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The zinc transporter ZIP4 (SLC39A4) is mutated in humans with the rare, autosomal recessive genetic
disease acrodermatitis enteropathica. In mice, this gene is essential during early embryonic development. ZIP4
is dynamically regulated by multiple posttranscriptional mechanisms, and studies of mouse ZIP4 reported
herein reveal that the ectodomain, the extracellular amino-terminal half of the protein, is proteolytically
removed during prolonged zinc deficiency while the remaining eight-transmembrane carboxyl-terminal half of
the protein is accumulated on the plasma membrane as an abundant form of ZIP4. This novel ZIP4 processing
occurs in vivo in the intestine and visceral endoderm, in mouse Hepa cells that express the endogenous Slc39a4
gene and in transfected MDCK and CaCo2 cells, but not HEK293 cells. In transfected MDCK and CaCo2 cells,
the ectodomain accumulated and remained associated with membranes when zinc was deficient. ZIP4 cleavage
was attenuated by inhibitors of endocytosis, which suggests that the processed protein is recycled back to the
plasma membrane and that the ectodomain may be internalized. Ectodomain cleavage is inhibited by acro-
dermatitis enteropathica mutations near a predicted metalloproteinase cleavage site which is also essential for
proper ectodomain cleavage, and overexpression of processed ZIP4 or ZIP4 with ectodomain truncations
rendered the mouse Mt1 gene hypersensitive to zinc. These finding suggest that the processing of ZIP4 may
represent a significant regulatory mechanism controlling its function.

Zinc deficiency during pregnancy impairs embryonic, fetal,
and postnatal development, leading to growth retardation, ab-
normal morphogenesis, immune system dysfunction, skin le-
sions, and neurological disorders in mammals (reviewed in
references 8 and 22). Therefore, the ability to acquire zinc
from the diet via the intestine and transfer it to the embryonic
environment via the visceral yolk sac ([VYS] in mice) plays a
critical role in the growth and morphogenesis of the embryo
and subsequent health status of offspring. The zinc transporter
SLC39A4 (ZIP4) is an essential component for the acquisition
of zinc. Mutations in the human SLC39A4 gene cause a rare
autosomal recessive genetic disorder of zinc deficiency called
acrodermatitis enteropathica (AE) (10, 32); in mice the
Slc39a4 gene is essential during early embryogenesis, and ho-
mozygous embryos die soon after implantation (5). Further-
more, heterozygous Slc39a4 knockout mice are significantly
underrepresented after birth and are hypersensitive to dietary
zinc deficiency (5).

Recent studies reveal that the expression of Slc39a4 is reg-
ulated at multiple posttranscriptional levels in response to
changes in zinc availability (2, 9, 15, 33). For example, during
zinc deficiency this mRNA is stabilized, leading to increased
accumulation of Slc39a4 mRNA and ZIP4 protein and the
localization of ZIP4 at the apical surfaces of enterocytes and

visceral endoderm cells (4, 33). In contrast, repletion of zinc to
normal levels causes the rapid endocytosis and degradation of
ZIP4 and destabilization of Slc39a4 mRNA (33). Similar re-
sults were obtained with in vitro transfection studies of recom-
binant ZIP4, which demonstrated that ZIP4 was degraded via
a process that requires both the proteasomal and lysosomal
compartments (9, 15). Thus, dynamic posttranscriptional con-
trol of ZIP4 in response to zinc plays an important role in
regulating zinc homeostasis.

Previous studies from our laboratory revealed that during
prolonged zinc deficiency, apparently full-length ZIP4 and its
glycosylated forms (�75 kDa and larger) are detectable in
membrane preparations from the intestine and VYS, but by far
the major immunoreactive ZIP4 peptide detected by Western
blotting was �37 kDa in apparent molecular mass, or about
half the predicted size of full-length ZIP4 (2, 7, 33). This
observation was explored further herein, and our results dem-
onstrate that the �37-kDa peptide represents ZIP4 lacking the
N-terminal extracellular domain or ectodomain. This novel
processing of ZIP4 occurs in response to zinc deficiency in
polarized epithelial cells like MDCK and CaCo2 as well as in
mouse Hepa cells, mimicking the results obtained in mice. The
evidence suggests that the ectodomain of ZIP4 accumulates as
a peripheral membrane protein, whereas the remainder of the
processed protein is apparently recycled back to the apical
membrane. Overexpression of processed ZIP4 or ZIP4 with
ectodomain truncations correlated with hypersensitivity to
zinc, as shown by a dramatic reduction in the dose response for
induction of Mt1 (metallothionein 1) gene expression. Further-
more, AE mutations near the predicted cleavage site of the
ectodomain block processing of ZIP4. Thus, this novel regu-
lation of ZIP4 may be an additional and important regulatory
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mechanism controlling zinc transport or other activities of this
critical zinc transporter.

MATERIALS AND METHODS

Cell culture. Mouse Hepa cells and HEK293 and CaCo2 cells were maintained
at 37°C in a humidified 5% CO2 incubator in Dulbecco’s modified Eagle medium
(DMEM) containing 10% fetal bovine serum (FBS), 100 units of penicillin/ml,
and 100 �g of streptomycin/ml. MDCK cells were cultured in DMEM/F-12
medium containing 5% FBS. To generate zinc-deficient culture medium, FBS
was treated with Chelex-100 resin (18). The sodium form of Chelex-100 (200 to
400 mesh) (Bio-Rad) was adjusted to neutral pH and incubated (100 g/500 ml)
with FBS for 1 h at room temperature, according to the manufacturer’s instruc-
tions. Chelex-treated FBS was filter sterilized, aliquoted, and stored at �80°C.
Metal concentrations were measured by inductively coupled plasma mass spec-
trometry (7, 21). DMEM or DMEM/F-12 was adjusted to 10% or 5%, respec-
tively, with Chelex-treated FBS, which restored all the essential metals to near
normal concentrations except for zinc, which was reduced about 100-fold. Where
indicated on Fig. 2 and 4, cells were cultured for at least 4 days on 24-mm
polyester membrane Transwell plates with 0.4-�m pores (Costar) to allow the
formation of tight junctions.

Expression vector construction. A Zip4-hemagglutinin (HA) expression vec-
tor encoding mouse ZIP4 with an HA tag at the carboxyl terminus was described
previously (9, 31). This vector was modified by inserting a FLAG tag (DYKDD
DDK) preceding codon N26 to generate the FLAG-ZIP4-HA expression vector.
Other point mutations were introduced into the mouse ZIP4-HA expression
vector using a two-step PCR method, as described previously (13, 25). Mutations
were confirmed by DNA sequencing of both strands and are presented in the
cartoon in Fig. 5A and detailed in the legend to Fig. 5. The �337 mutant was
constructed by deleting the coding sequence from amino acids 1 to 336 and
fusing a leader peptide sequence encoding MEVLLGVKIGC to the new amino
terminus using the two-step PCR method. The �287 mutant was constructed by
deleting the sequence encoding amino acids 1 to 286 (between the BamHI-XcmI
sites of ZIP4-HA), making M287 the start codon.

Transfection. Hepa, MDCK, HEK293, and CaCo2 cells were seeded (6 � 105

to 8 � 105 cells) in 60-cm dishes and transfected with ZIP4-HA, FLAG-ZIP4-
HA, or mutated ZIP4-HA expression vectors as indicated in the figure legends.
Transfections were performed using Lipofectamine reagent (Invitrogen) for
Hepa cells and Lipofectamine 2000 (Invitrogen) for HEK293, MDCK, and
CaCo2 cells. To create pools of stably transfected cells, cells were transfected
with the above expression vectors and then selected in medium containing 5 to
10 �g/ml puromycin (Sigma) for 2 to 4 weeks. Surviving cells were pooled, and
pools of HEK293, MDCK, and CaCo2 cells expressed ZIP4 in 80 to 90%, 40 to
50%, and 20 to 30% of the cells, respectively.

Cell surface biotinylation and detection of ZIP4. MDCK and CaCo2 cells were
grown on transwell plates until polarized and then cultured in medium contain-
ing normal FBS or Chelex-treated FBS for 48 h. Before biotinylation, cells were
washed twice with ice-cold phosphate-buffered saline (PBS) supplemented with
0.1 mM CaCl2 and 1.0 mM MgCl2, and then EZ-Link, a sulfo-NHS-SS-biotin
[sulfosuccinimidyl 2-(biotinamido)-ethyl-1,3-dithiopropionate] reagent (Pierce),
was added to the apical compartment or the basolateral compartment according
to the manufacturer’s instructions (Pierce). Cells were incubated with EZ-Link
reagent for 30 min at 4°C, washed as above, and incubated again with EZ-Link
reagent. After a quenching step with quenching solution (Pierce), the cells were
washed twice with PBS, and the polyester membrane was excised from the
transwell plate with a scalpel. The membrane was placed in a 1.5-ml microcen-
trifuge tube with 300 �l of NP-40 buffer (50 mM HEPES-HCl, pH 7.4, 100 mM
NaCl, 1.5 mM MgCl2, 1% Nonidet P-40, 0.5% deoxycholate, and 0.1% sodium
dodecyl sulfate [SDS]) and sonicated for 20 s. The membrane was removed, and
the sonicated cells were centrifuged at 10,000 � g for 5 min at 4°C. An aliquot
(50 �l) of the supernatant was used to determine the input. Another aliquot
(�250 �l) was precipitated with streptavidin-coupled Sepharose beads (Pierce).
After the sample was washed with NP-40 buffer, biotinylated proteins were
recovered from the streptavidin-coupled beads in 2� SDS sample buffer and
then subjected to Western blot analysis.

Detection of cell surface ZIP4 protein using anti-FLAG and anti-HA antibod-
ies. The presence of FLAG-ZIP4-HA on the plasma membrane was assessed by
measuring the levels of anti-HA or anti-FLAG antibodies bound to the surface
of fixed, nonpermeabilized Hepa cells, essentially as described previously (9).
Hepa cells were transfected with the FLAG-ZIP4-HA expression vector in 12-
well trays, washed twice with PBS on ice, and fixed with 4% paraformaldehyde.
After two more washes with PBS, the cells were blocked with ice-cold 5% skim
milk in PBS for 30 min and then incubated with anti-HA or anti-FLAG anti-

bodies with gentle shaking for 1 h at room temperature. After the samples were
washed extensively with PBS to remove unbound antibodies, cells were lysed by
sonication in SDS lysis buffer. The solubilized anti-HA or anti-FLAG antibodies
were then detected by Western blotting as described below. Both antibodies were
detected using horseradish peroxidase-conjugated antibodies by chemilumines-
cence.

Preparation of membrane proteins and Western blot analysis. Mouse Hepa
cells (�2 � 106) were collected by centrifugation, resuspended in 3 ml of ice-cold
homogenization buffer (0.25 M sucrose, 20 mM HEPES, pH 7.4 and 1 mM
EDTA containing protease inhibitors), and homogenized with 30 strokes of a
tight-fitting 5-ml Dounce homogenizer. After removal of nuclei, the postnuclear
supernatant was centrifuged for 15 min at 85,000 � g at 4°C. The membrane
pellet was resuspended in NP-40 buffer. Na2CO3 extraction was performed as
described previously (26). Briefly, membranes from stably transfected CaCo2
cells expressing FLAG-ZIP4-HA were resuspended in 0.1 M Na2CO3, pH 11.0,
and incubated on ice for 30 min before centrifugation for 15 min at 85,000 � g
at 4°C. The supernatant fraction (peripheral membrane proteins) and pellet
fraction (integral membrane proteins) were recovered. Total cellular proteins
from HEK293, MDCK, or CaCo2 cells were prepared by sonication of cells
directly into NP-40 buffer, followed by centrifugation at 10,000 � g for 15 min at
4°C. Membrane proteins (20 �g) or total cellular proteins (20 �g) were resolved
on 7.5% SDS-polyacrylamide gels and transferred to polyvinylidene difluoride
membranes (33). Membranes were blocked for 1 h at room temperature and
then incubated overnight at 4°C with primary antibody in blocking solution at
these dilutions: ZIP4 antiserum, 1:600; ZIP1 antiserum, 1:800; ZnT5 (a zinc
transporter) monoclonal antibody, 1:1,000; NaK-ATPase �1 subunit monoclonal
antibody (Affinity BioReagents), 1:2,000; HA monoclonal antibody (HA.11; Co-
vance), 1:3,000; and FLAG monoclonal antibody (M2; Sigma), 1:2,000. After
extensive washing, membranes were incubated with goat anti-rabbit or anti-
mouse horseradish peroxidase-conjugated secondary antibodies (Santa Cruz),
and the blot was developed using ECL Plus reagent (Amersham Biosciences)
according to the manufacturer’s instructions and detected using Kodak BioMax
MS film (Kodak).

RNA extraction and Northern blot hybridization. RNA was isolated using
Trizol according to the manufacturer’s instructions (Invitrogen). Total RNA (20
�g) was size fractionated by agarose-formaldehyde gel electrophoresis, trans-
ferred, and UV cross-linked to nylon membranes. Northern blot membranes
were hybridized and washed under stringent conditions (3, 4). Hybrids were
detected by autoradiography at �80°C. Duplicate gels were stained with acridine
orange to ensure equivalent loading and integrity of total RNA. The probes for
mouse Slc39a4 and Mt1 mRNAs were used at 2 � 106 cpm/ml of hybridization
solution. The mouse Mt1 probe crossed-hybridized with dog Mt mRNA and was
therefore used to detect Mt mRNA in MDCK cells. Quantification of band
intensities was performed on a Macintosh iBook G4 computer using the public
domain NIH Image program (U.S. National Institutes of Health, http://rsb.info
.nih.gov/nih-image).

RESULTS

When zinc is deficient, ZIP4 is synthesized and localizes to
the apical surface of VYS endoderm cells (and intestine [not
shown here]) in vivo and in plasma membrane in HEK293 cells
(and in CaCo2 and MDCK cells [data not shown]) transfected
with a ZIP4-HA expression vector in vitro (Fig. 1A), as previ-
ously published (2, 4, 9, 31, 33). Western blot analysis of ZIP4
(Fig. 1B) from the zinc-deficient VYS revealed bands corre-
sponding to the predicted full-length (�75 kDa) ZIP4 and
larger glycosylated forms of ZIP4, but by far the most intense
band detected migrated as an �37-kDa peptide. In the trans-
fected HEK293 cells, only the predicted full-length ZIP4 band
was detected regardless of zinc deficiency. In contrast, in trans-
fected CaCo2 cells, zinc deficiency led to the formation of a
major �37-kDa band detected by an anti-HA antibody which
recognizes the carboxyl-terminal HA tag on the expressed
ZIP4 protein. The major �37-kDa ZIP4 peptide from the
zinc-deficient VYS cells and transfected CaCo2 cells comi-
grated during electrophoresis and was detected using an anti-
peptide antibody directed against the large intracellular loop in
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ZIP4 in the VYS cells and/or the HA antibody directed against
the extracellular carboxyl terminus in transfected cells (see
cartoon in Fig. 5A). The size of this �37-kDa ZIP4 peptide
and its reactivity with these two antibodies suggest that it
represents ZIP4 lacking the extracellular or ectodomain. We
will refer to this peptide as processed ZIP4.

To further explore this observation, an expression vector for
FLAG and HA double-tagged ZIP4 (FLAG-ZIP4-HA) was
created in which the FLAG tag was inserted near the amino
terminus of ZIP4 just past the predicted leader peptide, and
the HA tag was at the carboxyl terminus (see cartoon in Fig.
5A). When FLAG-ZIP4-HA was transfected into HEK293
cells, only the �75-kDa ZIP4 full-length peptide was detected
using the anti-HA antibody or the anti-FLAG antibody, re-
gardless of whether the culture medium was zinc deficient or
whether cell density was low or high (Fig. 2 and 3A). In con-
trast, when FLAG-ZIP4-HA was expressed in MDCK cells,
both the �75-kDa and processed ZIP4 peptides were detected
using the anti-HA antibody when zinc was replete, but the
abundance of the processed ZIP4 peptide increased signifi-
cantly when zinc was deficient in the culture medium. Simi-
larly, when FLAG-ZIP4-HA was expressed in CaCo2 cells,
both the �75-kDa and processed ZIP4 peptides were detected
using the anti-HA antibody when zinc was deficient in the
culture medium, and the abundance of the processed ZIP4
peptide relative to the full-length ZIP4 peptide increased sig-
nificantly when the cells became zinc deficient. These results
demonstrate that ZIP4 processing is induced by zinc defi-
ciency. It occurs in vivo in the VYS cells and in transfected
MDCK and CaCo2 cells.

The FLAG tag on the amino terminus of FLAG-ZIP4-HA
allowed us to follow the fate of the ectodomain of ZIP4 in
these cells. A �35-kDa ZIP4 peptide was detected using the
anti-FLAG antibody in transfected MDCK and CaCo2 cells
cultured in zinc-deficient medium (Fig. 2, middle panels, and
3A and B). The approximate size of this peptide suggests that
the amino-terminal domain of ZIP4 is cleaved specifically and

FIG. 1. ZIP4 is processed in the VYS and in transfected CaCo2 cells but not in transfected HEK293 cells during zinc deficiency. (A) Immu-
nofluorescence localization of endogenous ZIP4 in the embryonic mouse VYS and in transfected HEK293 cells. Pregnant mice were fed a
zinc-adequate diet (ZnA) or a zinc-deficient diet (ZnD) beginning on day 8 of pregnancy, and the VYS was recovered on day 14 and processed
for detection of ZIP4 using an anti-peptide antibody directed against the large intracellular loop of ZIP4 (Fig. 5A). The methods employed and
these results have been described in detail previously (2, 33). Red fluorescence indicates the localization of ZIP4, whereas nuclei are stained with
DAPI (4�,6�-diamidino-2-phenylindole; blue). HEK293 cells were transfected with a mouse ZIP4-HA expression vector and cultured in medium
containing either 10% normal FBS (N) or 10% Chelex-treated FBS (CX) for 48 h. Cells were processed for detection of ZIP4-HA without
permeabilization using an anti-HA antibody. Green fluorescence indicates the localization of ZIP4-HA. (B) Western blot detection of ZIP4 in the
ZnA and ZnD VYS and in transfected HEK293 and CaCo2 cells incubated in medium containing normal 10% FBS or Chelex-treated FBS.
Membrane proteins were isolated and analyzed by Western blotting using an anti-peptide antibody against ZIP4 (VYS) or an anti-HA antibody
(HEK293 and CaCo2). ZIP1 and ZnT5 are shown as loading controls.

FIG. 2. ZIP4 processing in transfected MDCK and CaCo2 cells is
enhanced during zinc deficiency, and the ectodomain is specifically
cleaved and internalized. Pools of stably transformed MDCK cells
expressing ZIP4 with a carboxyl-terminal HA tag (ZIP4-HA) or
MDCK, CaCo2, and HEK293 cells expressing ZIP4 with an amino-
terminal FLAG tag and a carboxyl-terminal HA tag (FLAG-ZIP4-
HA) were examined (Fig. 5A). Transfected cells were cultured in
medium containing 10% Chelex-treated FBS (CX) or 10% Chelex-
treated FBS to which 4 �M ZnSO4 was added prior to culture (Zn).
Cells were examined when subconfluent (�) for 24 h in CX medium or
after they formed tight junctions (TJ) when confluent for 4 days.
HEK293 cells were cultured under high- or low-confluence conditions.
ZIP4 was detected by Western blot analysis of total cellular proteins
using an anti-HA (�HA) antibody and an anti-FLAG (�FLAG) anti-
body. Total cellular lysate was analyzed for CaCo2 cells (middle panel
at right) using an anti-FLAG antibody which revealed a major �35-
kDa band from the amino-terminal ectodomain. A band of the same
size was detected in MDCK cells after a longer exposure of the mem-
brane. ZnT5 is shown as a loading control (lower panels).
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near the first transmembrane domain. This ectodomain pep-
tide was detected in total cell lysates and showed a parallel
response to the appearance of the processed ZIP4 peptide
detected by the anti-HA antibody (Fig. 2 and 3B). In trans-
fected CaCo2 cells the ectodomain peptide (�35 kDa) was
particularly abundant in zinc-deficient cell lysates (Fig. 2, mid-
dle panels, and 3B). Long-term culture of transfected MDCK
(Fig. 3A) and CaCo2 cells (Fig. 3B) in zinc-deficient medium
led to increased abundance of the processed ZIP4 carboxyl-
terminal peptide. The ectodomain of ZIP4 was found to be
loosely associated with the membrane fraction of transfected
CaCo2 cells, whereas the processed ZIP4 peptide was an inte-
gral membrane protein, as predicted. The ectodomain peptide

was not detected in the cytosolic fraction from the transfected
cells or in the cell culture medium after immunoprecipitation
(Fig. 3C). Taken together, these results demonstrate that under
conditions of zinc deficiency, ZIP4 is processed to yield a �35-
kDa amino-terminal ectodomain peptide that accumulates as a
peripheral membrane protein and a �37-kDa carboxyl-terminal
processed peptide that accumulates as an integral membrane
protein.

Mouse Hepa cells express and regulate the endogenous
Slc39a4 gene (33) and also process ZIP4 during long-term
culture in zinc-deficient medium (Fig. 3D). After 6 days of zinc
deficiency, the processed ZIP4 peptide was as abundant as the
full-length ZIP4 peptide (�75 kDa) in these cells. The inclu-

FIG. 3. ZIP4 processing is induced in zinc-deficient medium in transfected cells and in mouse Hepa cells which express the endogenous Slc39a4
gene, and the ectodomain is loosely associated with cellular membranes. (A) Pools of stably transformed MDCK and HEK293 cells expressing
FLAG-ZIP4-HA were cultured in medium containing either 10% normal FBS (N) for 24 h or 10% Chelex-treated FBS (CX) for the indicated
times (24 to 96 h). MDCK cells were examined after forming tight junctions. Western blot analysis was performed using 20 �g of total cellular
protein and an anti-HA antibody (�HA). ZnT5 is shown as a control. (B) Pools of stably transformed CaCo2 cells expressing FLAG-ZIP4-HA were
cultured in medium containing either 10% normal FBS (N) for 24 h or 10% Chelex-treated FBS (CX) for the indicated times (24 to 96 h). Cells
were examined after forming tight junctions. Western blot analysis was performed using total cellular protein (20 �g) and either an anti-HA
antibody (�HA) or an anti-FLAG antibody (�FLAG). ZnT5 is shown as a control. (C) CaCo2 cells expressing FLAG-ZIP4-HA were cultured for
48 h in medium containing 10% Chelex-treated FBS, and ZIP4 was detected by Western blotting using anti-FLAG antibody (�FLAG) and anti-HA
antibody (�HA). The culture medium (CM) was collected and immunoprecipitated (IP) using the anti-FLAG antibody. Membrane (Mem) and
cytosolic (Cyto) fractions from these cells were prepared and subjected to Western blotting; the membrane fraction was extracted in Na2CO3, and
the pellet and extract were also analyzed. (D) Mouse Hepa cells were cultured in medium containing 10% Chelex-treated FBS (CX) for the
indicated times (24 to 144 h) or cultured for 28 h in 10% Chelex-treated FBS to which 4 �M zinc was added for the last 4 h (CX3Zn). In addition,
lane 1 contains a sample of VYS membrane proteins from zinc-deficient (ZnD) pregnant mice as described in the legend of Fig. 1. Western blots
were performed using membrane protein (20 �g) and an anti-peptide ZIP4 antibody directed against the intracellular loop between transmem-
brane domains III and IV of ZIP4 to detect endogenous ZIP4 peptides (Fig. 5). ZIP1 is shown as a control.
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sion of 4 �M zinc in the Chelex-treated 10% FBS-containing
medium, which restores the normal level of zinc, completely
prevented induction of ZIP4 in Hepa cells (Fig. 3D) and sig-
nificantly diminished the accumulation of processed ZIP4 in
transfected CaCo2 and MDCK cells (Fig. 2). Thus, the regu-
lation of ZIP4 is extremely sensitive to zinc, and levels of zinc
found in normal serum are sufficient to diminish or prevent
ZIP4 accumulation.

The cell surface localization of processed ZIP4 in MDCK
and CaCo2 cells expressing FLAG-ZIP4-HA was further ex-
amined using a surface biotinylation assay (Fig. 4A). Pools of
stably transfected MDCK and CaCo2 cells were grown on
transwell plates until polarized and then cultured for 48 h in
normal or zinc-deficient medium before the addition of bioti-
nylation reagent to the apical or basolateral compartment of
the transwell and capture of the biotinylated proteins using
streptavidin beads. Under these assay conditions, lysine resi-
dues exposed on the extracellular surface of the plasma mem-
brane are biotinylated. This allowed for preferential labeling
and subsequent detection of the plasma membrane-associated
forms of ZIP4. Neither full-length nor processed ZIP4 was
detected among the biotinylated basolateral proteins, whereas
NaK-ATPase �1 subunit, a known basolateral membrane pro-
tein (34), was readily detectable. In contrast, both full-length
and processed ZIP4 were detected among the biotinylated
proteins from the apical membrane, and the relative abun-

dance of the processed ZIP4 peptide in the apical membrane
increased significantly during zinc deficiency (Fig. 4A). Pro-
cessed ZIP4 was preferentially biotinylated in both cell types,
suggesting that it is the most abundant form of ZIP4 that
accumulates in the apical membrane. ZnT5, a Golgi apparatus-
specific zinc transporter, was not biotinylated in these experi-
ments. Taken together, these results reveal that processed
ZIP4 is preferentially localized to the apical surface in polar-
ized cells during zinc deficiency. This finding strengthens the
concept that processed ZIP4 accumulates in the apical mem-
brane following the removal of its ectodomain during zinc
deficiency, and we infer that this process occurs in vivo based
on these studies of transfected cells.

As an approach to examining the functional significance, if
any, of processed ZIP4 in the plasma membrane, its potential
role as a zinc transporter at the apical surface of polarized
MDCK cells was monitored using the rapid induction of Mt1
mRNA as an indirect yet physiologically relevant readout for
increased intracellular zinc (11) (Fig. 4B). Basal and metal-
induced transcription of mouse Mt1 is totally dependent on the
zinc-sensing transcription factor MTF-1 (6). MTF-1 directly
senses increases in intracellular available zinc due to its unique
zinc finger domain (13), leading to a rapid increase in the Mt1
transcription rate. Expression of ZIP4 in transfected cells has
recently been shown to cause hypersensitivity to zinc toxicity
(15). Therefore, we predicted that expression of a functional

FIG. 4. The processed ZIP4 carboxyl-terminal domain preferentially accumulates in the apical membrane in MDCK and CaCo2 cells, and these
cells show a dramatically decreased dose response for zinc induction of Mt1 expression. (A) Pools of stably transfected MDCK and CaCo2 cells
expressing FLAG-ZIP4-HA were grown in transwell plates until polarized and then cultured in medium containing either 10% normal FBS (N) or
10% Chelex-treated FBS (CX) for 48 h before cell surface biotinylation assays were performed. The biotinylation reagent (sulfo-NHS-SS-biotin)
was added to either the apical (Ap) or basolateral (Bl) compartment of the transwell plate, as described in Materials and Methods. Solubilized
proteins were captured using streptavidin beads and analyzed by Western blotting using an anti-HA antibody (�HA). Total lysates refers to aliquots
of the input biotinylated proteins from the apical surface before avidin capture. The processed carboxyl-terminal peptide of ZIP4 was preferentially
biotinylated in the apical membrane. ZnT5 and NaK-ATPase �1 antisera were used as controls for input and for efficiency of basolateral membrane
biotinylation, respectively. (B) Nontransfected control MDCK cells (�) and pools of MDCK cells stably transfected with the FLAG-ZIP4-HA
expression vector were cultured for 48 h in medium containing either 10% normal FBS (N) or 10% Chelex-treated FBS (CX). Cells were then
treated from the apical chamber with the indicated concentrations of ZnSO4 (0 to 20 �M) for 6 h. Total RNA (20 �g) was isolated and fractionated
by formaldehyde-agarose gel electrophoresis, transferred to nylon membranes, and hybridized with mouse Mt1 and Slc39a4 cRNA probes. Hybrids
were detected by autoradiography. Gels were stained with acridine orange as a control for RNA integrity and loading (bottom panel). The relative
abundance of Mt1 mRNA without zinc was defined as 1.0-fold induction, and the change in induction relative to that sample is shown below each
lane (top panel).
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FIG. 5. During zinc deficiency, the ectodomain of ZIP4 is cleaved just before the first transmembrane domain, and cleavage is inhibited by AE
mutations near a predicted metalloproteinase cleavage site motif. (A) A cartoon of the predicted membrane topology of ZIP4 is shown with eight
transmembrane domains, the large extracellular ectodomain, and the large intracellular loop between transmembrane domains III and IV. The
locations of FLAG and HA tags are shown, and the anti-peptide antibody against ZIP4 was raised against a peptide from the large intracellular
loop. The FLAG tag was inserted just upstream of N26 in ZIP4-HA. The positions of AE mutations (10, 12, 17, 20, 32) studied in this work are
indicated, as is the PALV sequence which may represent a metalloproteinase cleavage site. The extracellular localization of the ectodomain was
confirmed herein as shown below in panels C and D. (B) Hepa cells were transfected with expression vectors for wild-type ZIP4-HA or the
indicated ZIP4-HA mutants. The expression vector for FLAG-ZnT5 was cotransfected as a transfection control. After transfection, Hepa cells
were cultured in medium containing 10% normal FBS for 24 h. The overexpression of ZIP4 in these transfection assays led to increased
accumulation of processed wild-type ZIP4 in cells cultured in medium containing normal levels of zinc. Western blotting was performed using total
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ZIP4 peptide would lead to a lower dose-response curve for
zinc induction of Mt1 mRNA. This was found to be the case
(Fig. 4B). Control and transfected MDCK cells were cultured
in medium containing normal 10% FBS or Chelex-treated 10%
FBS. As shown in Fig. 4A, under these conditions processed
ZIP4 was the major ZIP4 peptide biotinylated on the apical
surface of these cells, and its abundance increased during zinc
deficiency. The induction of Mt1 mRNA was monitored by
Northern blot hybridization 6 h after the addition of various
concentrations of zinc to the culture medium from the apical
side (Fig. 4B). Mt1 mRNA induction was dramatically more
sensitive to zinc in ZIP4-expressing cells than in control cells.
As little as 4 �M zinc was effective at inducing this mRNA in
the transfected MDCK cells cultured in normal or zinc-defi-
cient medium, whereas 20 �M zinc was ineffective in control
cells. In control cells, we noted that 100 �M zinc gave an
equivalent level of induction (data not shown). This increased
sensitivity to zinc was conferred due to the apical expression of
ZIP4, and addition of zinc (20 �M) from the basolateral side
was ineffective (data not shown). Taken together, the above
results suggest that processed ZIP4 may function as a physio-
logically relevant zinc transporter although these results do not
exclude possible contributions of unprocessed ZIP4 to the
apical uptake of zinc in these transfected cells, nor do they
provide information about the relative efficiency of zinc trans-
port by processed versus unprocessed ZIP4.

Multiple mutations have been detected in the ectodomain of
ZIP4 in patients with AE (Fig. 5A), but their effects on ZIP4
function are largely unexplored. Whether these AE mutations
affect the accumulation of processed ZIP4 was examined (Fig.
5B) using Hepa cells transfected with the ZIP4-HA construct
containing ectodomain AE mutations. The appearance of pro-
cessed ZIP4 was monitored by Western blotting (Fig. 5B).
When ZIP4 is overexpressed in transfected Hepa cells, a sig-
nificant portion of the protein is processed and accumulates
when zinc is replete. An estimate of the extent of processing
was obtained by comparing the densities of the processed ver-
sus the unprocessed bands on the blot. It should be noted that
two bands were detected for the full-length ZIP4-HA peptide
expressed in these transfected Hepa cells. Previous studies

have shown that the upper band represents glycosylated ZIP4
in transfected cells (9, 31). About half of the wild-type ZIP4
was processed under these conditions, and this value was set at
100%. As shown in Fig. 5B, among 12 AE mutations examined,
two (C319Y and Q313H) profoundly diminished the accumu-
lation of processed ZIP4, and another (G340D) significantly
diminished processing. Several other mutations modestly di-
minished the extent of processing. The AE mutations at resi-
dues 319 and 340 sometimes lead to the appearance of smaller
ZIP4 peptides from the carboxyl terminus (HA tagged), which
suggests that aberrant processing can occur due to these mu-
tations. The mutations at residues 313, 319, and 340 in ZIP4
did not prevent the accumulation of the unprocessed protein in
the transfected cells, and all three are near the predicted re-
gion of cleavage of the ectodomain.

Although the precise site of ZIP4 processing is unknown,
residues 319 and 313 are in close proximity to a PALV motif
which resembles a metalloproteinase cleavage site (1, 30). It
has been suggested previously, but not yet demonstrated, that
members of the LIV-1 subfamily of ZIP proteins, to which
ZIP4 belongs, have a motif that resembles the zinc-binding
motif of matrix metalloproteinases (HEXPHEXGD) (27, 30).
Mutating the PALV motif in ZIP4 was also found to prevent
processing (Fig. 5B). The mutations at residues 313 and 319
(313 and 319 mutants, respectively) and in the PALV motif did
not prevent these ZIP4 proteins from accumulating on the
plasma membrane (Fig. 5C), as assessed by immunofluores-
cence detection of the FLAG and HA tags in fixed but non-
permeabilized cells. Detection of the FLAG epitope in this
experiment is the first formal indication that the amino termi-
nus of ZIP4 is extracellular, as was predicted. These results
were confirmed by examining the amount of anti-FLAG and
anti-HA antibodies that could bind to fixed and nonpermeabi-
lized Hepa cells transfected with the FLAG-ZIP4-HA vectors
(Fig. 5D). These antibodies showed minimal binding to the
surface of nontransfected cells but significant binding to the
surface of the transfected cells. The total amount of antibody
bound was reduced, although not dramatically, for the 313,
319, and PALV mutant peptides. Although the results show
that the amount of the 319 bound by the HA antibody was

cellular protein (20 �g) and an anti-HA antibody for ZIP4-HA. Most of the ZIP4 mutants used here correspond to those found in human AE
patients. The numbers shown indicate the residue mutated in mouse ZIP4-HA. Mutations introduced in mouse ZIP4 were as follows (corre-
sponding residues in the human sequence are indicated in parentheses): C61R (C62R), P83L (P84L), N105K (N106K), P200L (P200L), Q261W
(R251W), C319Y (C309Y), G340D (G330D), K476A (K463A), G539R (G526R), Q313H (Q303H), L382P (L372P), G384R (G374R), H520A
(H507A), and G643R (G630R). The K476 residue is a putative ubiquitination site which was mutated to alanine in the large intracellular loop.
The PALV oval indicates mutation of the 308PALV311 sequence to 308ESLY311. Amino-terminal deletion mutants (�337 and �287) are
indicated by the terminal amino acid remaining after the deleted portion of ZIP4. The �287 mutant has a deletion of residues 1 to 286, and residue
287 is methionine. The �337 mutant has a deletion of residues 1 to 336 just before the first transmembrane domain, and methionine was added
by fusing the MEVLLGVKIGC leader peptide to the N terminus. The predicted mobility of the �287 mutant of ZIP4 is indicated by an asterisk.
It should be noted that the 319, 313, and PALV mutants showed almost no properly processed ZIP4 peptide although smaller ZIP4 peptides were
detected. An estimation of the relative efficiency of processing in each sample is shown below the top panel. FLAG-ZnT5 is shown as a control
for transfection efficiency. (C) The 313, 319, and PALV mutants of ZIP4 were expressed in Hepa cells, and their localization on the cell surface
was examined by immunofluorescence microscopy of fixed, nonpermeabilized cells using anti-HA (�HA) and anti-FLAG (�FLAG) antibodies. (D)
The extracellular localization of the amino and carboxyl termini of the 313, 319, and PALV mutants of ZIP4 expressed in Hepa cells was examined
by Western blot detection of surface-bound antibodies using a horseradish peroxidase-conjugated anti-immunoglobulin G antibody. Transfected
Hepa cells were fixed and then incubated with anti-HA or anti-FLAG antibodies. After removal of unbound antibodies, the bound antibodies were
solubilized and then detected by Western blotting. Vec, cells transfected with the empty vector. WT, wild type. FLAG-ZnT5 is shown as a control
for transfection efficiency. (E) Hepa cells were not transfected (T.F.�) or transfected with the ZIP4-HA expression vector (ZIP4) or vectors
expressing amino-terminal deletion mutants of ZIP4-HA (�287 and �337). Cells were cultured in medium containing 10% normal FBS for 24 h
and then treated with ZnSO4 (4 �M) for 6 h before Northern blot analysis and quantification of relative levels of Mt1 mRNA.
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slightly reduced in this blot, this was not confirmed using the
FLAG antibody, nor did the results shown in Fig. 5B suggest a
reduction in level of accumulation of the full-length mutant
protein. Therefore, we conclude that these AE mutations pre-
vent the proper processing of ZIP4 but do not significantly
diminish its accumulation at the cell surface in these trans-
fected cells.

It is interesting that a G643R mutation, which occurs in the
middle of predicted transmembrane domain eight, has previ-
ously been shown to be poorly trafficked to the plasma mem-
brane and to accumulate to high levels in the Golgi apparatus
(31). This mutation prevented glycosylation of ZIP4 but did
not block processing (Fig. 5B). The residue 319 and PALV
mutations also apparently blocked glycosylation of ZIP4 and
prevented processing. In contrast, the residue 313 mutation did
not block glycosylation of ZIP4 but completely impaired pro-
cessing. These results suggest that processing of ZIP4 can be
independent of the glycosylation status of the protein. Process-
ing of the G643R mutant suggests that processing can occur
within the vesicular compartment.

Overall, there is relatively poor amino acid sequence con-
servation of the ectodomain of mouse versus human ZIP4,
whereas the transmembrane domain region is well conserved
(4). In the ectodomain, several blocks of amino acids are well
conserved, and those amino acids, which are mutated in AE
patients, are also conserved in this domain. The region around
the PALV sequence, including residues 313 and 319, is highly
conserved between human and mouse ZIP4 (Fig. 6A), which
suggests that it may be functionally important. In addition, the
sequences around similar putative metal-proteinase cleavage
sites are conserved in several other members of the human

LIV-1 subfamily (Fig. 6B), which suggests that processing of
other ZIP proteins in this family may also occur.

To gain more insight into the identity and potential function
of the processed ZIP4 peptide, we expressed ectodomain trun-
cation mutants of ZIP4 in transfected Hepa cells and examined
them by Western blotting (Fig. 5B). Expression of an amino-
terminal truncation mutant of ZIP4 (deleted to residue 287)
yielded a major peptide that migrated close to the apparent
size of processed ZIP4, whereas truncation to residue 337
yielded smaller peptides (Fig. 5B). Transfection of Hepa cells
with the amino-terminal truncation mutants of ZIP4 (deleted
to residue 287 or 337) increased sensitivity to induction of Mt1
expression by physiological concentrations (4 �M) of zinc (Fig.
5E). Taken together, these results are consistent with the con-
cept that the ectodomain of ZIP4 is cleaved near the PALV
motif and that processed ZIP4 may be physiologically impor-
tant for zinc uptake.

The processing of ZIP4 and accumulation of ZIP4 peptides
in the cell are dramatically enhanced by a deficiency of zinc. It
has also been shown that normal or higher levels of extracel-
lular zinc stimulate the rapid endocytosis and degradation of
ZIP4 (9, 31, 33). How the processing pathway and the degra-
dation pathway for this protein interrelate was examined (Fig.
7). Mouse Hepa cells were incubated in zinc-deficient medium
to induce ZIP4 and were then treated with zinc. Restoring the
normal concentration of zinc (4 �M) in the medium caused the
rapid appearance of processed ZIP4 and concomitant loss of
the full-length form (Fig. 7A). The processed form of ZIP4 was
the most abundant form by 2 h after the repletion of zinc.
However, within 6 h ZIP4 was completely degraded. These
findings are consistent with the concept that very low levels of
zinc initiate processing of ZIP4. When zinc concentrations are
low for prolonged periods, ZIP4 processing predominates, and
the processed peptides accumulate. When zinc concentrations
are normal or slightly elevated, ZIP4 processing is dramatically
accelerated, and the degradation pathway predominates. Pre-
vious studies have shown that zinc stimulates the endocytosis
of ZIP4 (9, 15, 33). Therefore, the relationship between the
endocytosis and processing of ZIP4 was examined. Two inhib-
itors of endocytosis (Fig. 7B) blocked the rapid processing of
ZIP4 induced by the repletion of zinc in zinc-deficient Hepa
cells. We also found that the dynamin inhibitors dynasore (14)
and dynamin K44A (24) partially prevented the processing of
ZIP4 in response to zinc repletion (data not shown). Taken
together, these results suggest that ZIP4 processing involves
endocytosis of the protein. Whether cleavage of the ectodo-
main occurs outside or inside the cell remains to be deter-
mined. However, these studies suggest that processed ZIP4
accumulates through recycling back to the plasma membrane.

The degradation of human ZIP4 in response to zinc requires
endocytosis and ubiquitination of the protein, and lysine 463 in
the large intracellular loop (Fig. 5A) was predicted to be the
site of ubiquitination (15). In that regard we noted that muta-
tion of lysine 476 to alanine in the large intracellular loop of
mouse ZIP4 did not prevent processing (Fig. 5B). This finding
suggests that the ubiquitination of ZIP4 may be responsive to
zinc concentrations and may play a role in determining
whether ZIP4 is processed or degraded.

FIG. 6. Conservation of amino acids encompassing the PALV mo-
tif in human and mouse ZIP4 and conservation of this potential met-
alloproteinase cleavage site among several human LIV-1 subfamily
members. (A) Alignment of the amino acid sequences of human and
mouse ZIP4 in the region of the ectodomain near the predicted start
of the first transmembrane domain. Residues we mutated in mouse
ZIP4 are indicated by rectangles over the PALV, Q313, and C319
residues. Conserved amino acids are indicated by an asterisk.
(B) Alignment of the amino acid sequence around a PALL motif in
several human LIV-1 subfamily members. The accession numbers for
the sequences used for the alignment are as follows: NP_570901
for ZIP4, NP_775867 for ZIP5, NP_065075 for ZIP10, NP_071437 for
ZIP8, NP_036451 for ZIP6, NP_001121903 for ZIP14, NP_689938 for
ZIP12, NP_689477 for ZIP13, and NP_008910 for ZIP7. Amino acids
consistent with a putative metalloproteinase cleavage motif are boxed,
and the asterisks above indicate identity or a conservative change in
that amino acid within the motif.
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DISCUSSION

ZIP4 is essential for proper zinc homeostasis. Mutations in
this gene cause the rare human genetic disorder AE, whereas
in mice this gene is essential for survival of the early embryo,
and heterozygosity hypersensitizes mice to the effects of zinc
deficiency (5, 10, 32). Several lines of evidence suggest that
ZIP4 functions during periods of zinc deficiency, under condi-
tions when available zinc concentrations are low. This protein
is not detectable in the intestine or VYS (33) or in membrane
preparations from Hepa cells (shown herein) when zinc con-
centrations in the diet or culture medium are normal, despite
the presence of this mRNA in these cell types (4, 33). How-
ever, when zinc becomes deficient, ZIP4 protein accumulates
on the apical surface of these epithelial cell types and accu-
mulates dramatically in membranes of cultured Hepa cells.
Zinc controls the localization of ZIP4 in vivo and in trans-
fected cells (9, 15, 31). When zinc is low, more ZIP4 is synthe-
sized and becomes localized to the cell surface; but when zinc
levels return to normal, this protein is rapidly internalized and
degraded. Taken together, these studies indicate that ZIP4
must have the capacity to acquire zinc from the environment
very efficiently when zinc levels are very low, but it is not
needed or may even be deleterious when zinc is replete. How
ZIP4 accomplishes this task is unknown. The mechanism by
which ZIP4 functions to facilitate zinc uptake are not well
understood.

During the course of our studies of ZIP4, we found that
during periods of prolonged dietary zinc deficiency a smaller
�37-kDa ZIP4 peptide accumulates to very high levels in the
intestine and VYS, and by far the most prominent immunolo-
calization of ZIP4 is at the apical membrane of these cells (2,
33). The data presented herein establish that this �37-kDa
peptide represents ZIP4 that has undergone proteolytic pro-
cessing resulting in removal of the extracellular amino-termi-
nal ectodomain. The data obtained are consistent with the

concept that ZIP4 processing requires endocytosis, which in
turn suggests that processed ZIP4 is recycled back to the
plasma membrane. However, further studies are required to
validate that model.

It can be argued that the processing of ZIP4 may represent
an intermediate step in the degradation pathway rather than
representing an important part of the mechanism of action of
this critical zinc transporter. A recent study of the copper
transporter CTR1 revealed that the loss or absence of O-linked
glycosylation leads to the proteolytic cleavage of the ectodo-
main and accumulation of a processed and less active trans-
porter at the plasma membrane (16). The findings that zinc can
rapidly initiate ZIP4 processing, that ZIP4 processing predom-
inates during prolonged zinc deficiency, that processing occurs
in vivo in several cell types and in several (but not all) cultured
cell lines, and that it is diminished by disease-causing muta-
tions in the ectodomain suggest that changes in O-linked gly-
cosylation do not regulate proteolytic processing of ZIP4. Fur-
thermore, the processing and degradation pathways for ZIP4
are apparently separable and respond differently to zinc avail-
ability. Based on these results, we infer that the processing of
ZIP4 is biologically important for its function.

The evidence suggests that processed ZIP4 can function to
facilitate zinc uptake when zinc concentrations are at normal
levels in the culture medium. Processed ZIP4 is by far the most
abundant form of the protein on the surface of transfected
MDCK cells during zinc deficiency, and these cells were hy-
persensitive to zinc, as measured by the rapid induction of Mt1
gene expression in response to lower and physiologically rele-
vant concentrations of zinc in the culture medium. Further-
more, preliminary experiments suggest that Hepa cells that
express forms of ZIP4 that are truncated at the amino terminus
to approximate the predicted region of ectodomain cleavage
also have a lower dose-response curve for zinc induction of
gene expression. Although measurements of Mt1 expression

FIG. 7. The processing and degradation of ZIP4 are regulated by zinc and require endocytosis. (A) Hepa cells cultured in medium containing
10% Chelex-treated FBS (CX) for 24 h were treated with the indicated concentrations of ZnSO4 (4, 20, or 100 �M) for the indicated times (0.5
to 6 h). Membrane proteins (20 �g) were analyzed by Western blotting using an anti-peptide ZIP4 antibody (top) or a ZIP1 antibody (bottom).
Lane N, cells cultured in medium containing normal FBS. (B) Hepa cells were cultured in zinc-deficient medium as in panel A, treated with the
indicated inhibitors for 30 min or not treated (�) and then incubated with 4 �M ZnSO4 for 2 h in the presence of inhibitor. Western blotting of
membrane proteins (20 �g) was performed using an anti-peptide ZIP4 antibody (top) or a ZIP1 antibody (bottom). Endocytosis inhibitors used
were as follows: M	, 10 mM methyl-	-cyclodextrin; Suc, 350 mM sucrose.
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indirectly reflect zinc transporter function, they provide a phys-
iologically relevant reflection of rapid changes in intracellular,
available zinc in cells exposed to exogenous zinc. Cells over-
expressing processed ZIP4 had a dramatically lower dose-
response curve for zinc induction of gene expression (Fig. 4B),
and we estimated that these cells were 25-fold more sensitive
to zinc than control cells (4 �M versus 100 �M, respectively)
(data not shown). These experiments do not provide direct
measurements of the zinc transporter activity of the processed
ZIP4 peptide, but they are strongly suggestive that it may have
activity. To pursue this problem in more detail will require
defining the primary structure of processed ZIP4 by identifying
the site(s) of ectodomain cleavage.

The ectodomain of ZIP4 must serve important functions
because a large number of AE mutations are found there in
human ZIP4, and the amino acids in the ectodomain that are
mutated in AE patients are highly conserved between humans
and mice. The identification of two AE mutations herein that
block ectodomain cleavage and others that diminish it suggests
that ectodomain cleavage may be important for the function of
this protein in zinc homeostasis. The ectodomain of ZIP4 is
internalized and can accumulate inside transfected cells, and
cleavage of the ectodomain seems to be initiated by very low
concentrations of zinc. These findings are intriguing and sug-
gest the possibility that the ectodomain of ZIP4 may serve as a
zinc sensor. A mutation in a conserved histidine residue in
transmembrane domain IV (H520) of ZIP4 that is essential for
the metal transport activities of other ZIPs (19, 23) did not
block the processing of ZIP4. This finding suggests that extra-
cellular zinc triggers processing. Although the primary se-
quence of the ectodomain of ZIP4 is not well conserved be-
tween humans and mice (4), in both species this domain is
histidine rich (15 residues) and has several cysteine residues (6
residues). The primary sequence of the ectodomain peptide is
indicative of a zinc-binding module although this has not been
demonstrated. It is tempting to speculate that the ectodomain
of ZIP4 functions as a high-affinity, zinc binding site that allows
the chelation of zinc atoms from the environment when zinc is
in very low abundance.

Ectodomain cleavage of ZIP4 is cell type specific; thus, it is
not likely to be an autocatalytic process. This possibility was
raised by the observation that the LIV-1 subfamily is demar-
cated by a highly conserved motif (HEXPHEXGD) in trans-
membrane domain V, which is reminiscent of a potential met-
alloprotease zinc-binding site (28). Members of the LIV-1
subfamily, except for ZIP7 and ZIP13, also possess a potential
matrix-metalloproteinase cleavage site (in mouse ZIP4, PAL
VXQXXXXXC, where X is any amino acid) near the begin-
ning of transmembrane domain I (27, 29, 30). This sequence
and these amino acids are important for the processing of
ZIP4. Perhaps other LIV-1 members also undergo ectodomain
cleavage and processing. It is interesting that the matrix-met-
alloproteinases are zinc-dependent enzymes, but our initial
attempts to block matrix-metalloproteinase activity in culture
did not stop ectodomain cleavage of ZIP4 during zinc defi-
ciency (T. Kambe and G. K. Andrews, unpublished data).
Whether the activity of these enzymes can be regulated by
dietary zinc is unknown, as is their potential involvement, if
any, in ZIP4 processing.

The concentration of zinc apparently controls a switch be-

tween the processing and accumulation versus the endocytosis
and degradation of ZIP4. When zinc concentrations are low,
ZIP4 undergoes ectodomain cleavage, which appears to in-
volve endocytosis, suggesting that processed ZIP4 is recycled
back to the plasma membrane. When zinc concentrations re-
turn to normal, ZIP4 undergoes rapid endocytosis and can be
completely degraded. The cell can rid itself of this protein
when zinc levels are normal or higher than normal. The deg-
radation pathway in response to very high concentrations of
zinc in HEK293 cells (200 �M) involves a histidine cluster in
the large intracellular loop and the ubiquitination of human
ZIP4, but this histidine cluster is not involved in the endocy-
tosis of ZIP4 (15). This observation is consistent with results
shown herein that these processes can be separated. Further-
more, mutation of a putative site of ubiquitination (K476) (15)
in the large intracellular loop of mouse ZIP4 did not prevent
ectodomain cleavage and ZIP4 processing. Endocytosis can be
regulated by different modifications such as phosphorylation
and sumoylation. Whether posttranslational modifications of
ZIP4 are involved in ectodomain cleavage and the recycling
of processed ZIP4 requires further investigation.

In summary, these studies reveal that the ectodomain of
ZIP4 is cleaved and internalized during periods of zinc defi-
ciency and that the carboxyl-terminal half of this zinc trans-
porter accumulates on the apical surface of polarized epithelial
cells, apparently reflecting recycling to the plasma membrane,
where it has zinc transporter activity. AE mutations near the
predicted cleavage site block ectodomain cleavage, which
strongly suggests that ZIP4 processing is functionally impor-
tant for proper zinc homeostasis.
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