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ABSTRACT. Mutations inDMT1 (Nramp2andSicll1a2 impair iron metabolism and cause microcytic anemia.
DMTL1 is expressed at the duodenal brush border where it controls uptake of dietary iron and is present
at the plasma membrane and in recycling endosomes of most cells, where it is necessary for acquisition
of transferrin-associated iron. The goal of this study was to identify signal(s) in the cytoplasmic segments
of DMT1 responsible for its subcellular targeting and internalization from the plasma membrane into
recycling endosomes. We introduced mutations in the amino termixi$); carboxyl terminusACT),

as well as in NPAY®31 YSCP2-%5 and YLLNT®55-559motifs of a DMT1 construct bearing an exofacial
epitope tag, which allowed labeling of the transporter at the cell surface for kinetic studies. Mutants were
stably expressed in LLC-PKidney cells and were studied for transport activity, subcellular localization,
cell-surface and recycling pool distribution, and internalization from the plasma membrane. Kinetic studies
showed that carboxyl-terminus mutantsqQT andAYLLNT) had an increased fraction of the “recycling

pool” that was expressed at the cell surface because of impaired internalization from the plasma membrane.
Further cell-surface-labeling and immunofluorescence studies in intact cells showed thatflthNT

andACT mutants were targeted to the lysosomal compartment upon internalization. These results suggest
that the major signal for internalization and recycling of DMT1 isoformHIRE/1B) resides in its carboxyl
terminus and that removal of this signal leads to a default lysosomal targeting.

The divalent metal transporter 1 (DMTXhlso known as  through internalization of transferrin-bound iron via the
Nramp2, DCT1, and Slc11a?2) plays a dual role in intestinal transferrin-receptor pathway. DMT1 is also expressed at the
iron acquisition and in iron uptake by peripheral tissues. plasma membrane and in transferrin-positive recycling en-
DMT1 is part of a large family of highly conserved metal dosomes of most cells and tissuds %). It catalyzes the
transporters. It is an integral membrane phosphoglycoproteinefflux of iron from acidified endosomes, across the endo-
consisting of 12 putative transmembrane (TM) domains, with somal membrane into the cytosd)( Vacuolar ATPase-
the predicted amino and carboxyl termini positioned on the mediated endosomal acidification simultaneously facilitates
intracytoplasmic side of the membrane. StudieX@mopus the release of iron from transferrin and provides the pH
oocytes and transfected mammalian cell lines have demon-gradient required for DMT1 functior¥}. Naturally occurring
strated that DMT1 transports a number of divalent metals mutations inDMT1 cause severe iron deficiency and mi-
(Fet, Mn?t, Co?*, Ci#, C*, Ni%*, P*, and Zi@*) in a crocytic anemia ilfmk mice andBelgraderats @, 9). Both
pH-dependent fashion by a proton cotransport mechanismmutants show the same alteration (G185R) in predicted TM4
(1—3). DMT1 is expressed at the brush border of the of DMT1, which abrogates both intestinal iron absorption
absorptive epithelium of duodenal villid), where it is and endosomal transport of transferriron (10—14). Fi-
responsible for the uptake of non-heme dietary iron following nally, DMT1 is also expressed at the brush border of
reduction from its ferric (F&) to ferrous (Fé&") state by a epithelial cells of proximal tubules of the kidney5), where
ferric reductase. In nonepithelial cells, iron absorption occurs it may function as a re-uptake system for divalent metals.
The DMT1 gene produces at least two distinct mMRNAs
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brane; IRE, iron responsive element; Lamp, lysosomal-associated DMT1 isoform I is also expressed in the kidne§, (L5).
membrane protein; CFTR, cystic fibrosis transmembrane conductanceDMT1 isoform Il (—IRE) lacks an IRE and encodes a protein

regulator; HA, hemaglutinin; OPI-phenylenediamine dihydrochlo- a1 hag a different C-terminal 25 amino acid segment. DMT1
ride; HRP, horseradish peroxidase; GFP, green fluorescent protein;.

MESNA, 2-mercaptoethane sulfonate; EEA1, early endosome antigen'SOform Il'is expressed_prefgrentially in nonepithelial cells
1; MNK, Menkes; GLUT4, glucose transporter 4. and is very abundant in reticulocyte$9]. Recently, ad-
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ditional isoforms of DMT1 mRNAs have been identified T, 1 Oligonucleotides Used for Mutagengsis
based on alternate promoter usagddMT1 exon 1 (exon

1A versus 1B) 7). This alternate promoter usage is pre- __Prmername nucleotide sequence(3)
dicted to produce a DMT1 protein bearing an additional 29 ANPAY For cettggegecatcageaacteatcee
; ) ) . . AYSCF For cctgaggaggagagctitcgtaaac
amino acids (exon 1A) upstream of the previously identified  AvLLNT For  gctcagectgaactegtggatgetgactcag
start codon of DMT1 isoforms | and Il (exon 1B). The role ~ ANT For ccgctcgaggcecaatyctgaaactctgggegttcacgggge
of these additional residues in the expression, function, and_ACT Rev cggaaticttaacccaatgcaatcaaacactgc

targeting of DMT1 has not yet been studied. Touret and 2For indicates forward, and Rev indicates reverse. Bold type
colleagues have demonstrated that DMT1 isoform Il, when indicates the inserte'd initiato_r methionine codonAdT. The inserted
expressed in transfected CHO and LLC-R¥lls, is present  StP codon forACT s underlined.

at the plasma membrane and in an acidic transferrin receptor-
positive endomembrane vesicular compartment. Kinetic Table 2: Summary of Subcellular Localization of WT and Mutant
studies of an exofacially tagged DMT1 molecule showed PMT1-HA

similar amounts of protein in endomembrane compartment- plasma  recycling late endosome/ endoplasmic
(s) and at the cell surface. The two components are in membrane endosomes  lysosome reticulum
dynamic equilibrium, with surface transporters being con- WT + + - -
tinuously internalized via a clathrin and dynamin-dependent {JE2Y - M - -
process {). Therefore, proper physiological function of AyLLNT + _ + _
DMTL1 in iron metabolism involves not only proper targeting ANT N - N +

to the plasma membrane but also requires efficient internal- 2T
ization and recycling via recycling endosomes.

Tyrosine-based motifs (NPXY and YXX where¢p = NJ). Cy2- and Cy3-labeled anti-mouse antibodies and HRP-
bulky hydrophobic) have been shown to act as internalization coupled donkey anti-mouse antisera were purchased from
signals for clathrin-mediated endocytos0), The NPXY Jackson ImmunoResearch Laboratories (West Grove, PA).
motif was initially discovered as a mutation (Y807C) in the The plasmid-encoding GFP-fusion protein GFP-syntaxin 13
cytoplasmic domain of the LDL receptor that abolishes was the kind gift from Dr. D. Williams (Department of Bio-
internalization of the recepto2() in a patient with familial chemistry, University of Toronto, Toronto, Canada). The
hypercholsterolemia. Mutagenesis studi2® Showed that ~ GFP-Lampl plasmid was a kind gift from Dr. Patrice Boquet
NPXY is an internalization signal for surface proteins such (Institut National de la Santet de la Recherchi®lédicale,
as the LDL receptor-related protein 1 (LRP2p), the EGF France).
receptor 24), and megalinZ5). Several proteins, including Plasmids and ConstructskFull-length murine DMT1
clathrin, AP-2, and Dab2, appear to function as recognition (Nramp2 DCT1, andSlc11a2 GenBank accession number
proteins for NPXY signals20). The YXX¢ motif has also L33415) isoform Il (non-IRE, isoform 1B) cDNA was
been shown to act as a plasma-membrane internalizationmodified by the in-frame addition of an HA epitope at amino
motif for endocytic receptors such as the transferrin receptor acid position 330, as previously describ&l Deletion and
and ion transporters such as the cystic fibrosis transmembrandgruncation mutations in DMT1-HA were created by site-
conductance regulator (CFTRA(Q). YXX ¢ motifs have also  directed mutagenesis using oligonucleotide primers listed in
been implicated in targeting membrane proteins such asTable 1 by a recombinant polymerase chain reaction protocol
LAMP-1 and LAMP-2 to lysosomes. YX&signals interact  (29). For ANT, a primer was designed to delete the first 67
with the u subunits of AP-1 and AP-2 complexes, which in  amino acids of DMT1, up to the first membrane-spanning
turn recruit clathrin molecule26—28). Cytoplasmic dileu-  segment, with the addition of an initiator methionine (Table
cine-based (LL) motifs of membrane proteins (such as 1). For ACT, a primer was designed to remove 34 amino
GLUT4) have also been shown to act as signals leading toacids from the carboxyl terminus of DMT1, with the insertion
clathrin-mediated endocytosis or targeting to endosemal of a stop codon after G534 and BooRl site for subsequent
lysosomal compartment2(). Residues neighboring the LL ~ cloning. Mutants were constructed into the mammalian
signals appear to dictate whether clathrin recruitment occursexpression vector, pCB6, using restriction enzyme s{tes
via AP complexes or via ARF-dependent clathrin adaptors. | and BstE |l for mutantsANPAY, AYSCF, andANT and

Examination of the sequence of proposed cytoplasmic sitesSacl and EcoRI for mutantsAYLLNT and ACT.
domains of DMT1 reveals the presence of three putative Cell Culture, Transfection, and Immunoblottind.C-PK;
internalization motifs: two tyrosine-based motifs of the forms cells were grown at 37C in a 5% CQ incubator in
NPXY and YXX¢ (NPAYZ3Land YSCE?-%5) in the amino- Dulbecco’s modified Eagle’s medium (Invitrogen) supple-
terminal region and a dileucine motif (B¥5%) in the mented with 10% fetal bovine serum (growth media). LLC-
carboxyl-terminal region. In the present study, we sought to PK; cells were transfected with DMT1-HA/pCB6 vectors
identify the specific signal(s) in the cytoplasmic segments using a calciurmphosphate coprecipitation method. Selection
of DMT1 isoform Il responsible for internalization and of stably transfected clones was done using 1.4 mg/mL G418
recycling of the transporter from the plasma membrane. (Invitrogen) for 16-14 days. Individual colonies were then

picked and expanded. Total cell lysates were prepared and
MATERIALS AND METHODS separated by SDSPAGE. Clones showing robust DMT1-

Materials.Reagent-grade chemicals were purchased from HA expression were identified by immunoblotting with
Sigma Chemical (St. Louis, MO). Monoclonal mouse anti- mouse anti-HA antibody, as previously describ8@)(
body (Ab) HA.11 directed against the influenza hemagglu-  Calcein Divalent Metal-Transport AssayCalcein ac-
tinin epitope (HA) was purchased from Covance (Princeton, etoxymethylester (calcein-AM, Molecular Probes) was pre-
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pared as a 500M stock solution in dimethyl sulfoxide. Fe
and C@&" solutions were freshly prepared in deionized water
as 2 mM stock solutions of ferrous ammonium sulfate and
cobalt chloride, respectively. Measurement of'Fend CS*
transport in DMT1-HA-transfected LLC-Plcells was done
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indicated) cells were chased by washing twice and incubating
the cells in growth media for 90 min at 37C. For
colocalization with GFP-fusion proteins, cells were trans-
fected 24 h prior to fixation using Lipofectamine2000
(Invitrogen) according to the instructions of the manufacturer.

using a fluorescence quenching assay, exactly as we haveCells were visualized using a Leica IRE DR2 microscope
previously described with CHO cellg)( Initial rates of metal using a 10& oil immersion objective. Digital images were
transport were calculated from the fluorescence quenchingacquired with an Orca Il ER camera (Hamamatsu) operated
curves, and results for each transfectant were normalized towith the Openlab 3 software (Improvision) installed on an

activity of wild-type DMT1-HA-expressing cells.
ELISA.For all ELISA assays, 2.& 1 cells/well were

seeded in 48-well tissue culture plates and grown to

confluency (16-24 h). Cells were fixed in phosphate-

Apple G4 computer. Images were cropped, assembled, and
labeled using Adobe Photoshop software.

Cell-Surface BiotinylationCell-surface biotinylation was
performed based on a similar technique used to study the

buffered saline (PBS) containing 4% paraformaldehyde for internalization of CFTRJ1). LLC-PK; cells were grown in

30 min at 20°C. Blocking, permeablization, and incubations
with the antibody were carried out at 3C. A solution of
5% nonfat milk in PBS was used for blocking and dilution

100 mm culture dishes for 1 day postconfluency, followed
by 2 washes in PBS+ and one with cold borate buffer at
pH 9.0 (10 mM boric acid, 154 mM NaCl, 7.2 mM KClI,

of all antibodies unless otherwise noted. Washes wereand 1.8 mM CaG). Cells were biotinylated fol h at 4°C

performed 3 times with PBS containing 1 mM MgGind
0.1 mM CaC} (PBSt++). After donkey anti-mouse-HRP

in borate buffer containing 0-71.0 mg/mL sulfo-NHS-SS-
biotin (Pierce). After two 5 min washes with cold RPMI,

secondary Ab incubation, peroxidase activity was detected cells were incubated in prewarmed RPMI for 0, 30, 60, or

by incubating cells with HRP substrate [0.4 mg/nok
phenylenediamine dihydrochloride (OPD), SigrR&ST
OPD; 550 uL/well] according to the instructions of the
manufacturer. Reactions were stopped with 450f 3 M

90 min at 37°C in 5% CQ, at which point endocytosis was
halted by three washes with cold PB%. Cell-surface-
associated biotin molecules were removed (3 washes, 30 min
each at 4°C) by treating with the membrane impermeable

HCl/well, and absorbance readings (492 nm) were taken with reducing agent 2-mercaptoethanesulfonic acid (MESNA, 100
a spectrometer. For all assays, background absorbancenM solution with 50 mM Tris-HCl at pH 8.6, 1 mM Mgg|

readings from (a) nonspecific binding of secondary Ab and
(b) nonspecific binding of primary Ab to vector-transfected
cells were subtracted for each sample.

For quantification of cell-surface expression of DMT1-
HA at steady state, cells were washed with cold FBS
fixed, blocked, incubated with anti-HA Ab (1:500) for 90
min, washed, and permeabilized 30 min in 0.1% Triton
X-100/PBS. Cells were blocked for 30 min and labeled with
secondary Ab (donkey anti-mouse-HRP Ab, 1:4000) for 1
h. For quantification of total DMT1-HA expression, cells
were permeabilized prior to incubation with anti-HA Ab.
Cell-surface readings were normalized to total DMT1-HA

and 0.1 mM CaG). For quantification of total surface
labeling, cells were similarly treated but with final washes
in buffer lacking MESNA. Biotinylated cells were collected
and solubilized for 30 min on ice in 3% of lysis buffer
(1% Triton X-100, 0.2% SDS, 50 mM Tris-HCI at pH 7.4,
150 mM NacCl, and 20% glycerol) supplemented with
protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 1
uM pepstatin, 0.3uM aprotinin, and 1uM leupeptin).
Lysates were precleared by centrifugation (109804 °C

for 20 min), and proteins in the supernatant were quantified
by the Bradford assay (BioRad). Biotinylated proteins (250
ug of total protein lysate) were isolated by overnight

values for each cell clone and were expressed as a percentag@cubation at £C of 100uL of ImmunoPure immobilized

To quantify cell-surface DMT1-HA expression as a

percentage of the recycling pool, cells were incubated in anti-

HA Ab (1:200) diluted in 2% nonfat milk/RPMI fo3 h at

37°C. To measure surface DMT1-HA molecules, cells were
washed with PBS, fixed, blocked, and incubated with
secondary Ab. To measure recycling pool DMT1-HA, cells
were sequentially permeabilized with 0.1% Triton X-100/

strepavidin slurry (Pierce) in a final volume of 1 mL in lysis
buffer with protease inhibitors. Strepavidin beads were
washed 4 times with cold lysis buffer, and bound proteins
were eluted with 2 Laemmli buffer at room temperature
for 30 min. Proteins were separated by SEIFAGE followed

by immunoblotting with anti-HA Ab. Intensities of immu-
noreactive bands were quantified by densitometry analysis

PBS, blocked, and incubated with secondary Ab. Cell-surfaceof exposed films using a Fuji LAS-1000. Background
values were expressed as a percentage of the total recyclingntensity readings (after 0 min of endocytosis) were sub-

DMT1-HA for each clone.

ImmunostainingCells were fixed with 4% paraformal-
dehyde diluted in PBS for 1520 min at 20°C and, where
indicated, were permeabilized with 0.1% Triton X-100 in

PBS for 30 min at room temperature. Cells were blocked

for 30 min in 5% nonfat milk in PBS, followed by

consecutive incubations with primary antibodies (mouse anti-

HA, 1:500; goat anti-EEA1, 1:100; diluted in blocking

tracted from all readings, and results were expressed as a
percentage of the total surface labeling for each clone.

RESULTS

Expression and Functional Characterization of DMT1
Mutants. To identify sequences involved in plasma-mem-
brane internalization via recycling endosomes, DMT1 iso-
form Il (—IRE, 1B) mutants having independent deletions

solution) and secondary antibodies (goat anti-mouse-Cy3, of the amino terminusANT), the carboxyl terminusXCT),

donkey anti-mouse-alexa Fluor488, and donkey anti-goat-

alexa Fluor488; all used at 1:2000) eaclh foh at 20°C.
For experiments with live cells, the anti-HA antibody was
diluted (1:200) in 2% nonfat milk in RPMI, and (where

as well as NPAY ANPAY), YSCF AYSCF), and YLLNT

(AYLLNT) signatures were made (Figure 1B). A mouse
DMT1 (isoform 1) cDNA backbone was used for mutagen-
esis, after modification by insertion of an exofacial hemag-
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carboxyl (C) termini of mouse DMT1 isoform Il tested in this study. Predicted targeting motifs (black) and TM domains 1 and 12 (gray)

are highlighted.

glutinin (HA) tag into the 4th predicted extracellular loop
(delineated by TM7-8; Figure 1A). This enabled recognition
of cell-surface-expressed DMT1 molecules in intact cells.
Insertion of an HA tag at this position affects neither
expression, transport activity, nor subcellular localization of
DMT1 (7). All DMT1 mutants were stably transfected in
the porcine kidney proximal tubule cell line LLC-RPKand
clones stably expressing individual mutants were isolated.
LLC-PK; cells were chosen because they are derived from
the proximal tubule, an abundant site of DMT1 protein
expression 15). These cells are expected to express the
necessary machinery and proteins for DMTL1 sorting, includ-
ing recognition of DMT1 targeting and sorting signals.
Immunoblot analysis of whole cell extracts (Figure 2A)
prepared from the wild type (WT) and the DMT1-HA
mutantsANPAY, AYSCF, andAYLLNT displayed two

immunoreactive bands of60 and~90 kDa, corresponding
to the core and complex-glycosylated forms of DMT1,
respectively 7). The C-terminal deletionXCT) was also
expressed as two immunoreactive variants of slightly faster
electrophoretic mobility, consistent with the deletion of the
34 C-terminal residues. ThuACT, ANPAY, AYSCF, and
AYLLNT can be expressed and glycosylated in LLCPK
cells. The ANT construct was expressed as~&5-kDa
variant (Figure 2A), the predicted size of the unglycosylated
truncated species5( 7), suggesting that the N-terminal
cytoplasmic domain of DMT1 is essential for proper
processing and post-translational modification of the protein.
The ability of the DMT1 variants to transport #eand
Co?' at acidic pH (pH 6.0) was tested using a fluorescence-
guenching assay(30). LLC-PK, transfectants were loaded
with the metal-sensitive fluorescent dye calcein, and the
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FiGure 2: Expression and metal transport activity of DMT1-HA
mutants in transfected LLC-RKells. (A) Total cell extracts from
LLC-PK; cells stably transfected with either vector alone (pCB6),
wild-type DMT1-HA (WT), or various DMT1-HA deletion mutants
(identified) were quantified by the Bradford protein assay, and 25
ug of each lysate was separated by SIPRAGE, followed by i
immunoblotting with an anti-HA monoclonal antibody. The sizes =
of the molecular-mass markers are indicated. (B) Metal-transport
activity by WT and mutant DMT1 variants was tested using a

AYLLNT
AYLLNT

ACT

fluorescence quenching assay. Cells loaded with the metal-sensitiveg 5 e 3 Subcllular distribution of WT and mutant DMT1-HA

fluorescent dye calcein were incubated witl#'Fer Co** in acidic
buffer (pH 6.0), and the rate of fluorescence quenching was
measured over time. The slopes from initial quenching curves were
calculated, and transport activity of the mutants was expressed a
a percentage of WT activity (relative activity). Error barstandard
error of the means of three or more independent experiments.

in endomembrane compartments. LLC-Ri€lls stably expressing
WT or mutant DMT1-HA variants (identified) were transiently
transfected with either GFP-syntaxin 13 (A) to label recycling
ndosomes or GFP-Lampl (B) to label lysosomes. After 24 h, cells
were fixed, permeabilized, and stained with a monoclonal anti-HA
antibody. DMT1-HA molecules were visualized using a secondary
anti-mouse Ab coupled to fluorescent Cy3. Images were acquired

effect of externally added metal on the rate of fluorescence PY epifluorescence microscopy. Insets show magnifications of the
. area boxed in the figure.
guenching was measured and compared to that of WT DMT1
(Figure 2B). DMT1 variantANPAY, AYLLNT, and ACT colocalization with syntaxin 13 and shared a pattern similar
were fully active for F&" and C@* transport, suggesting to that seen for WT DMT1-HAANPAY and AYSCF also
that they are expressed at the cell surface and are properlyshowed extensive costaining with a GFP-transferrin receptor
folded in a transport-competent conformation. Cells express-construct (data not shown), confirming that these variants
ing variantsAYSCF andANT showed no activity, displaying  are present in recycling endosomes. These results indicate
transport rates similar to cells transfected only with the empty that the cytoplasmic motifs NPAY and YSCF do not play a
vector (Figure 2B). These results suggest tN&SCF and major role in targeting DMT1 to early and recycling
ANT are either transport inactive and/or are not efficiently endosomes. In contrast, theNT variant showed no signifi-
targeted to the proper transport site (plasma membrane andtant colocalization with GFP-syntaxin 13 and distributed in
or recycling endosomes). a more perinuclear pattern possibly corresponding to the
Subcellular LocalizationTo determine whether the muta-  endoplasmic reticulum (Figure 3A). TReYLLNT and ACT
tions that we introduced affected DMT1 targeting, the variants showed some overlap with GFP-syntaxin 13 (Figure
subcellular localization of the different variants was deter- 3A) and with GFP-transferrin receptor (data not shown).
mined by immunoflurescence using an anti-HA monoclonal However, there was a significant fraction A¥YLLNT and
antibody. In fixed and permeabilized cells, wild-type DMT1- ACT that did not colocalize with the recycling endosome
HA fluorescence was detected as a punctate and juxtanucleamarkers.
pattern (Figure 3A) %, 7). Having previously shown that To determine if any of the mutants were mistargeted to
DMT1-HA isoform Il is present and active in syntaxin 13- late endosomes and/or lysosomes, we labeled these organelles
positive recycling endosomeg)( we examined the effect by transient transfection with a GFP-Lampl construct. WT
of the different mutations on targeting to this compartment. DMT1-HA, as well as theANPAY and AYSCF variants
Recycling endosomes were labeled by transient transfectionshowed no significant costaining with GFP-Lampl. These
of a GFP-syntaxin 13 construct, and DMT1-HA variants were results are consistent with the extensive colocalization of WT,
visualized using a secondary antibody coupled to Cy3 (Figure ANPAY, and AYSCF with recycling endosomes (Figure
3A). The ANPAY and AYSCF variants showed extensive 3A). TheANT variant similarly did not colocalize with GFP-
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60% Because immunofluorescence studies (Figure 3) indicated
that certain variants had a larger fraction of protein associated
50% 1 with either a perinuclear compartmenfANT) or with

lysosomesAYLLNT and ACT), we attempted to visualize
the proportion of the recycling pool of WT and variant
DMT1-HA that is expressed at the cell surface. For this, live
LLC-PK, transfectants were incubated with anti-HA antibody
(2 h, 37°C), followed by fixation and incubation with a
secondary anti-mouse antibody coupled to a red fluorophore
to label DMT1-HA proteins at the cell surface. The same
cells were then permeabilized under mild detergent condi-
tions, and total DMT1-HA molecules were labeled with a

40%

30% 1

20% 1

Cell surface DMT1-HA

10% 1

0% " > WL E . -
E L g 2 z Q secondary anti-mouse antibody coupled to a green fluoro-
z % 3 phore. In these experiments, DMT1-HA molecules at the cell
<

FiURe 4: Quantification cell-surface DMTL-HA expression at surface are labeled in red, while total molecules were labeled
steady state. LLC-PKcells stably expressing individual DMT1- in grgen, with the yellow color in merged images corre-
HA variants were fixed and incubated with anti-HA primary ~Sponding to the fraction of total labeled DMT1-HA molecules
antibody with or without prior detergent permeabilization (see the expressed at the cell surface (Figure 5A). This protocol
Materials and Methods_). Cells were then incubated with an HRP- Se|ective|y labels 0n|y those DMT1-HA molecules that were
coupled secondary anti-mouse antibody, and the amount of bound; ;e 3lized from the plasma membrane within 2 h, allowing
primary antibody present was determined for both conditions by a o .
colorimetric reaction using OPD followed by spectrometry. The & Petter determination of the proportion of DMT1-HA at the
amount of DMT1-HA expressed at the cell surface (in nonperme- cell surface versus the intracellular recycling pool. These
abilized cells) is shown as a fraction (%) of total protein expression studies showed that only a small proportion of labeled
(in permeabilized cells). DMT1-HA is expressed at the cell surface for WT and
. , AYSCF, with the majority of protein appearing to be
Lhamphl positive Iysosfomes (Figure 3B). |1];hese results SU9gesiracellular (Figure 5A). On the contrary, in cells expressing
that the N terminus of DMT1 is essential for proper targeting, variantsANPAY, AYLLNT, and ACT, a significantly larger

and its deletion results in a protein that is not properly .onarion of the protein appears to be at the cell surface
glycosylated (Figure 2A), nonfunctional (Figure 2B), and (yellow staining in Figure 5A). Results for variam&NPAY

mistargeted to a perinuclear compartment (parts A and B of 5y AT are consistent with the higher expression at the
F'g!”e 3). In contrast to the WT "’?”d other DM.T.l'HA surface detected for these mutants in Figure 4. On the other
variants, AY'.‘LNT and ACT both dlsplay'ed significant hand, the high association &fYLLNT with the lysosomes

E:ostzlg}[lnlng W'tht?hFT'tIF]amg 1 I?;?:omefséa%lir_zim' ;th?ﬁe noted in Figure 3B may be responsible for the apparent lower
esults suggest that ne & e us o contains ¢\ rface expression noted in Figure 4. Cells expressing the

information that is _cr|t|cal for optimal targetmg_of the . ANT variant showed little if any surface labeling by this
transporter to recycling endosomes and that deletion of this . . -
method, in agreement with the almost complete association

information results in mistargeting of the protein to late of this mutant with the a perinuclear compartment noted in
endosomes/lysosomes. Figure 3

Determinants of Expression at the Cell Surface and in the i ) )
Recycling CompartmeritVe next examined the effect of the The hlgh_er proportion of ceII—sur_face expression from the
mutations on the (a) targeting of DMT1 to the cell surface total recycling pool detected for varianiNPAY, AYLLNT,
and (b) dynamic trafficking through the recycling endosome andACT by immunofluorescence (Figure 5B) was further
compartment. The fraction of each DMT1-HA variant present quantified by an ELISA-based assay as described in the
at the cell surface at steady state was determined by exposingd/laterials and Methods. In the case of WT DMT1-HA, 19.3
fixed LLC-PK; transfectants to anti-HA antibody, with or ~ *+ 4.8% of the labeled recycling compartment was expressed
without prior permeabilization with mild detergent. The at the cell surface, and similar results were obtained for the
amount of bound anti-HA antibody was quantified using a AYSCF variant (21.7+ 5.1%). On the other hand and in
secondary antibody coupled to horseradish peroxidase. WTtagreement with results in Figure 5A, tAélPAY, AYLLNT,
DMT1-HA transfectants expressed 2%51.4% (meant andACT constructs showed a significantly higher distribu-
SE) of the total DMT1-HA at their cell surface (Figure 4), tion of this recycling pool to the cell surface (3&i82.4,
which is comparable to the fraction that we previously 49.0+ 2.0, and 60.Qt 1.6%, respectively). The low level
determined using radiolabeled antibodi@s A significantly ~ of expression of theANT variant in the recycling pool
higher proportion of variantANPAY andACT was detected ~ precluded a similar analysis of this mutant. It is important
at the cell surface (504 3.9 and 40.2- 2.7%, respectively),  to note that the extent of surface expression determined for
while the AYSCF andAYLLNT variants showed a lower DMT1-HA in intact cells (Figure 5) was somewhat lower
fraction of cell-surface expression (17450.2 and 20.5& than that determined in fixed cells (Figure 4). Therefore,
1.2%, respectively). Finally, only a small fraction of th&lT results in Figure 5 may be an underestimate of the actual
variant was expressed at the cell surface 88 88%). These  surface expression of DMT1-HA because of incomplete
results suggest that defined sequences in the amino- andnaccessibility of the HA epitope in native, unfixed cells.
carboxyl-terminal domains of DMT1 play a role in determin- However, this does not affect direct comparisons between
ing the level of DMT1 protein expression at the plasma WT and mutant DMT1-HA expressing cells by either
membrane at steady state. method.
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Ficure 5: Determination of the fraction of the recycling pool expressed at the cell surface for each DMT1-HA variant. (A) Dual labeling

of cell surface expressed (surface; red) and total recycling pool (total; green) of DMT1-HA variants, with the overlap (merge; yellow)
identifying the fraction of the recycling pool expressed at the cell surface. LLCeBKs stably expressing WT or mutant DMT1-HA were
incubated with anti-HA Ab fo2 h at 37°C to label recycling DMT1-HA molecules. After incubation, cells were fixed and incubated with

a secondary anti-mouse antibody coupled to Cy3 (red) to label cell-surface DMT1-HA molecules. After washing, cells were permeabilized
with detergent and incubated with a secondary anti-mouse antibody coupled to Alexa488 (green) to label total recycling DMT1-HA molecules
(plasma membrane plus endosomes). Images were compiled frammOcenfocal microscopy-plane sections. (B) Quantification of the

fraction of the recycling pool of the DMT1-HA variants expressed at the cell surface. The recycling pool and fraction of the recycling pool
expressed at the cell surface for each DMT1-HA variant was labeled as described in A, except that an HRP conjugate was used as a
secondary antibody for quantification. Results are expressed as the fraction (%) of the total recycling pool of each mutant expressed at the
cell surface. Error bars correspond to standard errors on the means from three or more independent experiments.

Together, the results in Figures 4 and 5 indicate that the CFTR @31) and the H,K-ATPase3@). We used a cleavable
NPAY motif in the amino-terminal domain and sequences form of biotin (NHS-SS-biotin) to covalently label lysine
in the C-terminal domain of DMT1 (including YLLNT) play  residues in proteins exposed at the extracellular surface. LLC-
an important role in directing the traffic of the transporter PK; cell monolayers were biotinylated at 4 to arrest
to and/or from the plasma membrane. membrane endocytosis. After cell-surface biotinylation, we

EndocytosisThe noted cell-surface accumulation of vari- raised the temperature of the medium to &7 for 0—90
ants ANPAY, AYLLNT, and ACT suggested a potential min to allow internalization of plasma-membrane constitu-
defect in internalization of these mutants from the plasma ents. Biotin molecules remaining at the cell surface were
membrane. To test this possibility, we used a cell-surface cleaved by washing the cells with the membrane-impermeant
biotinylation assay to compare the rates of endocytosis of reducing agent MESNA. After cell lysis, biotinylated DMT1-
WT and mutant DMT1 varianta YLLNT, ANPAY, and HA molecules were isolated using immobilized streptavidin,
ACT. A similar approach has been previously used to study followed by SDS-PAGE and immunoblotting with anti-HA
internalization kinetics of other membrane proteins such as antibody. A typical immunoblot is shown in Figure 6A, while
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FiGure 6: Internalization of DMT1-HA variants from the cell
surface. A cell-surface biotinylation assay was used to determine
the rate of endocytosis of WT and variant DMT1-HA molecules
from the plasma membrane. We used a cleavable form of biotin to
covalently label the-amino groups of lysine residues of all cell-
surface proteins (see the Materials and Methods). LLG-PK

fransfectants expressing either WTANPAY, AYLLNT, and ACT FiGure 7: Subcellular localization of internqlized.DMTl-HA
mutant DMT1-HA were labeled with bfotin at 4’C to halt molecules. (A) LLC-PK transfectants expressing either WT or

endocytosis. After washes, the temperature of the medium wasmutant DMT1-HA (identified) were incubated with anti-HA Ab
raised to 37°C followed by incubation for 890 min to allow the ~ [0F 2 N tolabel cell-surface and recycling DMT1-HA molecules.
internalization of plasma-membrane constituents. Biotin molecules C€llS Were fixed, permeabilized, and incubated with an antibody
remaining at the cell surface were cleaved with a membrane- 292inst the early endosomal marker EEAL. (B) LLC;RHlls were
impermeant reducing agent. Biotinylated DMT1-HA molecules transiently transfected with the lysosomal marker GFP-Lampl. After
were isolated from cell lysates with immobilized strepavidin, 24 . surface and recycling DMT1-HA molecules were labeled with
followed by elution with sample buffer and analysis by SEFAGE anti-HA Ab for 3 h, washed, and chased by incubation in growth

: ; : - S media for 90 min at 37C. Cells were fixed, permeabilized, and
ﬁ]r:ﬁv'irgdglljn;?ggtr?r?]ger\:\gha?gu Siﬁvﬁnb.i'rl]'ygcal_l;rgar;unz%bﬁés ero M stained with an anti-mouse secondary Ab to visualize DMT1-HA

unbiotinylated crude cell lysate for each mutant. Matotal surface ~ Melecules. Images were acquired by epifluorescence microscopy.
DMT1-HA expression for each mutant (biotinylated DMT1-HA Insets show magnifications of the area boxed in the figure.
molecules isolated without prior stripping). (B) Quantification of

rates of internalization of DMT1-HA variants from the plasma i this process, with little if any internalization detected (3.0
membrane. Immunoblots were scanned by densitometry, and the

amount of DMTL internalized over time is expressed as a fraction = 1-9% after 30 min and 4.& 2.3% after 60 min) (Figure
(%) of the total cell-surface expression (max). Error bars correspond 6B). These results indicate that the C terminus of DMT1
to standard errors on the means from three or more independentcontains information (including the YLLNT motif) that is

experiments. essential for rapid endocytosis from the plasma membrane,
and consequently, mutations in this region lead to accumula-
quantification from different immunoblotsn(> 3) by tion of DMT1 at the cell surface.

densitometry scanning is shown in Figure 6B. In these The Fate of Internalized DMT1 Molecule®Ve next
experiments, controls for equal amounts of labeled lysatesinvestigated whether, once internalized, WT and variant
introduced in the capture assay (lysate from cells untreatedDMT1-HA were targeted to the same endomembrane
with MESNA) and transferred to membrane (max) were compartments. To test this, we incubated live LLC:RKlls
included for normalization purposes. Using this method, 27.7 with anti-HA Ab for 2 h at 37°C to label surface and recently
+ 3.3% (meant SE) of surface-labeled DMT1-HA was internalized DMT1-HA molecules. After fixation and per-
internalized after 30 min (Figure 6B). Mutal¥NPAY meabiliztion, we labeled early endosomes with an antibody
showed reduced internalization, with 15£73.9% after 30 against the early endosome marker EEAL1. WT DMT1-HA
min, but the difference from the WT became insignificant showed significant costaining with EEA1 (Figure 7A),
after 60 min. On the other hand, mutaxYLLNT displayed consistent with previous studies with DMT1 isoform I
a more severe deficiency in DMT1-HA internalization (6.5 (—IRE, 1B) (7, 14). Interestingly, all variants tested also
+ 1.8% internalization after 30 min and 15472.5% after displayed significant costaining with EEA1 aft2 h (Figure

60 min), while theACT appeared to be completely impaired 7A), with the exception oANT, which showed no costaining
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with EEA1 and little anti-HA antibody incorporation. To
determine the fate of internalized WT and variant DMT1-
HA molecules after a longer incubation period, live LLC- endosomes (Figure 3). Distribution of tlerCSF mutant
PK; cells were labeled with anti-HA Ab fo3 h at 37°C. between the cell surface and endomembranes of the recycling
The cells were then washed and chased for an additional 90pool was also similar to the WT protein. Thus, the YSCF
min in culture media at 37C. Lysosomes were labeled by motif appears to be neither critical for DMT1 targeting nor
transient transfection with GFP-Lampl at 24 h prior to recycling in LLC-PK cells. However AYSCF was clearly
labeling. WT DMT1-HA as well as variantANPAY and transport-incompetent (Figure 2B), suggesting that some or
AYSCF showed no significant costaining with GFP-Lamp1 all of the residues in YSC¥ % are required for transport.
lysosomes and retained a similar juxtanuclear staining patternThis requirement may involve a direct role for these residues
(Figure 7B). These results suggest that WVANPAY, and in the transport process. However, the lower level of
AYSCF proteins are stably recycling from the cell surface expression of this mutant (Figure 2A) may also contribute
and are not targeted to the lysosomes within 90 min of to the inactivity of the mutant.

internalization. As expecteddNT showed little uptake of On the other hand, alterations in the predicted carboxyl-
anti-HA antibody and no costaining with GFP-Lamp1 (Figure terminal intracellular domain of DMT1 had the most dramatic
7B). Strikingly, however, thAYLLNT and ACT variants effects on DMT1 targeting and recycling. Truncation of the
displayed significant costaining with GFP-Lamp1 lysosomes entire carboxyl-terminal domaimACT) or deletion of the
>90 min after internalization (Figure 7B). These results YLLNT (AYLLNT) motif did not significantly affect either
suggest that the YLLNT motif and possibly other residues the level of protein expression in LLC-RKransfectants or

in the C terminus of DMT1 isoform Il are critical for the their transport properties (Figure 2), suggesting that these
recycling of the transporter to the cell surface. Furthermore, regions are not critical for activity or stability. A small
this study shows that critical mutations in the C terminus of fraction of ACT andAYLLNT was detected in the syntaxin
DMT1 isoform Il result in a transporter that is (a) internalized 13-positive recycling endosomes (Figure 3A), suggesting that
with slower kinetics from the cell surface, (b) not efficiently a part of these variants was properly targeted. However, the
recycled back to the cell surface, and (c) eventually targetedC-terminal domain variants showed robust colocalization

the protein in LLC-PK cells. Similar to WT DMTL1, this
mutant was limited to plasma-membrane and recycling

to the lysosomal compartment.

DISCUSSION

In this study, we sought to identify specific signal(s) in
cytoplasmic domains of DMTL1 responsible for internalization
of the transporter from the plasma membrane into recycling
endosomes. Truncation of the amino-terminal domain of
DMT1 (ANT) had drastic effects on protein expression and
targeting ANT was not properly glycosylated, was transport-

inactive, and was expressed neither at the plasma membran

nor in syntaxin 13-positive recycling endosomes or Lamp1-
positive lysosomesANT was found almost exclusively in a
perinuclear compartment, which was positive for the endo-

with Lampl-positive lysosomes, both at steady state (Figure
3B) and after a transient labeling of internalized DMT1-HA
molecules, 90 min after endocytosis (Figure 7B). Interest-
ingly, both ACT and AYLLNT variants displayed an
increased fraction of the “recycling pool” expressed at the
cell surface when compared to the WT (Figure 5). This
increased accumulation at the plasma membrane may be
explained by a defect in internalization of these variants that
we measured by surface biotinylation (Figure 6). These
results implicate the YLLNT sequence of DMTL1 as a critical
fhotif for internalization from the plasma membrane. Other
carboxyl-terminal residues of DMT1 may additionally con-
tribute to internalization because truncation of the entire
carboxyl terminus causes a more severe defect than that seen

plasmic reticulum marker calnexin (data not shown). These ;| the YLLNT mutant.

results suggest that an intact amino terminus of DMT1 is
essential for processing and stability of the protein.
Deletion of the NPAY® 3! motif in the amino terminus
of the protein did not have a major effect on either protein
function or subcellular targeting. ThHENPAY variant was

Previous studies have shown that WT DMT1 isoform I
is rapidly internalized via a clathrin- and dynamin-dependent
mechanism and is efficiently targeted back to the cell surface
by means of recycling endosomed.(The impaired inter-
nalization and accumulation in the lysosomes of the C-

transport-competent (Figure 2B) and showed a subcellularterminal domain mutants suggests a model whereby, in the

distribution indistinguishable from that of WT DMTL1 (Figure
3). On the other hand, tteNPAY mutant showed increased

absence of the YLLNT motif, DMTL1 is subject to a default
lysosomal targeting. In this model (Figure 8), DMTL1 recruits

surface expression (Figure 4), and an increased proportionspecific adaptor proteins required for rapid clathrin-mediated
of the recycling pool was present at the cell surface (Figures endocytosis through binding to its YLLNT motif. DMT1 is

4 and 5) compared to WTANPAY showed a somewhat

internalized into early endosomes, and the recruited adaptor

slower rate of internalization (Figure 6B). These results raise complexes are involved in signaling the recycling of the

the possibility that the NPAY motif may further contribute
to internalization of DMT1 in LLC-PK cells. However, this
motif appears to be of limited importance when compared
to signals in the carboxyl terminus of DMT1 (see below).
Finally, we cannot exclude the possibility that the NPAY
motif may play additional cell-specific roles in targeting and
trafficking of DMT1, which may have gone undetected in
LLC-PK; kidney cells.

Deletion of the other tyrosine-based motif, Y SE®S, did
not have a major effect on the subcellular localization of

transporters back to the cell surface via recycling endosomes
(Figure 8). Indeed, proper interaction with clathrin has been
previously shown to be critical for internalization and
trafficking of certain membrane proteins through recycling
endosomes, most notably the transferrin rece 8y 84).

The recruitment of adaptor complexes (AplB) has been
shown to be critical for efficient recycling of both the
transferrin and LDL receptors to the basolateral membrane
in epithelial cells 85). In contrast, the C-terminal domain
mutants, which lack the YLLNT motif, are unable to recruit
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Non-clathrin
endocytosis

|C'1"J.ﬂ"'mri‘li§‘ed lation data (Figure 6) that shows that the YLLNT motif is
T also critical for endocytosis from the plasma membrane.

wgma“‘a“wm : ( Cytoplasmic dileucine-based (LL) motifs of membrane
- Pf @_‘, 1 proteins have been shown to act as signals leading to clathrin-
non-CCV

\ mediated endocytosis in other transporters such as the glucose

transporter GLUT436) and the copper transporter Menkes
(MNK) (37—39). In most proteins, residues preceding the
LL signals appear to dictate the method of clathrin recruit-
ment. Dileucine-based signals usually fit the [DE]XXXL-
[LI] or DXXLL consensus motifs. [DE]JXXXL[LI] signals
are specifically recognized by AP complexes. Conversely,
U wr DM § Transferrin receptor ( Clathrin/adaptin DXXLL signals are recognized by another family of adaptors
0 AYLLNT/ACT <}Lamp1 known as GGAs, a recently described family of ARF-

Ficure 8: Schematic model for endocytosis of cell-surface- d_epen_dent Cla_‘thrm adapt_oﬁqi. The r65|due5§3£)5r5eced|ng the
expressed WT and C-terminus mutant DMT1 molecules. Clathrin dileucine motif in DMT1 isoform Il (ELYLL**"57) do not
molecules interact with cell-surface DMT1 molecules via adaptins correspond to the traditional [DE]JXXXL[LI] motif but
(AP-1 and AP-2) that specifically recognize the tyrosine-based motif resemble the DXXLL consensus signature. It has been
YLLNT. This causes formation of DMT1-enriched clathrin-coated 4emonstrated that mutations at either the D or LL residues

pits on the cell surface, which are rapidly internalized (step 1) by . A
a dynamin-dependent process into clathrin-coated vesicles (CCV).mc the DXXLL cause retention of the mannose-6-phosphate

DMT1-containing CCVs are then sorted to the early endosome receptor at the cell surfacd@), a behavior resembling that
compartment (EE, step 2) and eventually recycled back to the cell of DMT1 mutantsACT andAYLLNT studied here in LLC-

surface via sorting to the recycling endosome compartment (RE, PK; cells. This suggests that the ELYP$-557 sequence of
steps 3 and 4) along with the transferrin receptor. In contrast, DMT1 py11 may function as a DXXLL signal. Although the

C-terminus mutants, which lack the tyrosine-based sorting motif . . e
(AYLLNT and ACT), are internalized less rapidly by a clathrin- dileucine motif in DMT1 resembles the DXXLL consensus

independent mechanism (such as bulk pinocytosis) into non-CCVs With a glutamate (E) substituting for aspartate (D), it remains
(step 5) and are sorted to EE (step 6). The mutant DMT1 proteins to be determined whether they act the same way and whether

are recycled much less efficiently compared to the WT and are pMT1 recruits GGASs via this motif. Indeed, previous studies
eventually sorted to the Lamp1-positive late endosome and lyso- 5¢ \j6PR mutants have shown that the isoelectric substitution
some compartments (steps 7 and 8). .
of aspartate in the DXXLL consensus sequence for glutamate

clathrin/adaptor complexes and are internalized into early is not well-tolerated 41). Furthermore, the aspartate in
endosomes by a kinetically slower mechanism such as bulkclassical DXXLL motifs is generally found in the context
pinocytosis (Figure 8). However, the failure of the C-terminus of a cluster of acidic residues, which is not the case for the
mutants to recruit specific adaptors disrupts their proper DMT1 dileucine signal. Thus, the DMT1 dileucine motif
sorting to recycling endosomes and leads to an accumulationELYLL 553-%5” may be a novel functional variant of DXXLL
in lysosomes. Ultimately, our data does not favor the or may represent a novel signal for endocytosis of membrane
existence of a true lysosomal targeting motif in DMT1 proteins from the cell surface.
isoform Il but rather that the lysosome may be the default When our results are taken together, they indicate that
pathway for the transporter. determinants of the carboxyl-terminus cytoplasmic domain

Recently, Tabouchi and colleagues observed that, inof DMT1 play a critical role in internalization of the protein
transfected HEp-2 larynx carcinoma cells, the DMT1 isoform from the plasma membrane and for recirculation in recycling
| is targeted to the late endosome/lysosome compartment,endosomes. Elimination of these signals impairs internaliza-
while isoform Il is targeted to the early endosomes of these tion and redirects the internalized DMT1 proteins to the
cells (14). They demonstrated that the 36 carboxyl-terminal lysosomal compartment, which appears to act as a default
residues of DMT1 isoform Il are important for targeting to pathway for such DMT1 variants.
early endosomes and that alterations in the YXLXX motif
(YLLNT) in isoform Il impair targeting to early endosomes ACKNOWLEDGMENT
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However, our data suggests that the YLLNT motif is more

critical for transporter recycling because, upon internalization REFERENCES

of A_YLLNT/A_CT_from_the plasma r_n_embrane, there was 1. Gunshin, H., Mackenzie, B., Berger, U. V., Gunshin, Y., Romero,
partial colocalization with EEA1-positive early endosomes M. F., Boron, W. F., Nussberger, S., Gollan, J. L., and Hediger,
but not syntaxin 13-positive recycling endosomes (Figure M. A. (1997) Cloning and characterization of a mammalian proton-
7A). Tabuchi and colleagues also showed that the C terminus ~_ coupled metal-ion transporteature 383 482-488.

; _ 2. Picard, V., Govoni, G., Jabado, N., and Gros, P. (2000) Nramp 2
of DMT1 isoform |l, when fused to a plasma-membrane (DCT1/DMT1) expressed at the plasma membrane transports iron

marker (TAC antigen), results in early/recycling endosome and other divalent cations into a calcein-accessible cytoplasmic
targeting. This result is consistent our cell-surface biotiny- pool, J. Biol. Chem. 27535738-35745.

Lys




DMT1 C Terminus Mediates Internalization

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Forbes, J. R., and Gros, P. (2003) Iron, manganese, and cobalt
transport by Nramp1 (Slc1lal) and Nramp2 (Slc1la2) expressed
at the plasma membranBlood 102 1884-1892.

. Canonne-Hergaux, F., Gruenheid, S., Ponka, P., and Gros, P.

(1999) Cellular and subcellular localization of the Nramp2 iron
transporter in the intestinal brush border and regulation by dietary
iron, Blood 93 4406-4417.

. Gruenheid, S., Canonne-Hergaux, F., Gauthier, S., Hackam, D.

J., Grinstein, S., and Gros, P. (1999) The iron transport protein
NRAMP2 is an integral membrane glycoprotein that colocalizes
with transferrin in recycling endosomek,Exp. Med. 189831—

841.

. Ponka, P., Beaumont, C., and Richardson, D. R. (1998) Function

and regulation of transferrin and ferriti8emin. Hematol. 385—
54.

. Touret, N., Furuya, W., Forbes, J., Gros, P., and Grinstein, S.

(2003) Dynamic traffic through the recycling compartment couples
the metal transporter Nramp2 (DMT1) with the transferrin
receptor,J. Biol. Chem. 27825548-25557.

. Fleming, M. D., Trenor, C. C., lll, Su, M. A., Foernzler, D., Beier,

D. R., Dietrich, W. F., and Andrews, N. C. (1997) Microcytic
anaemia mice have a mutation in Nramp2, a candidate iron
transporter gend\at. Genet. 16383-386.

. Fleming, M. D., Romano, M. A., Su, M. A., Garrick, L. M.,

Garrick, M. D., and Andrews, N. C. (1998) Nramp2 is mutated
in the anemic Belgrade (b) rat: Evidence of a role for Nramp2 in
endosomal iron transpo®roc. Natl. Acad. Sci. U.S.A. 95148-
1153.

Russell, E. S., Nash, D. J., Bernstein, S. E., Kent, E. L., McFarland,
E. C., Matthews, S. M., and Norwood, M. S. (1970) Characteriza-
tion and genetic studies of microcytic anemia in house mouse,
Blood 35 838-850.

Edwards, J. A., and Hoke, J. E. (1972) Defect of intestinal mucosal
iron uptake in mice with hereditary microcytic anenfaipc. Soc.
Exp. Biol. Med. 14,181—-84.

Su, M. A, Trenor, C. C., Fleming, J. C., Fleming, M. D., and
Andrews, N. C. (1998) The G185R mutation disrupts function of
the iron transporter NrampBlood 92 2157-2163.

Touret, N., Martin-Orozco, N., Paroutis, P., Furuya, W., Tseung,
S. L., Forbes, J., Gros, P., and Grinstein, S. (2004) Molecular
and cellular mechanisms underlying iron transport deficiency in
microcytic anemiaBlood 104 1526-1533

Tabuchi, M., Tanaka, N., Nishida-Kitayama, J., Ohno, H., and
Kishi, F. (2002) Alternative splicing regulates the subcellular
localization of divalent metal transporter 1 isofornvol. Biol.

Cell 13 4371-4387.

Canonne-Hergaux, F., and Gros, P. (2002) Expression of the iron
transporter DMT1 in kidney from normal and anemic mk mice,
Kidney Int. 62 147—156.

Lee, P. L., Gelbart, T., West, C., Halloran, C., and Beutler, E.
(1998) The human Nramp2 gene: Characterization of the gene
structure, alternative splicing, promoter region, and polymor-
phisms,Blood Cells Mol. Dis. 24199-215.

Hubert, N., and Hentze, M. W. (2002) Previously uncharacterized
isoforms of divalent metal transporter (DMT)-1: Implications for
regulation and cellular functiof®roc. Natl. Acad. Sci. U.S.A. 99
12345-12350.

Frazer, D. M., Wilkins, S. J., Becker, E. M., Vulpe, C. D., McKie,
A. T., Trinder, D., and Anderson, G. J. (2002) Hepcidin expression
inversely correlates with the expression of duodenal iron trans-
porters and iron absorption in raSastroenterology 12335—

844.

Canonne-Hergaux, F., Zhang, A. S., Ponka, P., and Gros, P. (2001)
Characterization of the iron transporter DMT1 (NRAMP2/DCT1)
in red blood cells of normal and anemic mk/mk mi&ood 9§
3823-3830.

Bonifacino, J. S., and Traub, L. M. (2003) Signals for sorting of
transmembrane proteins to endosomes and lysosd@mnes, Re.
Biochem. 72395-447.

Goldstein, J. L., Basu, S. K., Brunschede, G. Y., and Brown, M.
S. (1976) Release of low-density lipoprotein from its cell surface
receptor by sulfated glycosaminoglyca@zll 7, 85-95.

Chen, W. J., Goldstein, J. L., and Brown, M. S. (1990) NPXY, a
sequence often found in cytoplasmic tails, is required for coated
pit-mediated internalization of the low-density lipoprotein receptor,
J. Biol. Chem. 2653116-3123.

23

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Biochemistry, Vol. 44, No. 36, 20092159

. Pietrzik, C. U., Busse, T., Merriam, D. E., Weggen, S., and Koo,
E. H. (2002) The cytoplasmic domain of the LDL receptor-related
protein regulates multiple steps in APP processiEigBO J. 21
5691-5700.

Prigent, S. A., and Gullick, W. J. (1994) Identification of c-erbB-3
binding sites for phosphatidylinositol-Binase and SHC using

an EGF receptor/c-erbB-3 chimei@VBO J. 13 2831-2841.
Takeda, T., Yamazaki, H., and Farquhar, M. G. (2003) Identifica-
tion of an apical sorting determinant in the cytoplasmic tail of
megalin,Am. J. Physiol. Cell Physiol. 284€£1105-C1113.

Ohno, H., Stewart, J., Fournier, M. C., Bosshart, H., Rhee, I,
Miyatake, S., Saito, T., Gallusser, A., Kirchhausen, T., and
Bonifacino, J. S. (1995) Interaction of tyrosine-based sorting
signals with clathrin-associated proteiBgjence 2691872-1875.

Boll, W., Ohno, H., Songyang, Z., Rapoport, I., Cantley, L. C.,
Bonifacino, J. S., and Kirchhausen, T. (1996) Sequence require-
ments for the recognition of tyrosine-based endocytic signals by
clathrin AP-2 complexesEMBO J. 15 5789-5795.

Honing, S., Griffith, J., Geuze, H. J., and Hunziker, W. (1996)
The tyrosine-based lysosomal targeting signal in lamp-1 mediates
sorting into golgi-derived clathrin-coated vesicl&VIBO J. 15
5230-5239.

Urbatsch, I. L., Julien, M., Carrier, |., Rousseau, M. E., Cayrol,
R., and Gros, P. (2000) Mutational analysis of conserved car-
boxylate residues in the nucleotide binding sites of P-glycoprotein,
Biochemistry 3914138-14149.

Lam-Yuk-Tseung, S., Govoni, G., Forbes, J., and Gros, P. (2003)
Iron transport by Nramp2/DMT1: pH regulation of transport by
2 histidines in transmembrane domairBood 101 3699-3707.
Lukacs, G. L., Segal, G., Kartner, N., Grinstein, S., and Zhang,
F. (1997) Constitutive internalization of cystic fibrosis transmem-
brane conductance regulator occurs via clathrin-dependent en-
docytosis and is regulated by protein phosphorylat®inchem.

J. 328(part 2), 353-361.

Duffield, A., Kamsteeg, E. J., Brown, A. N., Pagel, P., and Caplan,
M. J. (2003) The tetraspanin CD63 enhances the internalization
of the H,K-ATPase3-subunit,Proc. Natl. Acad. Sci. U.S.A. 100
15560-15565.

Nesterov, A., Carter, R. E., Sorkina, T., Gill, G. N., and Sorkin,
A. (1999) Inhibition of the receptor-binding function of clathrin
adaptor protein AP-2 by dominant-negative mutant mu2 subunit
and its effects on endocytosEMBO J. 18 2489-2499.

van Dam, E. M., and Stoorvogel, W. (2002) Dynamin-dependent
transferrin receptor recycling by endosome-derived clathrin-coated
vesicles,Mol. Biol. Cell 13 169-182.

Gan, Y., McGraw, T. E., and Rodriguez-Boulan, E. (2002) The
epithelial-specific adaptor AP1B mediates post-endocytic recycling
to the basolateral membraréat. Cell Biol. 4 605-609.

Yeh, J. I., Verhey, K. J., and Birnbaum, M. J. (1995) Kinetic
analysis of glucose transporter trafficking in fibroblasts and
adipocytesBiochemistry 3415523-15531.

Petris, M. J., and Mercer, J. F. (1999) The Menkes protein
(ATP7A; MNK) cycles via the plasma membrane both in basal
and elevated extracellular copper using a C-terminal di-leucine
endocytic signalHum. Mol. Genet. 82107-2115.

Petris, M. J., Camakaris, J., Greenough, M., LaFontaine, S., and
Mercer, J. F. (1998) A C-terminal di-leucine is required for
localization of the Menkes protein in the trans-golgi netwétiam.

Mol. Genet. 72063-2071.

Francis, M. J., Jones, E. E., Levy, E. R., Martin, R. L.,
Ponnambalam, S., and Monaco, A. P. (1999) Identification of a
di-leucine motif within the C terminus domain of the Menkes
disease protein that mediates endocytosis from the plasma
membrane,). Cell Sci. 112part 11), 172+1732.

40. Johnson, K. F., and Kornfeld, S. (1992) The cytoplasmic tail of

the mannose 6-phosphate/insulin-like growth factor-Il receptor has
two signals for lysosomal enzyme sorting in the golyi,Cell
Biol. 119 249-257.

41. Chen, H. J., Yuan, J., and Lobel, P. (1997) Systematic mutational

analysis of the cation-independent mannose 6-phosphate/insulin-
like growth factor Il receptor cytoplasmic domain. An acidic
cluster containing a key aspartate is important for function in
lysosomal enzyme sortind, Biol. Chem. 2727003-7012.

BIO50911R



