230A
(F), 5'-CCACAAGCTGGTCGCTGTCACCATCCACTTCC-3';
N230A (R), 5'-GGAAGTGGATGGTGACAGCGACCAGCTT-
GTGG-3'; R200A (F), 5'-GATCCCCCCGAGGCGCCCCCTCCGCC-
3’; R200A (R), 5'-GGCGGAGGGGGCGCCTCGGGGGGATC-3';
K219A (F), 5'-GGAAAGCAGCTCCAGTTACGCGAACCTCACGC-
TCAAATT-3"; K219A (R), 5'-GAATTTGAGCGTGAGGTTCGCG-
TAACTGGAGCTGCTTTCC-3".

Insertion of an External HA Epitope Tag—We used a modified version of
the QuikChange (Stratagene) site-directed mutagenesis protocol (19) to
incorporate an HA epitope tag into the first extracellular loop between
amino acids 249 (Glu) and 250 (Ile) of Myc-tagged ML1 (referred to as
ML1-HA(ext)). The following primers were used (underlined and boldface
text indicate nucleotides corresponding to the HA epitope sequence): for-
ward, 5'-CAGAGCCTCATCAATAATGAGATGTACCCATACG-
ATGTTCCAGATTACGCTATCCCGGACTGCTATACCTTC-3'; re-
verse, 5'-GAAGGTATAGCAGTCCGGGATAGCGTAATCTGGAAC-
ATCGTATGGGTACATCTCATTATTGATGAGGCTCTG-3'.

Cell Culture and Transient Transfection—HEK293 and HeLa SS6
cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 100 pg/ml peni-
cillin/streptomycin. Primary cultures of rabbit cornea epithelial cells
were provided by Emily Guerriero and Nirmala SundarRaj and were
maintained in DMEM-F-12 supplemented with 40 ug/ml gentamicin,
0.5% Me,SO, 5 ug/ml bovine insulin, 10 ng/ml human epidermal
growth factor, 0.1 ug/ml cholera toxin, 50 units/ml penicillin, 50 pug/ml
streptomycin, and 8% FBS. NIH 3T3 and mocha fibroblasts were pro-
vided by Gudrun Ihrke and were maintained in DMEM supplemented
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with 10% FBS and 100 ug/ml penicillin and streptomycin. For transient
transfections, cells were plated in either 6- or 24-well plates at 30%
confluence and incubated until cells reached ~75-80% confluence.
Transient transfections using Lipofectamine 2000 (Invitrogen) were
performed according to the manufacturer’s protocol. For HEK293 cells
or fibroblasts cultured in 6-well plates, the DNA/Lipofectamine 2000
ratio used was 2 pug of DNA to 5 ul of Lipofectamine. For HeLa SS6 cells
or fibroblasts grown in 24-well plates, the ratio used was 0.8 g of DNA
to 2 ul of Lipofectamine 2000.

Immunoblotting of ML1—Transiently transfected cells were solubi-
lized in 1.5% (v/v) C12E9 (Calbiochem) in buffer containing 150 mm
NaCl, 1 mm EDTA, and 40 mm HEPES, pH 7.4. This detergent solution
was additionally supplemented with 1 ug/ml aprotinin and complete
mini-EDTA-free protease inhibitor mixture tablets (Roche Applied Sci-
ence). Samples were immunoprecipitated using monoclonal anti-HA
(HA.11; Covance) or monoclonal anti-c-Myc (Upstate Biotechnology,
Inc., Lake Placid, NY) antibodies. Antibody-antigen complexes were
recovered using Pansorbin cells (Calbiochem). Samples were then
washed one time each in HBS (10 mm HEPES, 150 mm NaCl, pH 7.4)
containing either 1% Triton X-100 or 0.01% SDS and then washed one
final time in HBS alone. Samples were solubilized in Laemmli sample
buffer and heated to 60 °C for 30 min and loaded onto 4—-15% Tris-HCl
precast gels (Bio-Rad). Electrophoresis and transfer to Highbond-ECL
nitrocellulose membrane (Amersham Biosciences) was performed
using the Criterion Western blotting system (Bio-Rad). Membranes
were then incubated for 2 h with anti-HA-HRP or anti-c-Myc-HRP
(Roche Applied Science). HRP-reactive bands were detected using
Super Signal West Pico chemiluminescent substrate (Pierce), and mem-
branes were exposed to Eastman Kodak Co. X-Omat Blue film. The
relative molecular mass of immunoreactive bands was assessed using
Precision Plus Protein Standards (Bio-Rad). Samples treated with N-gly-
canase (New England Biolabs) were immunoprecipitated with mono-
clonal anti-HA antibody, and immunocomplexes were recovered as
described above. Samples were washed and eluted for 30 min at 60 °C
with 10 mm Tris-HCI, pH 8.6, 0.2% SDS, and 7.5% glycerol. Following
elution, samples were subjected to brief centrifugation, the superna-
tants were recovered, and 0.5 ul of N-glycanase (New England Biolabs;
1.5 units of active enzyme) was added to each sample. Control samples
were treated identically except that N-glycanase was omitted from the
incubation. Samples were incubated overnight at 37 °C unless otherwise
indicated. The following day, 2-fold concentrated Laemmli sample
buffer was added to each sample (to a final volume of 30 ul) and incu-
bated at 60 °C for 30 min. Samples were electrophoresed on 4—15%
Tris-HCI gels and immunoblotted as described above.

Metabolic Labeling of ML1—Transiently transfected HEK293 cells
on 6-well plates were starved in cysteine- and methionine-free medium
for 30 min and then radiolabeled with 1 mCi/ml Tran®*S-label (MP
Biomedicals) for 2 h. Cells were chased in serum-free DMEM for O or 2 h
and then solubilized, and ML1 was immunoprecipitated as described
above. Samples were then either treated with N-glycanase as described
above or directly solubilized in Laemmli sample buffer and incubated
for 30 min at 60 °C prior to electrophoresis on 4-15% Tris-HCI gels.
Dried gels were analyzed using a phosphor imager (Bio-Rad), and the
relative molecular mass of visualized bands was compared with Rain-
bow ["*C]methylated protein molecular weight markers (Amersham
Biosciences). Where indicated, the following drugs were added during
both the radiolabeling and chase periods: leupeptin (Sigma; 20 um),
CA-074-Me (Calbiochem; 2 um), and brefeldin A (Calbiochem; 10
pg/ml).
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Indirect Immunofluorescence—Transiently transfected cells grown
on coverslips were fixed with 4% paraformaldehyde, permeabilized with
0.1% Triton X-100 in PBS containing 1% bovine serum albumin, and
incubated in blocking solution (PBS containing 1% bovine serum albu-
min) for 30 min. Samples were incubated for 60 min in primary antibody
at the following dilutions: mouse monoclonal anti-HA (1:500); rat
monoclonal anti-HA (clone 3F10; Roche Applied Science) (1:250); poly-
clonal anti-cathepsin D generated against the human peptide (20)
(1:250); monoclonal AP.6 directed against AP-2 a subunit (American
Type Culture Collection) (1:10); monoclonal anti-y-adaptin (BD Bio-
sciences) (1:250); monoclonal anti-giantin (1:400) (gift from Dr. Adam
Linstedt, Carnegie Mellon University, Pittsburgh, PA), and monoclonal
anti-lamp-2 directed against either the human epitope (H4B4) or mouse
epitope (ABL-93) (Developmental Studies Hybridoma Bank, Iowa City,
IA) (developed by J. Thomas August) (1:10). After washing, samples
were incubated for 60 min with species-appropriate secondary antibod-
ies conjugated to either AlexaFluor-488 or AlexaFluor-647 (Invitrogen
or Molecular Probes) diluted in blocking buffer (1:500). Confocal imag-
ing was performed on an Olympus IX-81 (Melville, NY) equipped with
an UltraView spinning disc confocal head (PerkinElmer Life Sciences)
and an argon-ion, argon-krypton, and helium-cadmium laser combiner.
Images were acquired with a X60 or X100 plan-apochromat objective
(numerical aperture 1.4) and the appropriate filter combination. The
TIFF images were imported into Adobe Photoshop (Adobe, Mountain
View, CA) to adjust contrast and image size.

Antibody Uptake Assay—NIH 3T3 or mocha fibroblasts grown on
coverslips were transfected where indicated to express ML1-HA (ext).
Cells were incubated for 1 h at 37 °C in the presence of appropriate
antibodies (monoclonal HA for ML1-HA (ext)-transfected cells or anti-
murine lamp-2 (ABL-93; Developmental Studies Hybridoma Bank) for
untransfected cells) diluted to 50 ug/ml in DMEM containing 1%
bovine serum albumin and 25 mm HEPES, pH 7.4. Leupeptin (20 um)
was included during the incubation to minimize degradation of any
lysosomally delivered antibody. Cells were then washed three times with
ice-cold PBS, fixed with 4% paraformaldehyde for 10 min, quenched
with PBS-glycine, permeabilized for 3 min with 0.5% Triton X-100, and
blocked for 15 min in blocking solution. Following block, cells were
incubated with fluorophore-conjugated secondary antibody and pro-
cessed for immunofluorescence as described above.

SiRNA-mediated Knockdown of AP-1 vy and AP-2 a Subunits—Double-
stranded siRNAs targeting human forms of either the AP-1 y or AP-2 «
subunit were purchased from Dharmacon (Lafayette, CO). For the AP-1
v subunit, the target sequence used was 5'-AAGTTCCTGAACTTAT-
GGAGA-3’, corresponding to nucleotides 528 —548 of the human AP-1
complex -yl subunit mRNA (accession number Y12226). For the AP-2 «
subunit, the target sequence used was 5'-GCATGTGCACGCTG-
GCCA-3’, corresponding to nucleotides 12331250 of the human AP-2
a2 subunit mRNA (accession number NM_012305) Three potential
target sequences were tested in each case. HeLa SS6 cells were plated in
24-well dishes and allowed to grow to ~50% confluence. Cells were
transfected with a nonsilencing negative control siRNA duplex (Qiagen)
or siRNA oligonucleotides targeted against the <y-subunit of AP-1
and/or the a-subunit of AP-2 using the TransIT-TKO oligonucleotide
transfection reagent (Mirus). For single knockdowns, 3 ul of siRNA
oligonucleotide (20 uM) and 4.5 ul of transfection reagent were added
per well; for samples transfected with both a- and y-siRNAs, 3 ul of
each oligonucleotide and 4.5 ul of transfection reagent were added.
After 24 h, cells were transfected with cDNA encoding double-tagged
ML1 (0.8 ng) and Lipofectamine 2000 (2 ul) and allowed to grow for an
additional 1824 h. Cells were either processed for immunofluores-
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cence as described above or for immunoblotting. For Western blotting,
cells were trypsinized and quenched with an equal volume of DMEM,
10% FBS. After centrifugation, cell pellets were washed once with PBS
and then solubilized in 95°C 2-fold concentrated Laemmli sample
buffer. After determination of relative protein concentrations by Coo-
massie stain, equal amounts of protein were loaded on a second 4-15%
Tris-HCI gel and processed for Western blot using monoclonal anti-
AP-2 o (Santa Cruz Biotechnology; 1:5000), polyclonal anti-AP-1 vy
(AE/1; 1:2000) (21), and E7 anti-B-tubulin monoclonal antibody
(1:5000; Developmental Studies Hybridoma Bank, Iowa City, IA; devel-
oped by M. Klymkosky). ML1 was detected in siRNA-treated samples
after solubilization, immunoprecipitation, and immunoblotting as de-
scribed above.

RESULTS AND DISCUSSION

ML1 Is Cleaved Late in the Biosynthetic Pathway—Western blot anal-
ysis of transiently expressed ML1 demonstrated multiple immunoreac-
tive species that could represent proteolytic processing. To examine
this further, we expressed a construct encoding ML1 containing an
amino-terminal HA and an internal carboxyl-terminal Myc epitope
tag in HEK293 cells. Cell lysates were immunoprecipitated with
anti-HA antibody, immunoblotted using HRP-conjugated anti-HA,
and then stripped and reprobed using HRP-conjugated anti-Myc
antibody. As shown in Fig. 14, full-length ML1 was detected using
either antibody as a doublet at ~60—-70 kDa that probably represents
the immature and mature glycosylated forms of the protein. In addition,
a ladder of more slowly migrating bands was also observed (see also Fig.
1C), consistent with multimerization of this highly hydrophobic pro-
tein. Numerous approaches to dissociate these multimers were unsuc-
cessful. In the anti-HA blot, an additional band at ~37 kDa was
detected, whereas when the same blot was reprobed with anti-Myc, a
distinct band at ~40 kDa was seen. These data suggest that ML1 is
cleaved into two roughly equally sized fragments that can be co-isolated
upon immunoprecipitation with an antibody against the N-terminal
tag. The same results were obtained when ML1 was immunoprecipi-
tated using anti-Myc antibody (Fig. 1C). Consistent with its hydrophobic
character, the carboxyl-terminal Myc-reactive product also appeared to be
sensitive to aggregation, since bands corresponding to dimers and higher
order multimers of this cleavage product were routinely visualized by anti-
bodies against the Myc epitope.

To determine whether the proteolytic cleavage event occurs early or
late in the biosynthetic processing of ML1, we radiolabeled HEK293
cells transiently expressing ML1 for 2 h and solubilized the cells after a
0- or 2-h chase period. Lysates were immunoprecipitated using either
anti-HA or anti-Myc antibody and examined by SDS-PAGE. As shown
in Fig. 1B (top), ML1 was initially precipitated as a ~65-75-kDa doublet
representing immature and fully glycosylated (sialylated) full-length
protein. After the 2-h chase period, the immature glycosylated form of
ML1 was no longer detected, consistent with N-glycan processing. At
this time point, a broad band migrating at ~40 kDa was also detected,
presumably representing the amino- and carboxyl-terminal ML1 cleav-
age fragments, which migrate with similar mobility on SDS-PAGE. The
appearance of these cleavage products concomitant with maturation of
the glycans on ML1 strongly suggests that proteolysis occurs after sia-
lylation rather than early in the biosynthetic pathway. To further exam-
ine ML1 processing, HEK293 cells were treated with brefeldin A to
prevent transit of newly synthesized ML1 along the biosynthetic path-
way. In cells treated with brefeldin A, both cleavage and N-glycan proc-
essing are abolished, as is indicated by the absence of the ~40-kDa
cleavage product and the loss of the ~65-75-kDa doublet after the 2-h
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FIGURE 1. ML1 is cleaved late in the biosynthetic pathway. A, ML1 cleavage products co-precipitate. HEK293 cells transiently expressing double-epitope-tagged ML1 were
solubilized and immunoprecipitated (/P) using anti-HA antibody. After SDS-PAGE on a 4-15% gradient gel, proteins were transferred to nitrocellulose and probed using HRP-
conjugated anti-Myc (left lane). The same blot was then stripped and reprobed with HRP-conjugated anti-HA antibody (right lane). The migration of molecular weight standards is
shown on the /eft. In this and subsequent figures, the band(s) corresponding to full-length double-tagged ML1 is labeled ,,,ML1,,,., and those of the N- and C-terminal cleavage
products are labeled ,,,ML1 and ML1,, ., respectively. B, ML1 cleavage occurs late in the biosynthetic pathway. Mock-transfected or ML1-expressing cells were starved, radiolabeled
for 2 h, and then chased for 0 or 2 h either in the absence or presence of brefeldin A (10 ng/ml; lower panel). Cells were solubilized, the lysates were immunoprecipitated using either
anti-HA or anti-Myc antibody, and the samples were analyzed on 4-15% SDS-polyacrylamide gels. Note that ;,,ML1 and ML1,,. cannot be individually resolved under these
conditions. C, both N- and C-terminal ML1 cleavage products are glycosylated. Mock-transfected or ML1-expressing cells were solubilized, immunoprecipitated with anti-Myc
antibody, and then either mock-treated or treated with N-glycanase prior to gel electrophoresis and blotting with either anti-HA or anti-Myc antibodies. The arrows indicate the
ML1y, doublet observed upon treatment with N-glycanase. D, lysates from ML1-expressing cells were immunoprecipitated with anti-Myc antibody and mock-treated (—) or treated
with N-glycanase for 90 min or overnight prior to electrophoresis and immunoblotting using HRP-conjugated anti-Myc antibody. The ML1,,,. doublet observed upon N-glycanase
treatment appears to be due to incomplete cleavage of the N-glycans on this fragment, since longer incubation results in conversion of the more slowly migrating form to the more

rapidly migrating form of the protein.

chase period (Fig. 1B, bottom panel). These results strongly suggest that
cleavage of ML1 occurs at a post-ER site. Importantly, the cleavage site
within ML1 appears to be cell type-independent, since similar products
were observed when ML1 was expressed in several other cell types,
including HeLa, Madin-Darby canine kidney, and rabbit cornea epithe-
lial cells (Fig. 2).

Based on the sizes of the cleavage product, we hypothesized that
cleavage occurs within the first, relatively large extracellular loop of
MLI. This loop contains the only four potential N-glycosylation sites on
MLI. Both cleavage products (;;,ML1 and ML1,,,.) were sensitive to
N-glycanase treatment, confirming that cleavage occurs within this loop
(Fig. 1C). Interestingly, we reproducibly found that N-glycanase treat-
ment of the carboxyl-terminal half of the protein produced two distinct
bands roughly 3 and 6 kDa smaller than the original fragment (indicated
by arrows). These bands probably represent cleavage of either one or
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two N-glycans from this fragment, respectively. Longer treatments with
N-glycanase demonstrated a precursor product relationship between
the two, suggesting that cleavage of one of the N-glycans in this frag-
ment is considerably more efficient than the other (Fig. 1D). We never
observed complete conversion to the more rapidly migrating form, even
when the N-glycanase treatment was carried out overnight and spiked
with fresh enzyme.

Cleavage of ML1 Occurs between the Second and Third N-Glycans of
the First Extracellular Loop—Our initial N-glycanase experiments sug-
gest that the carboxyl-terminal fragment of ML1 contains at least two
N-glycans. To test this more directly, we used site-directed mutagenesis
to disrupt the N-glycosylation consensus sequences of the second, third,
or fourth N-glycan and examined the effect of these mutations on the
electrophoretic mobility of the HA- and Myc-tagged fragments immu-
noprecipitated from transiently transfected cells. As shown in Fig. 3,
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FIGURE 2. Cleavage of ML1 is not cell type-specific. The indicated immortalized cell
lines or primary cultures of rabbit cornea epithelial cells (RCE) were transiently trans-
fected to express ;sML1y,,. After solubilization, samples were immunoprecipitated (/P)
using anti-HA antibody, mock-treated or treated with N-glycanase, and detected by
immunoblotting using HRP-conjugated anti-HA antibody. MDCK, Madin-Darby canine
kidney.

abolishment of the second N-glycosylation consensus sequence affected
the mobility of the N-terminal fragment (HA fragment) without dis-
rupting the carboxyl-terminal half (Myc fragment) of the protein. In
contrast, removal of the third or fourth N-glycan had no effect on ami-
no-terminal mobility but resulted in a shift in MW of the carboxyl-
terminal half of the protein. Interestingly, the resulting mobilities of the
N220A and N230A carboxyl-terminal fragments were different, sug-
gesting that the third and fourth glycans are normally processed some-
what differently. Such differential processing of N-glycans at distinct
positions has previously been observed (22). These data are consistent
with cleavage of ML1 at a site between the second and third N-glycans
(amino acids 179 -220).

The amino acid sequence of the interval between the second and
third N-glycans of ML1 is shown in Fig. 4A. Because this sequence
contains two basic residues that are potential cathepsin cleavage sites,
we tested the effect on ML1 cleavage of mutating these residues to
alanine. In neither mutant (R200A or K219A) was cleavage demonstra-
bly affected (Fig. 4B). Moreover, overnight incubation of ML1-trans-
fected cells with the cathepsin inhibitors E-64d (2 uM) (data not shown)
or CA-074-Me (2 uM) (Fig. 4C), a more selective inhibitor of cathepsins
Band L, did not reproducibly inhibit ML1 cleavage as detected either on
immunoblots (Fig. 4C, left) of cell lysates or in metabolically labeled cells
treated with inhibitor during the pulse and chase periods of the exper-
iment (Fig. 4C, right). However, treatment of ML1-transfected cells with
20 uM leupeptin, which inhibits a broad spectrum of lysosomal serine,
plasmin, and cysteine proteases, significantly reduced the amount of
MLL1 cleavage products detected in immunoblots and in metabolically
labeled cells (Fig. 4C). Thus, it appears that cathepsins are not solely
responsible for ML1 cleavage, although it is possible that multiple pro-
teases may be able to cleave within this region.

Adaptor Protein-dependent Trafficking of ML1—Both the amino and
carboxyl termini of ML1 contain several motifs that fit the consensus for
AP complex binding, including tyrosine tetrapeptide YXX® (where ®
represents a hydrophobic residue) and dileucine motifs (Fig. 44). To
date, three of the four AP complexes in cells (AP-1, AP-2, and AP-3) as
well as the Golgi-localized, y-ear-containing, ARF-binding (GGA) pro-
teins have been implicated in the biosynthetic delivery of membrane
proteins to late endosomes/lysosomes (reviewed in Ref. 23). In previous
studies, it has been speculated that the C-terminal dileucine motif
E>”*HSLLVN functions as the lysosomal targeting signal of ML1 (5, 10).
This sequence is reminiscent of the consensus motif for protein binding
to the VHS domain of the GGAs (DXXLL, typically located 1-2 residues
from the carboxyl terminus) (23). The aspartic acid residue within this
binding motif cannot be substituted even with another negatively
charged residue (24); however, the murine ML1 sequence fits this con-
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FIGURE 3. Cleavage of ML1 occurs between the second and third N-glycans of the
first extracellular loop. Double-tagged wild-type ML1 or ML1 glycosylation mutants
(N179A, N220A, and N230A) were transiently expressed in HEK293 cells. After solubiliza-
tion, cell lysates were immunoprecipitated (/P) with anti-HA antibody, and samples were
immunoblotted using HRP-conjugated anti-HA (top) or anti-Myc (bottom). The dashed
lines indicate the mobilities of the ;,,ML1 and ML1,,,. fragments generated from wild-
type ML1 (WT) relative to those of the mutant constructs. The migration of molecular
weight markers is noted on the /eft of each gel.

sensus exactly. Therefore, we tested whether the tail of human ML1 is
able to interact with the VHS domains of GGAs in vitro. A glutathione
S-transferase fusion of the cytoplasmic tail was unable to bind the VHS
domain of GGA-1, GGA-2, or GGA-3, suggesting that GGA-mediated
sorting is not involved in biosynthetic delivery of ML1 (data not shown).
To test the role of this sequence in lysosomal targeting of ML1 directly,
we examined the localization of a mutant version of ML1 (ALLVN),
which lacks the carboxyl-terminal four amino acids, in transiently trans-
fected HeLa SS6 cells. Interestingly, this mutant, like wild-type ML1,
exhibited significant colocalization with the lysosomal marker lamp-2
(Fig. 5), suggesting that the carboxyl-terminal dileucine motif is not
directly responsible for ML1 targeting. Consistent with a previously
published report, we also observed ML1 staining in vesicular compart-
ments that did not colocalize with lysosomal markers (10). However, in
contrast with the same study, in which it was also reported that lyso-
somes in ML1-expressing cells were more dispersed throughout the
cytoplasm than in control cells, we did not observe any reproducible
effect of ML1 overexpression on the distribution of lysosomal markers.
The extent and rate of proteolytic cleavage of ALLVN were similar to
those of wild type ML1 as determined by immunoblotting and meta-
bolic labeling experiments (data not shown).

Because GGAs do not appear to be involved in targeting of human
ML1, we systematically examined the effect of ablating AP complexes
on the steady state distribution of ML1 in transiently transfected cells.
To dissect the role of AP-3 in ML1 targeting, we compared the distri-
bution of ML1 expressed in control mouse fibroblasts versus fibroblasts
derived from the mocha mouse that lacks functional AP-3 due to
absence of the AP-3 & subunit. The route taken by some lysosomal
proteins, including lamp-2, is slightly altered in AP-3-deficient cells
such that a greater fraction traffics via the plasma membrane, but the
protein ultimately accumulates in lysosomal compartments (25-27).
Antibody uptake experiments were performed to confirm that more
lamp-2 traffics through the plasma membrane in mocha cells compared
with control fibroblasts. After incubation of live cells with anti-lamp-2
antibody for 1 h at 37 °C, cells were fixed, permeabilized, and incubated
with secondary antibodies to detect internalized antibody. As shown in
Fig. 6C, internalized anti-lamp-2 antibody was observed in mocha cells
but not in control fibroblasts. No staining was observed in either cell
type when primary antibody was omitted from the assay.
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FIGURE 5. The steady state distribution of ML1 is independent of the carboxyl-ter-
minal LLVN sequence. Transiently transfected HelLa SS6 cells expressing double-
tagged wild-type ML1 (top) or ML1,,, vy (bottom) were fixed and processed for double
label indirectimmunofluorescence to detect the N-terminal HA tag on each protein (left)
and the lysosomal marker lamp-2 (middle). Merged images are shown in the right-hand
panels. Scale bar, 10 um.

To dissect the role of AP-3 in ML1 targeting, we used two approaches.
First, we compared the steady-state distribution of ML1 by double
label indirect immunofluorescence in control and mocha fibroblasts
with that of the lysosomal marker lamp-2 (Fig. 64, top two rows).
Although MLL1 in these cells was distributed in a punctate pattern rem-
iniscent of lysosomes, there was significantly less colocalization
between ML1 and lamp-2 in fibroblasts compared with HeLa cells (Fig.
5). Similar results were also obtained when the lysosomal protease
cathepsin D was used as a lysosomal marker (data not shown). Second,
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to examine whether a greater fraction of ML1 traffics via the cell surface
in mocha cells, we used an ML1 construct (ML1-HA(ext)) in which an
HA epitope tag was inserted into the first extracellular loop of the ML1
coding sequence. Both metabolic labeling and immunoblotting experi-
ments demonstrated that ML1-HA (ext) is biochemically processed to
mature and cleaved forms, suggesting that the protein is not grossly
misfolded (data not shown). Moreover, as shown in Fig. 64 (bottom
row), the distribution of ML1-HA (ext) is qualitatively indistinguishable
from that of the cytoplasmically tagged ML1 construct used in the top
panels of Fig. 6A. However, antibody uptake experiments in 3T3 and
mocha fibroblasts transiently expressing ML1-HA (ext) failed to reveal
intracellular ML1 staining in either cell type (Fig. 6B). These results
indicate that in the absence of functional AP-3, ML1 trafficking does not
transit through the plasma membrane and suggest that ML1 trafficking
is not AP-3-dependent.

To test the role of AP-1 and AP-2 in ML1 targeting, we used a siRNA
knockdown approach. HeLa cells were transfected with siRNA oligonu-
cleotides targeted against the y-subunit of AP-1 and/or the a-subunit of
AP-2 and the following day transfected with cDNA encoding epitope-
tagged ML1. Immunoblotting and indirect immunofluorescence con-
firmed that both «- and +y-adaptin were efficiently and reproducibly
knocked down by their respective siRNAs (Fig. 7). HeLa cells treated
with both siRNAs and transfected with ML1 remained viable over the
course of the experiment, although knockdown of both adaptins was

VOLUME 281+NUMBER 18-MAY 5, 2006



lamp-2 merge

373

mocha

3T3 HA(ext)

- antibody + anti HA C

- antibody

+ anti-lamp-2

3T3
3

mocha
mocha

FIGURE 6. ML1 is not mislocalized in AP-3-deficient cells. A, mouse 3T3 or mocha
fibroblasts transiently expressing cytoplasmically (top two rows) or 3T3 cells expressing
externally tagged ML1 (ML1-HA(ext); bottom row) were fixed and processed for double-
label indirect immunofluorescence to detect the HA tag and the lysosomal marker
lamp-2. Merged panels are shown on the right. Scale bar, 10 pm. B and C, ML1 trafficking
is not AP-3-dependent. 3T3 or mocha fibroblasts transiently expressing ML1-HA(ext)
were incubated for 1 h at 37 °C with either anti-HA (B) or anti-lamp-2 (C) antibody. Con-
trol cells in each panel were incubated under identical conditions in the absence of
antibody. Cells were then washed repeatedly with ice-cold PBS, fixed, and incubated
with secondary antibody. Samples were viewed by confocal microscopy, and the images
in each panel were acquired under identical conditions. Scale bars, 10 um.

also very efficient (Fig. 7, A and D). Knockdown of a-adaptin had no
effect on the distribution of ML1 (Fig. 7B); however, knockdown of
y-adaptin alone or in combination with a-adaptin resulted in a dramatic
redistribution of ML1 (Fig. 7, C and D). In particular, whereas a signif-
icant fraction of ML1 in control cells localized to clusters of enlarged,
spherical vesicles in the cytoplasm, ML1-positive vesicles were rarely
observed in cells lacking y-adaptin. To examine the distribution of ML1
in these cells further, we performed double label indirect immunofluo-
rescence using antibodies against the HA tag on ML1 and either the
cis-/medial-Golgi marker giantin or the soluble lysosomal hydrolase
cathepsin D (Fig. 8). The half-life of cathepsin D is extremely long (>50
h) (20), and any missorted protein is secreted into the medium; thus, this
protein serves as an ideal marker for lysosomes in siRNA-treated cells.
In control cells, we observed significant colocalization with cathepsin D,
and in particular, cathepsin D staining was frequently visualized within
the lumen of MLI1-positive vesicular profiles (Fig. 84, arrowheads in
inset). A small portion of ML1 in these cells was also observed in a
ribbonlike pattern that abutted the giantin staining profile, consistent
with transit of newly synthesized protein through the Golgi and trans-
Golgi network (Fig. 8B). In contrast, very little colocalization of ML1
with cathepsin D could be detected in cells treated with siRNA to knock
down +y-adaptin. In these cells, cathepsin D staining was largely segre-
gated from MLI-positive compartments (Fig. 84), and the majority of
ML1 staining colocalized with or adjacent to giantin (Fig. 8B). Similar
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FIGURE 7. ML1 localization is AP-1-dependent. A, siRNA-mediated knockdown of a-
and/or y-adaptin. HeLa SS6 cells were mock-transfected, transfected with a control
siRNA oligonucleotide, or transfected with oligonucleotides targeting a- and/or y-adap-
tin. Approximately equal amounts of cell lysates (normalized by Coomassie staining)
were immunoblotted to detect a- and y-adaptin as indicated. The bottom portion of each
gel was blotted separately to detect tubulin as an additional loading control. B, ML1-
expressing cells that were either mock-transfected or transfected with oligonucleotides
targeting « and/or vy adaptin were fixed and processed for double label indirect immu-
nofluorescence to detect ML1 and either a-adaptin (B), y-adaptin (C), or both (D) as
indicated. Scale bars, 10 um.

results were obtained in cells lacking both «- and y-adaptin. Addition-
ally, and consistent with the lack of effect of the a-adaptin knockdown
on ML1 localization, we did not detect any difference in HA-antibody
uptake when MLI1-HA(ext) was transfected into cells treated with
v-adaptin siRNA (not shown). However, biochemical analysis by cell
surface biotinylation revealed a slight increase in the amount of ML1
present at the plasma membrane in cells lacking y-adaptin compared
with control (~1% of total in control cells versus 2.5% of total upon
y-adaptin knockdown; data not shown). Together, these data suggest
that AP-1 plays a critical role in the export of ML1 from the Golgi
complex and that ML1 normally traffics to lysosomes primarily via a
direct route that bypasses the plasma membrane. When y-adaptin is
knocked down, ML1 accumulates in the Golgi complex, although a
small amount may traffic via the cell surface to lysosomes. Moreover,
AP-3 does not appear to be able to compensate for the lack of AP-1 to
target ML1 to lysosomes in cells lacking y-adaptin.

Because depletion of y-adaptin inhibits lysosomal delivery of ML1,
we examined whether cleavage of ML1 is impaired when individual AP
complexes are disrupted. Interestingly, we found no effect on ML1
cleavage relative to control in cells lacking functional AP-1, AP-2, or
AP-3 (Fig. 9). Thus, cleavage of ML1 can occur in the absence of efficient
delivery to late endosomes/lysosomes.

In summary, our data demonstrate that ML1 is cleaved by a leupep-
tin-inhibitable enzyme at a site between the second and third N-glycan
of the first extracellular loop. Cleavage is likely to occur at a late step in
the biosynthetic traffic of ML1, after maturation of the N-glycans. These
observations are largely consistent with the recently reported findings of
Kiselyov et al. (28). ML1 is normally delivered to lysosomes via a direct
route that does not require passage through the cell surface, since
knockdown of @-adaptin had no effect on the steady state distribution of
MLLI. Trafficking of ML1 in AP-3-deficient mocha cells appeared to be
normal, whereas delivery of lamp-2 in these cells was disrupted. How-
ever, in these cells, we detect less overall colocalization of ML1 with
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FIGURE 8. ML1 in y-adaptin knockdown cells is largely retained in the Golgi com-
plex. ML1-expressing HelLa SS6 cells that were transfected with control siRNA or with oligo-
nucleotides targeting a- and/or y-adaptin were fixed and processed for double label indirect
immunofluorescence to detect ML1 and either the lysosomal marker cathepsin D (A) or the
Golgi marker giantin (B). Insets in A show enlargements of the boxed regions in the merged
panels.The arrowheads highlight cathepsin D staining within ML1-positive vesicles in control
and a-adaptin knockdown cells. In contrast, the ML1 and cathepsin D staining profiles did
not overlap significantly in cells lacking y-adaptin or in double knockdown cells. In these
cells, ML1 was observed largely concentrated in juxtanuclear regions that are coincident with
giantin staining. Scale bar, 10 um.

various lysosomal markers. Interestingly, cleavage of ML1 was not pre-
vented when access to lysosomes was prevented by siRNA-mediated
knockdown of AP-1. Under these conditions, the majority of ML1 accu-
mulated in the Golgi complex, suggesting that cleavage of ML1 nor-
mally occurs prior to lysosomal delivery and possibly in the trans-Golgi
network.

Since ML1 targeting to lysosomes involves AP-1 but does not require
the carboxyl-terminal DXXLL-type dileucine motif, what constitutes
the AP-1 recognition sequence? There are two tyrosine-containing
sequences within cytoplasmically disposed regions of ML1 that fit the
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FIGURE 9. Cleavage of ML1 is unimpaired in cells lacking functional adaptor protein
complexes. A, epitope-tagged ML1 was transiently expressed in 3T3 or mocha fibro-
blasts (left), orin HeLa cells transfected with the indicated siRNA oligonucleotides (right).
Leupeptin (20 um) was added to the indicated samples after transfection to inhibit cleav-
age of ML1. After solubilization, samples were immunoprecipitated (/P) using anti-HA
antibody and detected by immunoblotting using HRP-conjugated anti-HA antibody.
Full-length ML1 and the amino-terminal cleavage product are indicated.

YXX® motif; however, one of these (Y**'DTI) is predicted to reside
partly within the final transmembrane domain, and the other (Y*''NIL)
begins two amino acids after the fourth transmembrane domain. Nei-
ther of these sequences is optimally placed for access by AP complexes
(29); moreover, both are predicted to have relatively poor affinity for
AP-1 (30). Another AP-1 binding candidate is an adaptor binding
(D/E)XXXL(L/I)-type dileucine motif present at the amino terminus
(EM'TERLL). We have detected palmitoylation of the amino terminus of
ML1 invivo, and this modification might also contribute to the targeting
of the protein.* In addition, a potential adaptor-binding NPXY motif
(N'PGY) is also present nearby; however, NPXY motifs do not bind to
AP-1. Consistent with our results, Vergarajauregui and Puertollano (31)
reported while this manuscript was under review that the amino-termi-
nal dileucine sequence plays a key role in lysosomal targeting of ML1
and, moreover, that lysosomal delivery of ML1 occurs largely via the
direct pathway. Surprisingly, however, whereas they report palmitoyla-
tion of the carboxyl-terminal region of ML1, they did not detect amino-
terminal palmitoylation. Future studies will be required to resolve this
discrepancy.

What is the significance of ML1 trafficking to lysosomes via the direct
pathway? Recent studies suggest that ML1 is an outwardly rectifying
monovalent cation channel that may function as a proton leak channel
to regulate lysosomal pH (28, 32). Based on these characteristics, signif-
icant levels of surface ML1 are predicted to result in hyperpolarization
of the cells and could disrupt normal cell function. Thus, trafficking to
lysosomes via the direct route may be an obligatory pathway for ML1
that serves to limit its site(s) of activity.
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