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ABSTRACT: The metal transporter DMT1 (Slc11a2) plays a vital role in iron metabolism. Alternative splicing
of the 3′ exon generates two DMT1 isoforms with differentC-terminal protein sequences and a 3′
untranslated region harboring (isoform I,+IRE) or not (isoform II,-IRE), an iron-responsive element.
Isoform I is expressed at the plasma membrane of certain epithelial cells including the duodenum brush
border, where it is essential for the absorption of nutritional iron. Isoform II is expressed in many cells
and is essential for the acquisiton of transferrin iron from acidified endosomes. The targeting and trafficking
properties of DMT1 isoforms I and II were studied in transfected LLC-PK1 kidney cells, with respect to
isoform-specific differences in function, subcellular localization, endocytosis kinetics, and fate upon
internalization. Isoform I showed higher surface expression and was internalized from the plasma membrane
with slower kinetics than that of isoform II. As opposed to isoform II, which is efficiently sorted to
recycling endosomes upon internalization, isoform I was not efficiently recycled and was targeted to
lysosomes. Thus, alternative splicing of DMT1 critically regulates the subcellular localization and site of
Fe2+ transport.

Our knowledge and understanding of iron metabolism has
increased remarkably in recent years. Much of this knowl-
edge stems from the discovery of proteins that play key roles
in iron absorption and regulation, including the identification
of membrane iron transporters (1). One such transporter, the
divalent metal transporter 1 (DMT1,11 also called Nramp2
or Slc11a2), is essential for intestinal iron acquisition and
for iron uptake by peripheral tissues. DMT1 is an integral
membrane phosphoglycoprotein consisting of 12 predicted
trans-membrane segments (TM). DMT1 is part of a large,
highly conserved family of metal transporters and has been
shown to transport a number of divalent metals (Fe2+, Mn2+,
Co2+, Cu2+, Cd2+, Ni2+, Pb2+, and Zn2+) in a pH-dependent
fashion by a proton co-transport mechanism (2-4).

Genetic studies have shown that DMT1 plays a key role
in iron metabolism. A G185R mutation in DMT1 causes
microcytic anemia and iron deficiency in themkmouse and
in the Belgraderat, two rodent models of iron deficiency
(5-10). These animals show impaired iron uptake at the
duodenal brush border and are also defective in iron
acquisition in peripheral tissues including erythroid pre-
cursors (10-13). The G185R mutation likely causes mis-

folding of the protein, resulting in an altered subcellular
localization (9, 14-16), improper maturation, increased rate
of degradation (9), and impaired transport activity. Recently,
a human patient suffering from severe congenital hypochro-
mic microcytic anemia and iron overload was shown to be
homozygous for a mutation in DMT1 (DMT1G1285C) (17, 18).
The human mutation had two effects. It severely impaired
proper splicing of DMT1 mRNA and introduced an amino
acid polymorphism (E399D) in the remaining properly
spliced transcript found in the patient. The E399D mutation
does not, in itself, affect expression, function, or targeting
of the DMT1 protein (19, 20), and thus the reduced DMT1
function in this patient is caused by reduced levels of DMT1
expression (improper splicing).

Two major DMT1 protein isoforms generated by alterna-
tive splicing at 3′ exons have been identified (21). Isoform
I (+IRE) has an iron responsive element (IRE) in the 3′
untranslated region, whereas isoform II (-IRE) lacks the
IRE. In addition, theC-terminal 18 amino acids of isoform
I are replaced by an alternate 25 amino acid segment in
isoform II. DMT1 isoform I is predominantly expressed in
epithelial cells, whereas isoform II is predominantly ex-
pressed in erythroid cells. Indeed, the isoform I protein is
expressed in enterocytes at the duodenal brush border (22)
and epithelial cells lining the kidney proximal tubule (16),
whereas isoform II is expressed abundantly in reticulocytes
(15). However, preferential expression of each isoform is
not necessarily mutually exclusive. The simultaneous expres-
sion of both DMT1 isoforms I and II mRNAs has been
observed in several tissues, including the kidney, thymus,
and liver (2, 23, 24). Recently, additional isoforms of DMT1
mRNAs have been identified on the basis of alternate
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promoter usage at DMT1 exon 1 (exon 1A vs 1B) (25). This
alternate promoter would produce a predicted DMT1 protein
with an additional 29 amino acids (exon 1A) located
upstream from the previously identified start codon of DMT1
isoforms I and II (exon 1B). However, the role of these
additional residues in the expression, function, and targeting
of DMT1 has not yet been explored.

Although both DMT1 isoforms are expressed at the plasma
membrane, isoforms I and II appear to show different
subcellular targeting at a steady state. Although in transfected
LLC-PK1, CHO, and RAW cells, DMT1 isoform II is
expressed in early and recycling endosomes (26, 27), studies
in transfected HEp-2 cells indicate that isoform I is present
in late endosomes and lysosomes (23). Recent studies using
an exofacially tagged DMT1 molecule have furthered our
understanding of isoform II trafficking: Isoform II molecules
present at the cell surface and in recycling endosomes are
in dynamic equilibrium, with surface transporters being
continuously internalized via a clathrin- and dynamin-
dependent process (27). Tabuchi and colleagues have shown
that a YXLXX555-559 motif in the C terminus of DMT1
isoform II is responsible for the early endosome targeting
of the protein, with mutations in this motif resulting in
lysosomal localization (23). Recently, we have shown that
critical residues in theC terminus of DMT1 isoform II,
including the YXLXX555-559 signal, are required for the
transporter’s internalization from the cell surface and its
recycling back to the plasma membrane (28). Removal of
an intact YXLXX555-559 motif appears to cause lysosomal
targeting by default.

Although DMT1 isoform II trafficking has been well
studied, much less is known about the subcellular distribu-
tion, targeting, and dynamic trafficking of the DMT1
intestinal isoform I. Whereas isoform I lacks the YXLXX
signal present in isoform II, close examination of theC
terminus of isoform I reveals the presence of a dileucine
motif (LL550,551). Dileucine-based (LL) motifs present in a
number of membrane proteins have been alternately shown
to act as signals for clathrin-mediated endocytosis or for
targeting various endosomes/lysosomes (29). In this study,
we wanted to investigate possible trafficking differences
between isoform I and II of DMT1. We expressed exofacially
tagged DMT1-HA proteins in a porcine kidney epithelial cell
line and studied the differences between expression, function,
subcellular localization, internalization kinetics, and fate upon
the internalization of DMT1 isoforms I and II. We found
that DMT1 isoform I is internalized with slower kinetics from
the cell surface compared to that of isoform II. This results
in an increased proportion of isoform I expressed at the
plasma membrane, perhaps favoring iron transport at this
site in epithelial cells.

MATERIALS AND METHODS

Materials and Plasmids. All reagent-grade chemicals were
purchased from Sigma Chemical (St. Louis, MO). Mono-
clonal mouse antibody (Ab) HA.11 directed against the
influenza hemagglutinin epitope (HA) was purchased from
Covance (Princeton, NJ). Cy3-labeled anti-rabbit and anti-
mouse Ab’s and HRP-coupled donkey antimouse Ab were
purchased from Jackson Immuno Research Laboratories
(West Grove, PA). Plasmids encoding GFP-fusion proteins

were kind gifts from Dr. D. Williams (Department of
Biochemistry, University of Toronto; GFP-syntaxin 13) and
Dr. Patrice Boquet (Institut national de la sante´ et de la
recherche´ médicale, France; GFP-Lamp1). Full-length murine
DMT1 isoform I (+IRE, isoform 1A) and isoform II (-IRE,
isoform 1B) cDNAs were modified by the in-frame addition
of an HA epitope in the fourth extracellular loop, as
previously described (4).

Cell Culture, Transfection, and Immunoblotting.LLC-PK1

cells were cultured in a 37°C, 5% CO2 incubator in
Dulbecco’s modified Eagle’s medium (Invitrogen) supple-
mented with 10% fetal bovine serum (growth media). Cells
were transfected with DMT1-HA/pCB6 vectors using Lipo-
fectamine2000 (Invitrogen), according to the manufacturer’s
instructions. Selection of stably transfected clones was done
using 1.4 mg/mL of G418 (Invitrogen) for 14 days. Indi-
vidual colonies were then isolated and expanded. Total cell
lysates were prepared and separated by SDS-PAGE. Clones
showing robust DMT1-HA expression were identified by
immunoblotting with mouse anti-HA antibody, as previously
described (30).

Calcein DiValent Metal Transport Assay.Calcein acetoxy-
methylester (calcein-AM, molecular probes) was prepared
in dimethyl sulfoxide. Fe2+ and Co2+ solutions were freshly
prepared in deionized water as 2 mM stock solutions of
ferrous ammonium sulfate and cobalt chloride, respectively.
Measurement of metal transport in DMT1-HA-transfected
LLC-PK1 cells was done using a fluorescence quenching
assay, as previously described (20). Initial rates of metal
transport (quench rates) were calculated from fluorescence
quenching curves.

Immunostaining.Cells were fixed with 4% paraformal-
dehyde/PBS for 20 min and where indicated were blocked
and permeabilized with 0.2% saponin/5% nonfat milk/PBS
for 30 min. For co-localization with EEA1 (Figure 5A), cells
were blocked in 5% nonfat milk (for 30 min) and perme-
abilized with 0.1% Triton X-100/PBS ( for 30 min),
following fixation. All antibody incubations were performed
for 1 h atroom temperature and diluted in blocking solution,
unless otherwise indicated. Primary Ab’s were used at the
following dilutions: rabbit anti-DMT1, 1:200; mouse anti-
HA 1:100; and goat anti-EEA1, 1:200; corresponding
secondary Ab’s (goat anti-rabbit Cy3, goat anti-mouse Cy3,
and donkey anti-goat Alexa 488, respectively) were each used
at 1:1000. For co-localization with GFP-fusion proteins
(Figures 2 and 5B), cells were transfected with GFP-syntaxin
13 or GFP-Lamp1 plasmids, 24 h prior to fixation using
Lipofectamine2000. For labeling of cell surface DMT1-HA
molecules (Figure 3A), cells were fixed, blocked in 5%
nonfat milk for 30 min, and labeled with anti-HA primary
Ab and the secondary Ab without permeabilizing the cells
with detergent. For experiments with live cells (Figure 5),
anti-HA antibody was diluted (1:200) in RPMI medium, and
(where indicated) the cells were chased by washing twice
and then incubating the cells in growth media for 90 min at
37 °C. Cells were visualized using an Axiovert 200M epi-
fluorescence microscope with a 100× oil immersion objec-
tive. Digital images were acquired with a Zeiss AxioCam
HRm camera operated with AxioVision 4.3. Images were
cropped, assembled, and labeled using Adobe Photoshop and
Illustrator softwares.
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Measurement of Surface DMT1-HA at Steady State.
Quantification of the proportion of DMT1-HA molecules
expressed at the cell surface has been previously described
(20). Briefly, LLC-PK1 cells were grown to confluency in
48-well culture plates and fixed with 4% paraformaldehyde
for 30 min. Cells were blocked in 5% nonfat milk in PBS
for 30 min, incubated with anti-HA Ab (1:500) for 90 min,
washed, and incubated with secondary Ab (donkey anti-
mouse-HRP Ab, 1:4000) for 1 h. For the quantification of
total DMT1-HA expression, the cells were permeabilized by
incubation with 0.1% Triton X-100/PBS for 30 min prior to
incubation with anti-HA Ab. Peroxidase activity was detected
by incubating cells with the HRP substrate (0.4 mg/mL
o-phenylenediamine dihydrochloride, Sigma FAST OPD)
according to the manufacturer’s instructions. Reactions were
stopped after 30 min with 3 M HCl, and absorbance readings
(492 nm) were taken with a spectrometer. For all assays,
background absorbance readings from (a) the nonspecific
binding of the secondary Ab and (b) the nonspecific binding
of the primary Ab to vector-transfected cells were subtracted
for each sample. Cell surface readings were normalized to
total DMT1-HA values for each cell clone and were
expressed as a percentage.

Cell Surface Biotinylation.The measurement of DMT1
internalization by cell surface biotinylation has been previ-
ously described (28). Briefly, confluent LLC-PK1 mono-
layers were biotinylated at 4°C in a borate buffer at pH 9.0,
containing 1 mg/mL sulfo-NHS-SS-biotin (Pierce). Cells

were washed and incubated in prewarmed RPMI for 0, 30,
60, or 90 min at 37°C, at which point endocytosis was halted
by washes with cold PBS. Cell-surface-associated biotin
molecules were removed by three cold washes with the
membrane-impermeable reducing agent 2-mercaptoethane-
sulfonic acid (MESNA, 100 mM solution). For the quanti-
fication of total surface labeling, cells were similarly treated
but with final washes in a buffer lacking MESNA. Bio-
tinylated cells were collected and solubilized in a lysis buffer
with protease inhibitors. Lysates were precleared by cen-
trifugation, and the protein yield was quantified. Biotinylated
proteins (200µg total protein lysate) were isolated by over-
night incubation at 4°C with 100µL of ImmunoPure immo-
bilized strepavidin slurry (Pierce) in a final volume of 1 mL
in a lysis buffer. Strepavidin beads were washed four times
with a cold lysis buffer, and bound proteins were eluted with
2× Laemmli buffer at room temperature for 30 min. Proteins
were separated by SDS-PAGE, followed by immunoblotting
with anti-HA Ab. The intensity of the immunoreactive bands
were quantified by a densitometry analysis of the exposed
films using a Fuji LAS-1000. Background intensity readings
(after 0 min of endocytosis) were subtracted from all
readings, and the results were expressed as a percentage of
total surface labeling for each clone.

RESULTS

Expression and Functions of DMT1 Isoforms I and II.To
investigate the subcellular localization and trafficking proper-

FIGURE 1: Expression and functional activity of DMT1 isoforms I and II in LLC-PK1 cells. (A) A schematic representation of the DMT1-
HA protein, highlighting the positions of the inserted exofacial hemagglutinin (HA) epitope, predicted asparagine-linked glycosylation sites
(hexagons), and the carboxyl terminus (boxed). (B) A comparison of theC-terminal sequences of DMT1 isoforms I and II. Predicted
sorting/trafficking signal sequences are highlighted (*). We prepared extracts from LLC-PK1 cells transfected with the vector (pCB6) or
independent clones (1 and 2) stably expressing DMT1 isoforms I and II. Equal amounts of each extract was resolved by SDS-PAGE. (C)
A representative immunoblot performed with an anti-HA Ab. The sizes of molecular weight standards (in kilodaltons) are indicated. (D)
Metal transport activity of cells stably transfected with vector only (pCB6) or DMT1 isoforms I and II. Cells loaded with a metal-sensitive
fluorescent dye were incubated with Fe2+ or Co2+ in an acidic buffer. The results are shown as the initial rates of fluorescence quenching.
Error bars represent standard error of the means of three or more independent determinations.
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ties of the two DMT1 protein isoforms, we modified the
mouse DMT1 isoforms I and II cDNAs by inserting an
exofacial hemagglutinin (HA) tag into the extracellular loop
of the protein defined by the predicted TM7 and 8 (Figure
1A). This exofacial tag enabled us to label and track cell-
surface expressed DMT1-HA molecules in intact cells. We
have previously shown that the insertion of an HA tag at
this position does not affect the expression, transport activity,
or subcellular localization of DMT1 (27). We generated
stably transfected cells expressing DMT1 isoforms I and II
in the porcine LLC-PK1 kidney cell line. LLC-PK1 cells were
chosen because they are derived from the kidney proximal
tubule, an abundant site of DMT1 protein expression in
normal tissues (16). Therefore, these cells are likely to
express the necessary cellular machinery for proper DMT1
trafficking, including the recognition of sorting and targeting
signals. Figure 1C illustrates a representative immunoblot
of cell extracts prepared from two independent LLC-PK1 cell
clones expressing different levels of DMT1 isoforms I or II.
In each case, a minor species at∼60 kDa and a major species
at∼90 kDa were observed. Previous studies from our group
have shown that these two populations correspond to core
and complex glycosylated species of DMT1, respectively
(27). These observations show that both isoforms of DMT1
are stably expressed and glycosylated to a similar extent in
LLC-PK1 cells. Experiments with the protein translation
inhibitor cycloheximide revealed that DMT1 isoforms I and
II show similar stability in LLC-PK1 cells (Supporting
Information). Finally, we tested the ability of DMT1 isoforms
I and II to transport divalent metals (Fe2+ and Co2+) at acidic
pH by calcein fluorescence quenching. Independent clones
from both DMT1 isoforms I and II showed robust transport
activity compared to that of vector-transfected cells (pCB6).
No difference in transport rates or ion selectivity between
the two isoforms was detected, indicating that both isoforms
are expressed at the cell surface and properly folded in a
transport-competent manner (Figure 1D).

Subcellular Localization of DMT1 Isoforms I and II.The
subcellular localization of DMT1 isoforms I and II was
determined by double immunofluorescence with an anti-
DMT1 antibody, using fixed and permeabilized cells. As
reported earlier, DMT1 isoform II was detected in an
endomembrane compartment, where it displayed strong co-
localization with the recycling endosome marker, GFP-
syntaxin 13 (Figure 2A), but showed little overlap with the
late endosome and lysosomal marker, GFP-Lamp1 (Figure
2B) (27, 28). Conversely, DMT1 isoform I was detected in
endomembrane vesicles of a larger size than those positive
for isoform II, which showed little co-localization with GFP-
syntaxin 13 (Figure 2A) but strong co-localization with GFP-
Lamp1 (Figure 2B). These results indicate that the two
DMT1 isoforms are differentially targeted at steady state in
LLC-PK1 cells: isoform II to recycling endosomes and
isoform I to late endosomes and lysosomes.

Our transport data in intact cells (Figure 1D) also sug-
gested that both isoforms were present in a functional
state at the cell surface. Therefore, we used immuno-
fluorescence microscopy to investigate the cell surface
expression of each isoform. Surface-expressed DMT1-HA
molecules were visualized by incubating fixed but unper-
meabilized LLC-PK1 transfected cells with anti-HA antibody
followed by labeling with a conjugated-fluorescent secondary

antibody. Interestingly, isoform I displayed a much stronger
surface expression compared to that of isoform II (Figure
3A). We quantified this difference in surface expression using
a horseradish peroxidase-conjugated secondary antibody and
found that a significantly higher proportion of total DMT1
isoform I (clone 1, 44.5( 2.8%; clone 2, 45.6( 1.5%; mean
( SE) was expressed at the plasma membrane compared to
that of isoform II (clone 1, 24.8( 2.0%; clone 2, 24.4(
1.6%) (Figure 3B). Thus, despite similar levels of total
DMT1 protein expression in the pair of LLC-PK1 clones
tested, isoform I shows a higher cell surface expression than
isoform II.

Endocytosis.The different levels of cell surface expression
and apparent variations in intracellular localization of iso-
forms I and II suggested that the two proteins had different
trafficking properties. Therefore, we measured the rates of
endocytosis from the plasma membrane of isoforms I and II
using a cell surface biotinylation technique (28). We used a
membrane impermeable, cleavable biotin compound to
covalently label all surface-exposed plasma membrane
proteins in LLC-PK1 cells that were cooled to 4°C to halt
endocytosis. Following biotinylation, the cells were warmed
to 37°C for 0 to 90 min to allow the internalization of labeled
plasma membrane proteins. Biotin molecules remaining at
the cell surface were removed by washing the cells with a

FIGURE 2: Subcellular localization of DMT1 isoforms I and II in
LLC-PK1 cells. LLC-PK1 cells stably expressing DMT1 isoforms
I and II were transiently transfected with either (A) GFP-syntaxin
13 to label recycling endosomes or (B) GFP-Lamp1 to label late
endosomes and lysosomes. After 24 h, the cells were fixed,
permeabilized, and stained with an anti-DMT1 antibody. DMT1
molecules were visualized using a secondary antibody coupled to
fluorescent Cy3. The images were acquired by epifluorescence
microscopy. The insets show the magnifications of the area that is
boxed.
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membrane-impermeable reducing agent. Cells were solubi-
lized, and biotinylated DMT1-HA molecules were isolated
using immobilized streptavidin, followed by SDS-PAGE
and immunoblotting with anti-HA antibody. Figure 4A
illustrates a typical immunoblot, and the quantification of
three different immunoblots by densitometric scanning is
shown in Figure 4B. Intracellular accumulation of surface-
labeled DMT1-HA molecules after 0 to 90 min was
expressed as a percentage of the maximal surface DMT1-
HA (without washing with a reducing agent) after 0 min
(Figure 4B). Strikingly, independent clones of DMT1 isoform
II displayed a significantly higher internalization at each time
point compared to that of independent clones of DMT1
isoform I. The greatest difference occurred after 60 min with
isoform II clones showing 33.6( 5.4 and 43.2( 11.2% of
cell surface DMT1-HA internalized compared to 11.8( 2.4
and 13.8 ( 3.9% for isoform I clones. These results
demonstrate that the higher plasma membrane expression of
isoform I is correlated with a reduced rate of internalization

from the cell surface compared to that of isoform II.
Indirectly, these results suggest that the carboxyl terminal
cytoplasmic tail of isoform I lacks the endocytosis signal
present in the carboxyl tail of isoform II.

Fate of Internalized DMT1 Molecules.Having shown that
DMT1 isoform I is internalized with slower kinetics from
the cell surface, we next investigated the fate of internalized
isoform I molecules. We labeled surface/internalized DMT1-
HA molecules in live LLC-PK1 cells by incubating the cells
with anti-HA antibody at 37°C in a culture medium for 2
h. The cells were fixed, permeabilized, and labeled with an
antibody against EEA1, a marker of early endosomes. Both
isoforms of DMT1 showed significant co-localization with
EEA1 (blue arrowheads in Figure 5A). To determine the fate
of internalized DMT1 molecules after a longer incubation
period, the cells were labeled for 3 h, washed, and chased
in culture media for an additional 90 min. Lysosomes were
labeled by transient transfection with GFP-Lamp1, 24 h prior
to labeling. As expected, isoform II did not show significant

FIGURE 3: Quantification of cell surface expression of DMT1
isoforms I and II in LLC-PK1 cells. LLC-PK1 cells stably expressing
DMT1 isoforms I and II were fixed, and surface DMT1 molecules
were labeled by incubating the cells with a primary anti-HA
antibody without permeabilization, followed by a secondary
antibody coupled to Cy3 (A) The images were acquired by
epifluorescence microscopy. (B) A quantification of the fraction
of DMT1-HA molecules expressed at the cell surface. Cells were
fixed and incubated with primary anti-HA antibody with or without
prior detergent permeabilization (Materials and Methods). Cells
were then incubated with an HRP-coupled secondary antibody, and
the amount of bound primary antibody present was determined for
both conditions by a colorimetric reaction usingo-phenylenediamine
dihydrochloride (OPD) followed by spectrometry. The amount of
DMT1-HA expressed at the cell surface (in nonpermeabilized cells)
is shown as a fraction (%) of total protein expression (in perme-
abilized cells).

FIGURE 4: Quantification of the rate of endocytosis of DMT1
isoforms I and II in LLC-PK1 cells. A cell surface biotinylation
assay was used to compare internalization rates of DMT1 isoforms
I and II from the plasma membrane. We used a membrane
impermeable, cleavable biotin reagent to label surface proteins. The
labeling was performed at 4°C to halt endocytosis. Internalization
of surface proteins was allowed to occur at 37°C for 0-90 min.
After that time, biotin molecules remaining at the surface were
removed, and biotinylated proteins were isolated from cell lysates
with immobilized strepavidin. Proteins were resolved by SDS-
PAGE, and DMT1 molecules were detected by immunoblotting
with anti-HA antibody. (A) Typical immunoblots from individual
experiments done on independent clones (1 and 2). Immunoblots
were scanned by densitometry, and (B) the amount of DMT1
internalized over time is expressed as a fraction (%) of the total
cell surface expression (max). Lysate) 20 µg of unbiotinylated
crude cell lysate for each mutant; max) total surface DMT1-HA
expression for each clone (biotinylated DMT1-HA molecules
isolated without prior stripping). Error bars correspond to standard
errors of the means from three or more independent experiments.
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co-localization with Lamp1 (Figure 5B), indicating that the
protein was efficiently recycled back to the cell surface.
Strikingly, in cells labeled for 3 h, isoform I showed a strong
co-localization with the lysosomal marker (Figure 5B). These
results show that DMT1 isoform I, upon internalization and
passage through early endosomes, fails to recycle back to
the plasma membrane and is targeted to late endosomes and
lysosomes. These results suggest that the carboxyl terminus
of isoform I not only lacks an endocytosis signal but also a
recycling signal present in the carboxyl terminus of isoform
II. Slower endocytosis of isoform I from the plasma
membrane results in elevated cell surface expression at steady
state (Figure 3).

DISCUSSION

DMT1 isoform II is expressed in many cell types but is
particularly abundant in erythroid precursors (15). Studies

in transfected cells in vitro have shown that isoform II is
rapidly internalized along with the transferrin receptor from
the plasma membrane by a clathrin- and dynamin-dependent
process (27). Endosomal acidification facilitates the release
of iron from transferrin and provides the proton gradient for
DMT1-mediated iron transport across the endosomal mem-
brane. Iron is then stored, bound to ferritin, or transported
into mitochondria for heme synthesis. DMT1 isoform II and
the transferrin receptor are subsequently recycled back to
the cell surface. The critical role of DMT1 in this iron-
acquisition process is highlighted by the recent report that a
patient with a mutation in DMT1 suffers from erythroid
hyperplasia with defective hemoglobinization (17). In cir-
culation, a majority of iron is bound to transferrin and very
little iron exists in its free cationic form. This correlates well
our data as well as earlier reports that less than 35% of total
DMT1 isoform II is expressed at the cell surface, with a
majority of isoform II residing in transferrin receptor-positive
recycling endosomes.

Directional or trans-cellular transport is essential in epi-
thelial cells located at the sites of absorption or reabsorption
of key elements such as iron. Dietary nonheme iron is mainly
absorbed at the duodenal brush border. DMT1, expressed at
the apical pole of enterocytes lining the intestinal lumen,
transports iron across the apical membrane, whereas ferro-
portin, expressed at the basal pole, transports iron across the
basolateral membrane. It is predominantly the isoform I
variant of DMT1 that is expressed at the apical membrane
of enterocytes (22). Our finding that cell surface expression
of isoform I in LLC-PK1 cells is higher than that of isoform
II is in agreement with the noted preferential expression of
isoform I at the cell surface of different cell types in vivo
(compared to that of isoform II), namely the brush border
of epithelial cells of the duodenum and the kidney proximal
tubule. We also found that isoform I is not efficiently
recycled upon internalization and is ultimately targeted to
lysosomes. These findings indicate that iron transported by
isoform I (at the duodenal brush border) involves the direct
transfer of Fe2+ from the intestinal lumen into the cytoplasm
of enterocytes, in the absence of an active Tf-TfR cycle at
the apical poles of these cells. However, TfR is expressed
at the basolateral membrane and in the basal recycling
endosomes of intestinal epithelial cells (31, 32), and it is
possible that DMT1 isoform II may play an additional role
in iron acquisition at that site as well (23). In addition,
mutagenesis studies suggested that N-linked glyosylation of
DMT1 controls apical versus basolateral targeting in polar-
ized cells (23). Thus, it is possible that the trafficking
differences between DMT1 isoforms I and II in epithelial
cells may not only involve the differential targeting to the
plasma membrane but also be influenced by the different
rates of internalization of the transporters from the cell
surface, as demonstrated here in transfected LLC-PK1 cells.
In addition, recent work by Johnson and colleagues in Caco-2
cells suggests that isoform I trafficking may be regulated
by cellular iron levels. This result emphasizes the importance
of isoform-specific trafficking in overall DMT1 function,
including coupling to the Tf-TfR cycle (24).

Although targeting and dynamic sorting/recycling of
DMT1 isoform II has been thoroughly studied by us and
others, much less is known about isoform I. The protein
sequences of isoforms I and II differ only in theirC-terminal

FIGURE 5: Fate of internalized DMT1 isoform I and II molecules.
(A) LLC-PK1 cells expressing either DMT1 isoform I or isoform
II were incubated with anti-HA antibody for 2 h tolabel cell surface
and recycling DMT1-HA molecules. To investigate co-localization
of internalized DMT1-HA molecules with early endosomes, cells
were fixed, permeabilized, and incubated with an antibody against
the early endosomal marker EEA1. DMT1 molecules were visual-
ized using a fluorescent secondary antibody. Areas showing
overlapping staining are highlighted (blue arrowheads). (B) To
investigate co-localization of DMT1 isoforms with lysosomes, cells
were transiently transfected with the lysosomal marker GFP-Lamp1.
After 24 h, surface and recycling DMT1-HA molecules were labeled
with anti-HA Ab for 3 h, washed, and chased by incubation in
growth media for 90 min. Cells were fixed, permeabilized, and
stained with an anti-mouse fluorescent secondary Ab to visualize
DMT1-HA molecules. The insets show the magnifications of the
area that is boxed. The images were acquired by epifluorescence
microscopy.
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segments (Figure 1B). In isoform II, Tabuchi and colleagues
have shown that a YLLNT555-559 signal in theC terminus
of the protein is required for its early endosome targeting in
HEp-2 larynx carcinoma cells (23). We have previously
shown that theC terminus of isoform II, along with the
YLLNT signal, is vital for the internalization of the protein
from the cell surface and its recyclization back to the plasma
membrane in LLC-PK1 epithelial cells (28). Critical muta-
tions or deletions at YLLNT result in severely impaired
internalization, accumulation of the transporter at the cell
surface, and failure of the protein to recycle properly,
resulting in lysosomal targeting. DMT1 isoform I lacks an
endogenous YLLNT motif in its carboxyl terminus. Interest-
ingly, the trafficking properties of the isoform II YLLNT
mutants (including aC-terminal truncation) virtually mirror
the trafficking properties of DMT1 isoform I reported here
(28). These findings together with the results of the present
study demonstrate the critical role of the YLLNT sequence
motif as a recycling motif in DMT1. Furthermore, these
results argue against the presence of a functional targeting
motif in the C-terminal region of DMT1 isoform I.

Examination of theC-terminal sequence of isoform I
reveals the presence of a putative dileucine motif (LL550-551,
Figure 1B). Indeed, cytoplasmic dileucine-based (LL) motifs
of membrane proteins often act as signals leading to clathrin-
mediated endocytosis or targeting to endosomal-lysosomal
compartments (33-36). Residues neighboring the LL signals
appear to dictate whether clathrin recruitment occurs via AP
complexes or via ARF-dependent clathrin adaptors (29).
Dileucine-based signals usually fit either the [DE]XXXL-
[LI] or DXXLL consensus motifs. [DE]XXXL[LI] signals
are specifically recognized by AP complexes, and DXXLL
signals are recognized by GGAs, a recently described family
of ARF-dependent clathrin adaptors. However, the amino
acids preceding the dileucine motif in DMT1 isoform I
(SISKV545-549) do not fit either of these consensus motifs.
Therefore, the relevance of this leucine pair (LL550,551) in
the targeting and sorting of isoform II remains unclear and
awaits further characterization.

On the basis of previous work and data reported here, we
propose a model for the subcellular trafficking of the two
isoforms of DMT1. In this model, DMT1 proteins would be
synthesized in the endoplasmic reticulum, posttranslationally
modified in the Golgi apparatus, and targeted to the plasma
membrane. Isoform II molecules are then rapidly internalized
from the cell surface by recruiting specific adaptor proteins
required for clathrin-mediated endocytosis (27), which we
propose interact with the YLLNT motif and possibly other
determinants in theC-terminal region of the transporter.
Isoform II is internalized into early endosomes, and the
recruited adaptor complexes are involved in recycling the
transporter back to the cell surface via targeting to recycling
endosomes (Figure 6). This pathway ensures that the isoform
II molecules expressed in erythroid cells work in conjunction
with transferrin receptors in the uptake of transferrin-iron.
DMT1 isoform I molecules lack the YLLNT motif and would
be unable to recruit clathrin/adaptor complexes at the plasma
membrane. Consequently, isoform I transporters are internal-
ized into early endosomes by a kinetically slower mechanism
such as bulk pinocytosis (Figure 6). The slower rate of
endocytosis of isoform I results in a greater fraction of the
DMT1 variant expressed at the cell surface at steady state.

However, failure of isoform I molecules to recruit specific
recycling adaptor complexes prohibits their sorting to
recycling endosomes and leads to an accumulation in the
late endosomes and lysosomes. This trafficking pathway
ensures a high level of DMT1 isoform I expression at the
plasma membrane of epithelial cells, favoring the absorption/
reabsorption of iron.

Overall, our findings highlight the critical role of alternate
splicing at the 3′ end of the DMT1 gene for the generation
of protein isoforms that transport iron at different subcellular
sites in a transferrin-dependent (isoform II), and transferrin-
independent (isoform I) manner.
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