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Zinc is an essential nutrient. Genetic evidence for this nutri-
tional requirement in humans is the zinc deficiency disease,
acrodermatitis enteropathica. This disorder is caused by muta-
tions in hZIP4 (SLC39A4), a zinc importer required for zinc
uptake in enterocytes and other cell types. Studies in mice have
demonstrated that levels of the mZIP4 mRNA are reduced by
elevated dietary zinc, resulting in a decreased abundance of the
ZIP4 protein at the plasma membrane. Moreover, studies in cul-
tured cells have demonstrated that low micromolar concentra-
tions of zinc stimulate the endocytosis of the mZIP4 protein
resulting in a reduction in cellular zinc uptake. In this study, we
demonstrate an additional level of hZIP4 regulation involving
ubiquitination and degradation of this transporter in elevated
zinc concentrations. Mutational analysis identified a cytoplas-
mic histidine-rich domain that was essential for ubiquitin-de-
pendent degradation of ZIP4 and protection against zinc toxic-
ity. However, this motif was dispensable for zinc-induced
endocytosis. These findings indicate that ubiquitin-mediated
degradation of the ZIP4 protein is critical for regulating zinc
homeostasis in response to the upper tier of physiological zinc
concentrations, via a process that is distinct from zinc-stimu-
lated endocytosis.

Zinc is an essential trace element required for many enzymes
as a catalytic cofactor and a critical component of structural
motifs such as zinc fingers. However, zinc is also potentially
toxic when allowed to accumulate beyond cellular needs. Thus,
homeostatic mechanisms have evolved to precisely regulate
intracellular levels of this nutrient. The importance of zinc in
humans is illustrated by the genetic disorder of zinc deficiency
acrodermatitis enteropathica (1-4). This disease is caused by
mutations in ZIP4, a zinc importer required for the absorption
of dietary zinc by enterocytes and in other cell types (2, 5, 6).
Recent studies suggest that ZIP4 is regulated at multiple levels
in response to changes in zinc availability. For example, in mice
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the levels of mZIP4 mRNA are increased in response to zinc
limitation in enterocytes and yolk sac and suppressed upon zinc
repletion (5, 7). Moreover, the abundance of mZIP4 protein at
the plasma membrane of enterocytes is rapidly diminished
when zinc-deficient mice are fed a zinc-replete diet (5), suggest-
ing that the mZIP4 protein may be removed from the plasma
membrane by zinc-stimulated endocytosis. Subsequent in vitro
studies confirmed this in HEK293 cells transfected with recom-
binant mZIP4 protein (8). In these studies, human and murine
Z1P4 was shown to accumulate at the plasma membrane during
zinc deficiency and undergo endocytosis when cells were
exposed to low zinc concentrations (~1 um Zn). This Zn**-
stimulated endocytosis of ZIP4 resulted in a reduction in ZIP4-
dependent zinc uptake suggesting that this process controls the
entry of zinc into cells (8).

In the current study, we demonstrate an additional level of
regulation of ZIP4 involving ubiquitin-mediated degradation of
the protein. ZIP4 protein was found to degrade at higher levels
of zinc concentrations (10 -20 uM) than those required to pro-
mote its endocytosis (~1 um). Further analysis demonstrated
that ZIP4 endocytosis was a prerequisite for ZIP4 degradation
via a process that required both the proteasomal and lysosomal
compartments. Overexpression of a dominant-negative ubiq-
uitin mutant resulted in the suppression of Zn>"-responsive
ZIP4 degradation and co-immunoprecipitation experiments
confirmed zinc-dependent ubiquitination of ZIP4. A histidine-
rich putative zinc binding domain was required for zinc-in-
duced degradation and ubiquitination. These findings identify
Zn*>"-dependent ubiquitination and degradation of ZIP4 as an
additional regulatory mechanism controlling zinc homeostasis.

EXPERIMENTAL PROCEDURES

Plasmids—The hZIP4 cDNA was cloned into the expression
vector, pcDNA3.1, and the hemagglutinin (HA)® antigen
epitope was added at the C terminus, as described previously
(8). The hZIP4 mutations in this study were generated by PCR
mutagenesis and subcloned into the pcDNAS3.1 vector. N-ter-
minal 3XFLAG-tagged human ubiquitin was kindly provided
by Kazuo Sugamura and Nobuyuki Tanaka (Tohoku Univer-
sity, Japan). N-terminal 3XFLAG-tagged human ubiquitin
K48R was generated using a QuikChange® II XL site-directed

3 The abbreviations used are: HA, hemagglutinin; HEK, human embryonic kid-
ney; PBS, phosphate-buffered saline; TPEN, N,N,N',N’'-tetrakis(2-pyridyl-
methyl)ethylenediamine; GFP, green fluorescent protein.
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mutagenesis kit (Stratagene). The GFP-tagged dynamin
I-K44A mutant construct was kindly provided by Dr. Pietro
DeCamilli (Yale University). The cytoplasmic loop (Leu®** to
Met*®) containing the histidine-rich motif of wild-type hZIP4
or the 5H-5A mutant was subcloned into the pEGFP-N1 plas-
mid to assess sufficiency of this region for zinc-induced
degradation.

Reagents, Cell Lines, and Antibodies—All chemicals, unless
stated otherwise, were purchased from Sigma. The human
embryonic kidney HEK293 cell line was maintained in Dulbec-
co’s modified Eagle’s medium containing 10% fetal bovine
serum and 100 units/ml penicillin and streptomycin in a 5%
CO.,, 37 °C incubator. HEK293 cells were transfected with the
pcDNA3.1 empty vector or the same vector harboring the wild-
type or mutant alleles of hZIP4 using the Lipofectamine 2000
reagent (Invitrogen) according to the manufacturer’s instruc-
tions. Stably transfected cells were established by the selection
with 500 pg/ml G418 in the growth medium (Amersham Bio-
sciences). Transient transfections of plasmids expressing
FLAG-tagged wild-type ubiquitin or ubiquitin-K48R, or GFP-
tagged wild-type dynamin I or dynamin [-K44A were per-
formed using the Lipofectamine 2000 reagent (Invitrogen). Cell
viability assays were carried out using the Cell Proliferation Kit
I (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide, Roche Applied Science). All horseradish peroxidase-con-
jugated antibodies were from Roche Applied Science, and
Alexa-488 and -588 conjugated antibodies were purchased
from Invitrogen. All other antibodies were from Sigma. Zinc
depletion of 10% fetal bovine serum-Dulbecco’s modified
Eagle’s medium was performed using Chelex 100 as described
previously (8).

Immunoblot Analysis—Cells cultured in 6-well trays were
scraped into ice-cold phosphate-buffered saline (PBS) and pel-
leted by centrifugation. After several washes in ice-cold PBS,
the cells were lysed by sonication in lysis buffer containing 62
mM Tris-Cl, pH 6.8, 2% SDS, 100 mm dithiothreitol, and prote-
ase inhibitor mix (Roche Applied Science). Samples were cen-
trifuged for 10 min at 16,000 X g, and the protein concentration
of the lysates was determined using a DC protein assay kit (Bio-
Rad). 20 ug of protein lysates was separated using SDS-PAGE,
transferred to nitrocellulose membranes, and detected by
chemiluminescence (Pierce). As a loading control, the same
membranes were stripped and re-probed with anti-tubulin
antibody. In some experiments, cells were pretreated with 100
pg/ml cycloheximide added to the medium to inhibit protein
synthesis prior to treatment with zinc or other metals. In other
experiments, endocytosis inhibitors (sucrose or methyl-B-cy-
clodextrin) or proteasome inhibitors (MG132 or lactacystin)
were added to culture medium as described in the text. Inhibi-
tion of glycosylation was performed using 1 pg/ml tunicamycin
added to the medium for 24 h. Enzymatic removal of glycosyl
groups was performed by addition of 2500 units of peptide
N-glycosidase F (New England Biolabs) to cell lysates at 37 °C
for 1 h.

Plasma Membrane Localization and Endocytosis Assays of
hZIP4 Protein—The pool of hZIP4-HA at the plasma mem-
brane was assessed by measuring the levels of anti-HA antibod-
ies bound to the surface of HEK/hZIP4-HA cells as we have
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previously described for the murine ZIP4 protein (8). Briefly,
HEK/hZIP4-HA cells in 6-well trays were washed twice with
PBS on ice, blocked with ice cold 3% skim milk in PBS for 20
min, then incubated with 5 ug/ml anti-HA antibody for 1 h on
ice. After extensive washing to remove unbound antibodies,
cells were sonicated in SDS lysis buffer and lysates containing
solubilized anti-HA antibodies were separated using SDS-
PAGE and transferred to nitrocellulose membranes. Anti-HA
antibodies were detected using horseradish peroxidase-conju-
gated antibodies (1:500) by chemiluminescence. The protein
detected in the hZIP4-HA lane co-migrated with purified
anti-HA antibody (data not shown).

Endocytosis of hZIP4-HA protein was indirectly determined
by assaying the uptake of anti-HA antibodies added to the cul-
ture media of living cells as described previously (8). Cells were
incubated at 37 °C in the indicated medium supplemented with
5 wg/mlanti-HA antibodies for 5 min to allow internalization of
antibody/hZIP4-HA complexes by endocytosis. Cells were then
transferred to ice to prevent further endocytosis then washed
three times with ice-cold PBS, and surface-bound antibodies
were removed by five washes with ice-cold acidic buffer (100
mM glycine, 20 mM magnesium acetate, 50 mm potassium chlo-
ride, pH 2.2). After two additional washes with ice-cold PBS, the
cells were collected, lysed, and analyzed for anti-HA antibodies
by immunoblotting as described above.

Immunofluorescence Microscopy—Cells were grown in
24-well trays for 24 h on sterile glass coverslips, washed twice
with 1 ml of ice-cold PBS, and then fixed for 10 min at 25 °C
using 4% paraformaldehyde. The cells were then permeabilized
with 0.1% Triton X-100 in PBS for 5 min, blocked for 1 h with
1% bovine serum albumin and 3% skim milk in PBS, and then
probed with the anti-HA antibodies (1:1000) followed by Alexa-
488 anti-rabbit antibodies (1:1000).

%Zn Uptake Assays—HEK293 cells transiently transfected
with wild-type hZIP4-HA or the 5H-5A mutant were used for
®°Zn uptake assays as described previously (9). In brief, 48 h
after transfection the cells were washed once in uptake buffer
(15 mm HEPES, 100 mm glucose, and 150 mm KCl, pH 7.0) and
then incubated with uptake buffer containing the indicated
concentrations of ®®ZnCl, (PerkinElmer Life Sciences) at 37 °C
for 10 min. Assays were stopped by adding an equal volume of
ice-cold uptake buffer supplemented with 1 mm EDTA (stop
buffer). Cells were then collected on nitrocellulose filters (Mil-
lipore, 0.45-um pore size) and washed three times in stop
buffer. Cell-associated radioactivity was measured with a Pack-
ard Auto-Gamma 5650 gamma counter. Duplicate samples
were assayed for protein determination using the Bio-Rad DC
protein assay and used to calculate zinc uptake rate.

Immunoprecipitation Experiments—hZIP4-HA-expressing
HEK293 cells or vector controls were transiently transfected
with 10 ug of the 3XFLAG-Ubiquitin construct and then incu-
bated for the indicated times in zinc-depleted or zinc-supple-
mented medium. Cells were scraped into ice-cold PBS and pel-
leted by centrifugation and then lysed in radioimmune
precipitation assay buffer (150 mm NaCl, 1% Nonidet P-40,
0.5% sodium deoxycholate, 0.1% SDS, 50 mm Tris-HCI, pH 8.0,
and protease inhibitor mix (Roche Applied Science)) for 30 min
at 4 °C with rotation. Samples were centrifuged for 10 min at
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FIGURE 1. Characterization of the hZIP4-HA protein in HEK293 cells.
A, immunoblot detection of the hZIP4-HA protein in HEK/hZIP4-HA cells
using anti-HA antibodies revealed a specific doublet band of 80 kDa and 85
kDa that was not observed in vector-transfected control cells. Removal of
glycosylation moieties by treatment of cell lysates with peptide N-glycosi-
dase F shifted the hZIP4-HA doublet to a single band (lane 3). Exposure of
HEK/hZIP4-HA cells to tunicamycin for 14 h to prevent glycosylation also
enriched the abundance of this smaller hZIP4-HA protein (lane 4), suggesting
that both hZIP4-HA bands are likely different glycosylated species.
B, hZIP4-HA is a functional zinc transporter. ®Zn accumulation by HEK/
hZIP4-HA and HEK/vector cells was assayed in buffer containing indicated
concentrations of zinc. Zinc uptake rate was normalized to protein con-
centration. Each point represents the mean of three representative exper-
iments, and the error bars indicate = 1 S.D.

16,000 X g, and the protein concentration of the lysates was
determined using the DC protein assay kit (Bio-Rad). The cell
lysates were pre-cleared with Protein-G-agarose (Roche
Applied Science) overnight at 4 °C with rotation, followed by
incubation with anti-HA affinity matrix (Roche Applied Sci-
ence) for 4 h at 4 °C with rotation. The anti-HA affinity matrix
was washed three times with radioimmune precipitation assay
lysis buffer before the proteins were eluted by boiling at 95 °C
for 5 min in elution buffer. The eluates were run on 4-20%
SDS-PAGE gradient gels, transferred to nitrocellulose mem-
branes, and the extent of hZIP4-HA ubiquitination was
assessed by probing with anti-FLAG M2 monoclonal antibody-
horseradish peroxidase conjugate (1:1,000) by chemilumines-
cence (Pierce). Duplicate samples were probed by anti-HA anti-
body (1:2,000) followed by horseradish peroxidase-conjugated
secondary antibodies (1:5,000). Meanwhile, total cell lysates
were run on SDS-PAGE gel and probed by either anti-HA anti-
body (1:2,000) or by anti-tubulin antibody (1:10,000) followed
by horseradish peroxidase-conjugated secondary antibodies.
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FIGURE 2. The plasma membrane abundance and endocytosis of the
hZIP4-HA protein is regulated by zinc availability. A,immunofluorescence
microscopy detection of hZIP4-HA in HEK/hZIP4-HA cells exposed for 1 h to
basal medium, basal medium plus 10 um TPEN, or basal medium plus 10 um
TPEN and 10 um Zn?™. B, zinc availability alters plasma membrane levels of
hZIP4-HA in HEK/hZIP4-HA cells. Cells were cultured for 1 h in basal medium,
Chelex-treated medium, Chelex-treated medium plus 10 um Zn?*, basal
medium plus 10 um TPEN, or basal medium plus 10 um TPEN and 10 pm
Zn?". Cells were then fixed, and the surface pool of hZIP4-HA protein was
probed with anti-HA antibody. Antibodies retained by cells were detected
by immunoblot using horseradish peroxidase-conjugated secondary anti-
bodies. C, zinc stimulates the endocytosis of hZIP4-HA protein. HEK/
hZIP4-HA cells were preincubated with Chelex-treated medium for 1 h to
maximize surface levels of hZIP4-HA, before supplemented with the indi-
cated zinc concentrations and anti-HA antibodies were added to these media
before allowing endocytosis to proceed for 5 min. Surface-bound antibodies
were removed from cells by acidic buffer washes and internalized anti-HA
antibodies were detected by immunoblotting.

RESULTS

hZIP4-HA Is a Glycosylated Protein and Functional Zinc
Transporter That Undergoes Zinc-responsive Endocytosis—Re-
cent studies have demonstrated that the murine ZIP4 protein is
a high affinity zinc importer and undergoes zinc-stimulated
endocytosis in response to low micromolar zinc concentrations
(5, 8—11). We began this study by determining if the human
ZIP4 protein also exhibits these properties in transfected
HEK293 cells. An HA antigen tag was fused to the extracellular
C terminus of hZIP4, and stably transfected HEK293 cells
expressing the hZIP4-HA protein were isolated (HEK/
hZIP4-HA cells). Western blot analysis using anti-HA antibod-
ies indicated that the hZIP4-HA protein was resolved at an
apparent molecular mass of ~85 kDa, as well as a faster migrat-
ing protein of 80 kDa (Fig. 14). Both bands were absent in
HEK293 cells transfected with vector alone indicating they
were specific for the hZIP4-HA protein. The presence of two
hZIP4-HA bands was likely due to variation in glycosylation,
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FIGURE 3. Elevated zinc concentrations reduce levels of hZIP4-HA protein. A, immunoblot analysis of total
hZIP4-HA protein in HEK/hZIP4-HA cells after exposure to elevated zinc concentrations. HEK293 cells stably
expressing the pcDNA3.1 vector or hZIP4-HA were pretreated for 30 min with cycloheximide (100 pg/ml) to
inhibit new protein synthesis followed by a 4-h exposure to the indicated concentrations of zinc. Protein lysates
were separated by SDS-PAGE, and hZIP4-HA protein was detected using anti-HA antibodies. Tubulin was
detected as the loading control. B, dose-dependent degradation of hZIP4-HA by zinc. Immunoblots were used
to detect the abundance of hZIP4-HA protein in HEK/hZIP4-HA cells treated with the indicated concentrations
of zinc for 18 h. C, time-dependent degradation of the hZIP4-HA protein by zinc. HEK/hZIP4-HA cells were
pretreated for 30 min with cycloheximide (100 wg/ml) to inhibit new protein synthesis followed by zinc treat-
ment for indicated times. Immunoblots were used to detect hZIP4-HA protein as described in A above. D, metal
specificity of the hZIP4-HA degradation response. HEK/hZIP4-HA cells were pretreated with cycloheximide
followed by exposure to either basal medium or basal media containing indicated concentrations of trace
metals for 4 h. Total cell lysates were immunoblotted with anti-HA antibodies to detect hZIP4-HA protein.

because removal of carbohydrate moieties using peptide N-gly-
cosidase F, or prevention of glycosylation in vivo using tunica-
mycin, resulted in a predominant band of 70 kDa, which is the
expected molecular mass of hZIP4-HA (Fig. 1A4). Kinetic stud-
ies using ®*Zn demonstrated that the hZIP4-HA protein was
a functional zinc transporter, as evident from the 2-fold
increase in total zinc accumulation in HEK/hZIP4-HA cells
compared with HEK/vector cells over a range of zinc con-
centrations (Fig. 1B). The apparent K,, for hZIP4-HA-
dependent zinc uptake was 2.5 um, which was similar to the
reported value for murine ZIP4 and other mammalian ZIP fam-
ily members (5, 9, 10, 12, 13).

Immunofluorescence microscopy revealed that the
hZIP4-HA protein was localized within cytoplasmic vesicles
that were concentrated in the perinuclear region when HEK/
hZIP4-HA cells were cultured in basal media (Fig. 2A4). How-
ever, depletion of zinc in the medium using the zinc chelator
TPEN resulted in the dispersal of hZIP4-HA to the cell periph-
ery, consistent with an increased abundance at the plasma
membrane. The extracellular orientation of the HA-epitope tag
fused to the C terminus of hZIP4 allowed levels of hZIP4-HA to
be determined at the plasma membrane of intact cells by immu-
noblot analysis of anti-HA antibodies recovered from HEK/
hZIP4-HA cells. Using this approach, we observed an increase
in hZIP4-HA protein levels at the plasma membrane of HEK/
hZIP4-HA cells under zinc limiting conditions relative to basal
medium (Fig. 2B). This increase in hZIP4-HA protein at the
plasma membrane during zinc limitation was likely due to a
decrease in its endocytosis, as we have found previously for the
mZIP4-HA protein (8). Once again the extracellular orientation

MARCH 9, 2007 -« VOLUME 282+NUMBER 10

R e Tubulin

increase in anti-HA antibody uptake
during a 5-min incubation. As
expected the HEK/vector cells, which
lack hZIP4-HA, failed to internalize
anti-HA antibodies. Taken together,
these data suggest that plasma mem-
brane abundance of hZIP4-HA is
dependent on zinc status and that
hZIP4-HA undergoes zinc-induced
endocytosis.

hZIP4-HA Is Degraded by Ele-
vated Zinc—There are many exam-
ples of proteins that are degraded
upon endocytosis from the plasma membrane (14-16). To
explore whether such regulation occurs for hZIP4, we exam-
ined the steady-state levels of this protein in zinc-treated cells.
HEK/hZIP4-HA cells were pre-treated with 100 wg/ml cyclo-
heximide to inhibit new protein synthesis, and then the level of
hZIP4-HA protein was determined after exposing cells to dif-
ferent zinc concentrations for 4 h. Significantly, this zinc treat-
ment resulted in dose-dependent decrease in levels of
hZIP4-HA protein (Fig. 3A), which was most apparent at
between 150 and 200 uM zinc. This zinc treatment had no effect
on the steady-state levels of another membrane transporter,
Na™ /K" ATPase (Fig. 3A4), suggesting that this degradation
response specifically affects hZIP4-HA. Zinc-stimulated degra-
dation of hZIP4-HA occurred as rapidly as 1 h following addi-
tion of 200 uMm zinc (Fig. 3C), and as little as 10-20 uM zinc
could stimulate the degradation of hZIP4-HA with longer
exposures (18 h) (Fig. 3B). The metal specificity of the
hZIP4-HA degradation response was examined by exposing
HEK/hZIP4-HA cells to various metals at 200 um (100 um for
cadmium) for 4 h. Besides zinc, cadmium was the only metal
tested that promoted hZIP4-HA degradation (Fig. 3D).

To further characterize the zinc-stimulated degradation of
hZIP4-HA, we determined whether this process required endo-
cytosis. Endocytosis was blocked using the dominant-negative
dynamin mutant (Dynl-K44A), which is required for the
pinching of endocytic vesicles at the plasma membrane (17). In
HEK/hZIP4-HA cells transiently transfected with a GFP-
tagged Dyn1-K44A construct, the hZIP4-HA protein accumu-
lated at the plasma membrane, as shown by immunofluores-
cence microscopy (Fig. 44) and cell surface labeling of cells with
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mutant or control vector. Cells were fixed at 16 h post-transfection and probed with rabbit anti-HA antibody, fol-
lowed by Alexa 488-conjugated secondary antibody. B, immunoblot analysis of plasma membrane levels of
hZIP4-HA in HEK/vector or HEK/hZIP4-HA cells transiently transfected with the dynamin-K44A mutant or control
vector. Surface hZIP4-HA protein levels were determined by immunoblot analysis of the anti-HA antibodies bound
to surface of non-permeabilized cells as described in the Fig. 2 legend. C, effect of dynamin-K44A expression on
zinc-stimulated degradation of hZIP4-HA. HEK/hZIP4-HA cells were transiently transfected with either empty vector
or the dynamin-K44A expression plasmid. Cells were then pretreated for 30 min with cycloheximide to inhibit
protein synthesis followed by a 4-h exposure to either basal medium or basal medium containing 200 um Zn.
hZIP4-HA protein was then detected in total lysates by immunoblotting. D, other endocytosis inhibitors block
zinc-stimulated degradation of hZIP4-HA. HEK/hZIP4-HA cells were pretreated with cycloheximide and the endo-
cytosis inhibitors sucrose or methyl-B-cyclodextrin. Cells were then exposed for 4 h in basal medium or basal
medium containing 200 uMm zinc. Total protein extracts were separated by SDS-PAGE and transferred to nitrocellu-
lose membranes, and hZIP4-HA proteins were detected using immunoblotting.
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To further characterize the
mechanism underlying the zinc-
stimulated degradation of hZIP4,
we examined the effects of lysosome
and proteasome inhibitors on this
process. The lysosome inhibitors,
ammonium chloride and bafilomy-
cin, and the proteasome inhibitors,
MG132 and lactacystin, blocked the
zinc-stimulated  degradation of
hZIP4-HA (Fig. 5, A and B). Control
experiments indicated that none of
these inhibitors blocked endocyto-
sis of the hZIP4-HA protein (data
not shown). These findings suggest
that the degradation of hZIP4-HA
requires both lysosomal and protea-
somal pathways.

Polyubiquitin-mediated hZIP4-HA
Degradation—Because proteasome
degradation is usually preceded by
polyubiquitination of the target
protein, we investigated whether
hZIP4-HA was ubiquitinated by
zinc treatment. Protein degradation
via proteasome degradation path-
ways usually involves polyubiquiti-
nation of lysine 48 of the ubiquitin
molecule (18, 19). Therefore, we
made a dominant-negative ubig-
uitin mutant in which lysine 48 was

mutated to arginine (ubiquitin-K48R). As shown in Fig. 6 (A
and B), HEK/hZIP4-HA cells transiently transfected with ubiq-
uitin-K48R impaired the degradation of the hZIP4-HA protein
in zinc-treated cells in contrast to mock transfected cells. These
findings suggest that polyubiquitination is involved in zinc-reg-
ulated hZIP4 degradation.

To further verify the role of ubiquitin in zinc-stimulated deg-
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FIGURE 5. hZIP4-HA degradation requires both proteasomal and lysoso-
mal degradation pathways. Proteasome and lysosome inhibitors block zinc-
dependent degradation of hZIP4-HA. HEK/hZIP4-HA cells were pretreated for
30 min with cycloheximide and the lysosome inhibitors NH,Cl or bafilomycin
(A) or the proteasome inhibitors, MG132 or lactacystin (B). Cells were then
exposed for an additional 4 h in basal medium or basal medium containing
200 uMm zinc in the continued presence of the above inhibitors. Total protein
lysates from cells were separated by SDS-PAGE, and hZIP4-HA protein abun-
dance was determined by immunoblotting with the anti-HA antibody.

anti-HA antibodies (Fig. 4B). We then examined the effect of
Dyn1 K44A-mediated inhibition of endocytosis on zinc-stimu-
lated degradation of hZIP4-HA. As shown in Fig. 4C, the Dyn1-
K44A mutant suppressed the degradation of hZIP4-HA in
response to elevated zinc concentrations. Moreover, pharma-
cological inhibition of endocytosis using methyl-B-cyclodex-
trin or sucrose also impaired the degradation of hZIP4-HA in
zinc-treated HEK/hZIP4-HA cells (Fig. 4D). These findings
suggested that the degradation of hZIP4-HA in response to
elevated zinc concentrations requires endocytosis of the
protein.
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radation of hZIP4, we tested whether ubiquitin could be co-
precipitated with hZIP4 in zinc-treated cells. HEK/hZIP4-HA
cells were transiently transfected with a FLAG-ubiquitin con-
struct and incubated overnight in basal medium followed by a
4-h incubation in medium made zinc-deficient by Chelex treat-
ment or basal medium supplemented with 200 uMm zinc in the
presence of MG132 to block hZIP4-HA degradation. Anti-HA
antibodies were used to immunoprecipitate hZIP4-HA from
cell lysates, which were then immunoblotted for ubiquitin
using anti-FLAG antibodies. In precipitates from zinc-treated
HEK/hZIP4-HA cells, anti-FLAG antibodies against ubiq-
uitin detected an intense band at 100 kDa as well as a series of
larger bands consistent with polyubiquitinated hZIP4 spe-
cies (Fig. 6C). These ubiquitinated forms of hZIP4-HA were
markedly reduced in HEK/hZIP4-HA grown under zinc-de-
ficient conditions and absent in vector-transfected control
cells. Taken together with earlier data, these findings suggest
that zinc-stimulated degradation of the hZIP4 protein
involves polyubiquitination.

VOLUME 282+NUMBER 10+MARCH 9, 2007
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FIGURE 6. Zinc-stimulated degradation of hZIP4-HA involves polyubig-
uitination. A, immunoblot detection of hZIP4-HA protein in mock trans-
fected or ubiquitin-K48R-transfected HEK293/hZIP4-HA cells exposed to
basal or elevated zinc concentrations. At 24 h post-transfection, cells were
pretreated with cycloheximide to inhibit protein synthesis prior to a 4-h expo-
sure to basal medium or basal medium supplemented with 200 um zinc. Total
protein extracts were separated by SDS-PAGE and transferred to nitrocellu-
lose membranes, and hZIP4-HA protein was detected using anti-HA antibod-
ies. Ubiquitin-K48R was detected using anti-FLAG antibodies. B, relative sig-
nal intensity of hZIP4-HA normalized to tubulin is shown from immunoblot in
A. C, HEK/hZIP4-HA cells or HEK293 cells transfected with pcDNA3.1 vector
were transiently transfected with the FLAG-ubiquitin plasmid. Following a
24-h recovery, cells were pretreated for 30 min with cycloheximide to inhibit
protein synthesis, and MG132 to inhibit proteasomal degradation, while
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A Conserved Histidine-rich Motif Is Required for Zinc-stimu-
lated hZIP4-HA Degradation—A characteristic feature of sev-
eral ZIP family members is a cluster of histidine residues in a
cytoplasmic loop connecting transmembrane domains 3 and 4
(20-25). This sequence is highly reminiscent of several zinc
binding centers, particularly hydrolases, which possess a con-
served sequence HEXXHXXGXXH or HX,H (where n < 5)
(26). The histidine-rich motif in hZIP4 is ***HSSHSHG-
GHSH™?® (Fig. 7A), and this motif may be required for zinc-de-
pendent ubiquitination and degradation of the protein by func-
tioning as a zinc sensor. To test this hypothesis, we investigated
the effect on hZIP4 degradation of a deletion mutant encom-
passing the region Cys**® to His**® (Fig. 7A). Significantly, this
mutation completely abolished zinc-stimulated hZIP4 degra-
dation, suggesting that this histidine-rich cluster was essential
for this process (Fig. 7B). To further characterize this histidine-
rich cluster, we replaced individual histidines with alanine and
tested the effect on zinc-dependent degradation in stably trans-
fected HEK cells (Fig. 7A). None of the individual histidine
mutations abolished zinc-dependent degradation suggesting
that no single histidine residue was solely responsible for this
response (Fig. 7C). Moreover, alanine substitution of the first
two histidines (2H-2A) or the last three histidines (3H-3A)
failed to abolish zinc-stimulated degradation of hZIP4 (Fig.
7D). However, mutation of all five histidine residues to alanine
(5H-5A) within this cluster completely abolished zinc-depend-
ent degradation of hZIP4 (Fig. 7E). These findings suggest that
individual histidines within this cluster are dispensable for
hZIP4 degradation; however, loss of all five histidines abolishes
this response. Cadmium-dependent degradation was also
inhibited by this mutation suggesting that both zinc and cad-
mium degrade hZIP4 via a common mechanism involving this
motif.

Because zinc-dependent degradation of hZIP4 required the
histidine-rich cluster, we hypothesized that this motif may also
be essential for zinc-dependent ubiquitination. This hypothesis
was supported by the finding that zinc failed to stimulate the
ubiquitination of the hZIP4 —5H-5A protein (Fig. 84). Control
immunoblots using anti-HA antibodies indicated that levels of
immunoprecipitated hZIP4 protein were similar for wild-type
and mutant protein (Fig. 84). This impairment of zinc-stimu-
lated degradation of the hZIP4 —5H-5A protein was not due to
a defect in zinc-stimulated endocytosis as shown in Fig. 8B.
Collectively, these findings suggest that the cytoplasmic histi-
dine-rich cluster is essential for zinc-stimulated ubiquitination
and degradation of hZIP4.

We reasoned that, if the degradation of hZIP4 by zinc serves
to protect against zinc toxicity, the failure of this response for
the hZIP4 —5H-5A protein may confer hypersensitivity to zinc.
To test this hypothesis, we assayed the viability of HEK/hZIP4-

exposed to zinc-deficient Chelex-treated medium, or prior to exposure to
basal medium supplemented with 200 um zinc, for 4 h. Cell lysates were
passed over anti-HA affinity matrix (/P:HA), and the retained fraction was run
on 4-20% SDS-PAGE gradient gels and then transferred to nitrocellulose
membranes. Western blotting was used to determine the extent of ubiquiti-
nation (IP:HA and WB:FLAG) in comparison to immunoprecipitated hZIP4-HA
protein (IP:HA and WB:HA). Total cell lysates from the same samples were used
to detect hZIP4-HA protein and tubulin.
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FIGURE 7. Zinc-stimulated hZIP4-HA degradation requires a cytoplasmic histidine-rich sequence. A, sche-
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degradation of hZIP4-HA mutations in the histidine-rich cluster. Stable transfectants of each mutation in A
were exposed to basal or zinc supplemented media for 4 h (or cadmium, E), and the levels of each mutant

protein were determined by anti-HA immunoblot.

HA, HEK/hZIP4-5H-5A, and HEK/vector cells exposed to a
range of zinc concentrations. As shown in Fig. 8C, cells express-
ing the hZIP4-HA wild-type protein were more sensitive to zinc
than those harboring the empty vector. However, cells express-
ing the hZIP4-5H-5A mutant protein were hypersensitive to
zinc compared with cells expressing wild-type hZIP4-HA or
vector-only cells. Zinc uptake studies confirmed that the
5H-5A mutant was a functional transporter, although it exhib-
ited a 2-fold reduction in V,_ relative to wild type, whereas its
K, was unaffected (Fig. 8D). Taken together, these data suggest
that the histidine-rich cluster is essential for zinc-stimulated
ubiquitination and degradation of hZIP4, which is a regulatory
mechanism that protects against zinc overload.

The histidine-rich motif in the cytoplasmic loop between
transmembrane domains 3 and 4 was further characterized by
determining if it is sufficient for zinc-induced degradation
activity. A fusion protein was generated between the cytoplas-
mic loop of hZIP4 and the N terminus of GFP (Wt-loop-GFP)
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— - e = Tubulin

the endocytic arm of this cycling
pathway is stimulated by low micro-
molar concentrations of zinc (Fig.
2C) (8). Each of these homeostatic
processes function to maximize the
ZIP4-dependent zinc uptake at the
plasma membrane during zinc limi-
tation and to down-regulate this
function during zinc repletion. In
this study we identify an additional level of regulation at the
upper tier of physiological zinc concentrations (>20 uM zinc)
involving degradation of the protein.

The zinc-stimulated degradation of hZIP4 was dependent
on its endocytosis from the plasma membrane, and, consist-
ent with this observation, the degradation was blocked by
inhibitors of lysosomal acidification. Interestingly, hZIP4
degradation was also impaired by inhibitors of the 26 S pro-
teasome, as well as by a dominant-negative ubiquitin mutant
that inhibits polyubiquitination. These findings suggest that
the degradation of hZIP4 requires both the ubiquitin-26 S
proteasome pathway as well as the lysosomal pathway. How-
ever, we recognize that the role of the proteasome is not
definitive, because inhibition of proteasome function may
indirectly prevent hZIP4 degradation by depleting recycled
ubiquitin substrate for mono-ubiquitination of the protein.
Nevertheless, our findings are reminiscent of several other
proteins whose proteolysis requires both the proteasome
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over anti-HA affinity matrix (/P:HA), and the retained fraction was run on 4-20% SDS-PAGE gradient gels.
Western blotting was used to determine the extent of ubiquitination (/P:HA and WB:FLAG) in comparison
to immunoprecipitated hZIP4-HA protein (IP:HA and WB:HA). Total cell lysates from the same samples
were used to detect total abundance of hZIP4-HA protein and tubulin. B, zinc-stimulated hZIP4-5H-5A
endocytosis. HEK/hZIP4-HA wild-type or HEK/hZIP4-5H-5A cells were preincubated in Chelex-treated
medium for 1 h to maximize surface levels of hZIP4-HA. Endocytosis of anti-HA antibodies was then exam-
ined in basal medium, Chelex-treated medium, or Chelex-treated medium plus 10 umzinc. Internalized anti-HA
antibodies were detected by immunoblotting. C, HEK/vector, HEK/hZIP4-HA wild-type, or HEK/hZIP4-5H-5A
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were then assayed for viability by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. Each
value represents the mean of a representative experiment (n = 3) * S.D. D, analysis of zinc uptake by the
hZIP4-HA-5H-5A protein. ®°Zn accumulation by HEK/vector, HEK/hZIP4-HA wild-type, or HEK/hZIP4-5H-5A
cells in buffer containing indicated concentrations of zinc are shown. The zinc uptake rate was normalized to
protein concentration. Error bars indicate =1 S.D.

and lysosome (27-30). The proc-
ess by which the proteasome and
lysosome are involved in protein
degradation is not fully under-
stood. However, recent studies
have shown that the proteasome is
involved in the targeting of some
membrane proteins from late
endosomes to lysosomes (27, 29,
30). Whether such a role exists for
hZIP4 is yet to be determined.
Our studies have identified the his-
tidine-rich cluster in the cytoplasmic
domain of hZIP4 as a critical determi-
nant of zinc-stimulated ubiquitina-
tion and degradation. Although the
role of this sequence as a zinc ligand
has not been confirmed, the demon-
stration of a zinc-dependent function
for this sequence is consistent with a
role in zinc binding. This histidine-
rich cluster may function as a sensor
of cytoplasmic zinc concentration
that promotes hZIP4 ubiquitination
when zinc reaches a critical threshold,
possibly via a conformational change
that exposes a lysine residue in the
cytoplasmic portions of the protein.
Lysine 463 is a likely candidate,
because this residue is conserved in
mammalian ZIP4 homologues. These
findings are reminiscent of the yeast
Saccharomyces cerevisiae high affinity
zinc transporter ZRT1, which under-
goes ubiquitin-dependent degrada-
tion in the vacuole (31, 32). Our stud-
ies demonstrated that mutation of all
five histidines of the histidine cluster
was required to abolish zinc-stimu-
lated degradation of hZIP4, suggest-
ing that there may be redundancy in
their zinc binding function. More-
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FIGURE 9. Analysis of zinc-stimulated degradation of a chimeric fusion
between the hZIP4 histidine-rich cytoplasmic loop (Leu®?* to Met*°°)
and GFP. Western blot analysis of Wt-loop-GFP and 5H-5A-loop-GFP pro-
tein levels under varying zinc concentrations. Cells were cultured for4 h in
basal medium, basal medium plus 10 um TPEN, or basal medium plus 200
uM zinc. Anti-GFP antibodies were used to detect levels of chimeric fusion
proteins.
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over, the cytoplasmic loop containing this histidine-rich sequence
probably functions as a degradation motif only in the context of
the complete hZIP4 protein, because fusion of this region to an
unrelated protein, GFP, failed to confer zinc-dependent regulation
of the chimeric protein.

Another notable finding was that the 5H-5A mutation did
not affect zinc-stimulated endocytosis of hZIP4, suggesting
that degradation and endocytosis are regulated by different
zinc-sensing mechanisms. Consistent with this postulate was
the finding that hZIP4 endocytosis was responsive to sub-mi-
cromolar zinc concentrations, whereas the degradation
required zinc concentrations an order of magnitude greater
(>20 um). Interestingly, this is similar to zinc concentrations
required to induce the expression of metallothioneins via the
metal response element-binding transcription factor 1
(MTE-1) (33, 34). Metallothioneins are cysteine-rich cytoplas-
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mic proteins that bind excess zinc and protect against zinc
overload. Our finding that the 5SH-5A mutant protein rendered
cells more sensitive to elevated zinc concentrations relative to
wild-type hZIP4 suggests that the degradation response con-
trolled by this histidine-rich cluster is an additional mechanism
to protect cells against zinc toxicity. Interestingly, cadmium
was also found to induce degradation of hZIP4 via a process
that was dependent on the histidine-rich motif. This property
of cadmium is likely a reflection of its ability to mimic zinc
binding to histidine residues. It will be of interest to test
whether this mechanism is protective against cadmium toxic-
ity, as was the case for zinc.

A key question to be addressed is why multiple levels of ZIP4
regulation exist. Mammalian ZIP4 is expressed at highest levels
in intestinal enterocytes where responses to a wide range of zinc
concentrations from dietary sources are likely to be important
for zinc uptake and prevention of zinc toxicity. The regulation
of ZIP4 mRNA levels by zinc would provide a set point of ZIP4
expression, which responds slowly to changes in dietary zinc
content relative to endocytosis (hours versus minutes). Inter-
estingly, this regulation of intestinal mZIP4 mRNA also
responds to body zinc status, because intestinal mZIP4 mRNA
levels are regulated by systemic zinc concentrations (5, 6, 33).
Thus, regulation of mZIP4 mRNA may provide a set point of
mZIP4 expression, after which the post-translational regula-
tory mechanisms, endocytosis and degradation, further regu-
late zinc accumulation. Our studies demonstrate that zinc-
stimulated endocytosis of ZIP4 protein occurs within minutes
and responds to low micromolar levels of zinc (8, 10, 11). The
rapidity of this response, and its dependence on extracellular
zinc-binding residues,” suggests that endocytosis may be regu-
lated by dietary zinc concentrations rather than systemic or
cytoplasmic zinc content. The down-regulation of ZIP4 protein
levels has been shown to occur in mice exposed to elevated zinc
concentrations (5, 7, 35), and our findings in cultured cells sug-
gest that the proteasomal/lysosomal system may be responsible
for this regulation. It will be of interest to determine whether
the ubiquitin-dependent degradation of ZIP4 in the intestine is
responsive to an overload of dietary zinc concentrations or sys-
temic zinc status, and whether this process functions to protect
against zinc toxicity in the enterocyte or at the organismal level.
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