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the fact that hundreds of biomolecules require zinc for proper function and/or sf N o
structure, the mechanism of zinc transport into cells is not well-understood. The ZIP 270 “’S\Q\_:g; '

(Zrt- and Irt-like proteins; SLC39A) family of proteins acts to increase cytosolic . o e
concentrations of zinc. Mutations in one member of the ZIP family of proteins, the .. i i iny a6+ 27570 o aorire
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Xenopus laevis oocytes. The results from our experiments have demonstrated that zinc,

copper(II), and nickel can be transported by hZIP4 when the cation concentration is in the

micromolar range. We have also identified a nanomolar binding affinity where copper(Il) and zinc can be transported. In contrast,
under these conditions, nickel can bind but is not transported by hZIP4. Finally, labeling of hZIP4 with maleimide or diethyl-
pyrocarbonate indicates that extracellularly accessible histidine, but not cysteine, residues are required, either directly or indirectly, for
cation uptake. The results of our experiments identify at least two coordination sites for divalent cations and provide a new framework

for investigating the ZIP family of proteins.

Z inc is the second most abundant transition metal found in
eukaryotic organisms and is an essential trace element for
maintaining cell homeostasis.' > While there is approximately
2 g of zinc in an adult human, only 10% is metabolically active.”
Zinc is important for enzyme catalysis (alcohol dehydrogenase)
and the structural integrity of proteins (zinc fingers); it also
plays a role in cell regulation (transcription factors and cell
signaling).® It is the only metal ion that can interact with all six
classes of enzymes (oxidoreductases, transferases, hydrolases,
lyases, isomerases, and ligases), defining its importance in
various cellular events." Part of the wide versatility of zinc is due
to the fact that zinc can have a wide range of coordination
geometries, is a fast ligand exchanger, and does not have redox
properties under physiological conditions.”®> The lack of redox
properties separates zinc from other transition metals such as iron
and copper, as zinc is less likely to cause oxidative damage in vivo.>

The mechanism of zinc uptake, intracellular transport, and
export is a complex field that is largely unexplored.6 Zinc trans-
port was initially hypothesized to be mediated by cotransport
with either cysteine or histidine, as zinc binds these amino acid
residues with high affinity.” However, this possibility was dis-
credited in 1995, when the first mammalian zinc transporter gene
was identified.>* Subsequent studies have identified two classes of
zinc transporters: those that mediate a net increase (ZIP; Zrt- and
Irt-like proteins; SLC39A) and those that mediate a net decrease
(Znt; solute-linked carrier 30; SLC30A) in cytosolic zinc levels.5®
The mammalian ZnT family is comprised of 10 member proteins,
whereas the mammalian ZIP family has 14 member proteins.’
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Elucidation of the crystal structure of the bacterial efflux zinc
transporter YiiP, with a sequence 25—30% homologous with that
of mammalian ZnT zinc transporters, has provided important
insight into this class of protein.'® An analysis of the YiiP crystal
structure demonstrated that Zn** was coordinated by histidine
residues within the transmembrane domains."

While the tissue distribution of these proteins has been
investigated, the mechanism of many of these proteins is not
well-understood.® The best characterized human ZIP proteins
are hZIP8, hZIP13, and hZIP14.'"'> hZIP8 has been shown to
be a divalent cation/HCO;" transporter that can transport Zn**
and Cd**, while hZIP13 has been shown to transport Zn*" into
the Golgi.">" In contrast, hZIP14 has been shown to transport
Mn?" in addition to Zn** and Cd*"." Finally, the protein ZIPB
from Bordetella bronchiseptica is the first ZIP homologue to be
purified and functionally reconstituted."* An analysis of the
results from these experiments has demonstrated that this protein
can transport Zn>* and Cd*', but not other divalent transition
metals. Combined, these data suggest that each member of the
hZIP family of proteins could have transport capabilities beyond
zinc that may vary for each member of the hZIP family of proteins.

To date, the most studied ZIP4 protein was derived from
mouse (mZIP4). The sequence of hZIP4 is ~70% homologous
with that of mZIP4. The transmembrane domains of hZIP4 and
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Figure 1. Predicted schematic diagram of the human ZIP4 protein. The full-length protein is displayed where histidine residues are shown as orange
circles and cysteine residues as blue circles. The first and last residues of the transmembrane domains, as predicted by hydropathy analysis, are
shown. A comparison of the histidine-rich regions between the mouse and human ZIP4 in the N-terminal domain as well in the loop between

transmembranes 3 and 4 (M3M4) are listed in the table.

mZIP4 are highly conserved."> However, there are some key
differences between these two proteins. First, the N-terminal
domains of mZIP4 and hZIP4 are only 68% identical, and
the histidine-rich, putative extracellular zinc binding domain is
not conserved (Figure 1). Second, the histidine-rich, putative intra-
cellular zinc binding domain is not conserved between mZIP4 and
hZIP4. From a functional standpoint, it has been suggested that
mZIP4 is a zinc-selective transporter, because zinc transport is not
substantially inhibited by the addition of a 50-fold excess of other
transition metals."

The hZIP4 protein has two major isoforms. The most
abundant isoform is 647 amino acids long. The second major
isoform is 622 amino acids long. In mouse, the predominant
species is the longer isoform."> hZIP4 has eight transmembrane
domains with both N- and C-termini facing the extracellular
side (Figure 1).'%'7 The N-terminus of hZIP4 is comprised of
327 amino acids. This domain is rich in histidine and cysteine,
suggesting possible residues for zinc coordination. Further-
more, it has been observed that when the cellular concentration
of zinc is high, hZIP4 undergoes protein ubiquitination and
subsequent degradation.'® It has been shown that mutagenesis
of all the histidine residues (except His*) within the loop
between transmembranes 3 and 4 eliminates hZIP4 ubiquiti-
nation.'® This suggests a direct role between coordination of
zinc to this domain and the cell surface regulation of hZIP4.
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hZIP4 is expressed in the small intestine, stomach, colon,
cecum, and kidney.16 Several mutations within this protein have
been correlated to the lethal autosomal recessive pediatric
disorder acrodermatitis enteropathica (AE)." AE is a zinc
transport disease.'” Symptoms of AE include growth retarda-
tion, diarrhea, and behavioral and neurological disturbances,
which can be reversed with a diet rich in zinc.”® More recently,
it has been demonstrated that hZIP4 is overexpressed in pan-
creatic cancer, and the amount of hZIP4 on the cell surface is
directly proportional to the metastatic stage of this disease.”!
Pancreatic cancer is the fourth leading cause of cancer-related
deaths in the United States, with an overall survival rate of less
than one year.”” While the increase in the level of surface
expression of hZIP4 in pancreatic cancer cells could be a result
of carcinogenesis, artificially increasing the level of surface
expression of hZIP4 using a retrovirus increases the level of
expression of a series of proteins that are known to contribute
to the onset and progression of pancreatic cancer.”> >° Therefore,
it appears that the surface expression of hZIP4 directly regulates
the expression of proteins known to be involved in the initiation
and progression of pancreatic cancer.

Considering the key role of hZIP4 in human zinc homeostasis
as well as in the initiation and progression of pancreatic cancer
combined with earlier results that have demonstrated differing
cation selectivity for the ZIP family of proteins, our objective has
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been to elucidate the cation specificity of hZIP4. Therefore, we
have developed a radioisotope uptake assay following expres-
sion of hZIP4 in Xenopus laevis oocytes. We have also investigated
which extracellular accessible residues are important for zinc
uptake. The results from these experiments provide novel insight
into the function of hZIP4 while introducing a series of unresolved
questions with regard to the mechanism of cation transport.

B EXPERIMENTAL PROCEDURES

Reagents. The SLC39A4 (hZIP4) gene and the mMessage
mMachine SP6 kit were purchased from Invitrogen (Carlsbad,
CA). Restriction enzymes were purchased from New England
Biolabs, Inc. (Ipswich, MA). The radioisotopes “ZnCl,, ®*NiCl,,
and **CuCl, were obtained from Perkin-Elmer (Waltham, MA),
Oak Ridge National Laboratories (Oak Ridge, TN), and
Washington University of St. Louis (St. Louis, MO), respectively.
Maleimide was purchased from Alfa Aesar, Inc. (Ward Hill, MA).
All other chemicals were obtained from Sigma-Aldrich Corp.
(St. Louis, MO) unless otherwise indicated.

Plasmid Construct. The hZIP4 gene, containing 647
residues, was subcloned, with a Strep tag (WSHPQPEK) at the
C-terminus, into the X. laevis oocyte pTLN vector.”” The two
unique restriction sites, Ncol at the N-terminus and BglII at the
C-terminus, were used for unidirectional insert incorporation.
The entire hZIP4-Strep tag sequence was verified by DNA
sequencing.

Preparation of X. laevis Oocytes for in Vitro
Expression of hZIP4. Oocytes were surgically removed
and isolated from X. laevis following a protocol approved
by the Worcester Polytechnic Institute Animal Care and Use
Committee. In brief, female X laevis frogs were anesthetized
with tricaine (1.5 g/L for 1 h). Oocytes were extracted by
partial ovariectomy and were digested with 2 mg/mL
collagenase in ORI buffer [90 mM NaCl, 2 mM KCl, 2 mM
CaCl,, and S mM MOPS (pH 7.4)] for 4—5 h at 18 °C on an
orbital shaker.”® After digestion, oocytes were incubated with
Ca**-free ORI buffer [90 mM NaCl, 2 mM KCl, and 5 mM
MOPS (pH 7.4)] for 10 min. Following this step, the oocytes
were washed exhaustively, first, with Ca**-free ORI buffer and,
second, with ORI buffer. Oocytes were stored at 18 °C in ORI
buffer with 20 pg/mL gentamycin until they were needed.

In Vitro Expression of hZIP4. The pTLN plasmid
containing the full-length hZIP4 gene with a Strep tag was
linearized with Mlul and purified using the High Pure PCR
Product Purification Kit (Roche Applied Science, Indianapolis,
IN). mRNA was prepared and purified using the SP6 mMessage
mMachine kit according to the manufacturer’s instructions.
Purified mRNA was quantified on a NanoDrop ND-2000c
spectrophotometer (Thermo Scientific, Rochester, NY). A 25 ng
aliquot of mRNA in 50 nL of DEPC-treated H,0O was injected
into each oocyte and incubated at 18 °C in ORI buffer with
20 pg/mL gentamycin for 3 days prior to measurements. For
negative controls, 50 nL. of DEPC H,O was injected into oocytes.

Uptake Assay. Uptake experiments were loosely based on
established protocols.”” Oocytes, injected with either hZIP4
mRNA or DEPC H,O, were washed and preincubated in
750 uL of uptake buffer [90 mM NaCl, 10 mM HEPES, and
1 mM ascorbic acid (pH 7.4)] for 30 min. The uptake assay was
initiated upon addition of a radioisotope (**NiCl,, %*CuCl,,
or ®ZnCl,) and was quenched by removal of five to eight
oocytes into cold uptake buffer followed by extensive washes.
All **CuCl, uptake assays were performed in the absence of
ascorbic acid. Under these experimental conditions, copper is
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predominantly in the +2 oxidation state as determined using
the copper-bathocuproinedisulfonic acid standard absorbance
assay. Each oocyte was solubilized by being vigorously vortexed
in 1% (w/v) sodium dodecyl sulfate (SDS). Total radioactivity
was measured using a Beckman LS6500 Multi-Purpose Scintillation
Counter with Scintisafe-30% liquid scintillation cocktail (Fisher
Scientific, Pittsburgh, PA). Counts from DEPC H,O-injected
oocytes were subtracted from hZIP4 mRNA-injected oocytes unless
otherwise indicated. Counts per minute (cpm) were converted to

picograms (pg) or femtograms (fg) using the following equation:

cpm X dilution factor X half-life correction factor

mount (pgorfg) =
amount (pg or fg) specific activity(dpm/pg or fg) X efficiency

where cpm values were the raw data obtained from each oocyte,
dilution factor is the total concentration of radioactive and
nonradioactive metal ion divided by the concentration of
radioactive cation, half-life correction factor is the half-life of the
radioisotope divided by the half-life of the radioisotope minus
time elapsed, and the specific activity [in disintegrations per
minute (dpm)/pg or fg] is provided by the manufacturer. The
half-lives for ©*Ni**, %Cu®", and *Zn?* are 100 years, 12.7 h,
and 244 days, respectively. For a more accurate conversion of
cpm to dpm, it was experimentally determined that the
efficiency of our scintillation fluid/counter for ®Ni** was 74.3%
while the efficiency for %Cu®* and %Zn** was 68.4%.
Data were fit to the equation

Vma_x I:X2+:]n

I<mn + [X2+]n

where V.. is the maximal velocity, [X**] is the concentration
of a divalent metal ion, K, is the concentration of divalent
metal at one-half V,, and n is the Hill coefficient.

Immunofluorescence Microscopy. Oocytes, 3 days
postinjection with hZIP4 mRNA (preincubated with 0 or 10 uM
ZnCl, for 1 h in uptake assay buffer) or DEPC H,O, were
washed and fixed in a 4% (w/v) paraformaldehyde solution for
20 min at room temperature. Oocytes were washed with
phosphate-buffered saline (PBS) two times and cryoprotected
in 30% (w/v) sucrose in PBS overnight at 4 °C. The oocytes
were frozen in OCT medium (Tissue-Tek) and cut into 25 ym
sections. The sections were mounted on positively charged
slides (VWR Micro Slides) and blocked in a $% BSA solution
in PBS for 1 h at room temperature. The oocyte sections were
washed with PBS two times and incubated with Strep-tectin
antibody (IBA Biotagnology) conjugated with Chromeo488
dye for 1 h at 37 °C. The sections were washed with PBS
two times and then mounted in fluorescence protective
mounting medium (KPL Mounting Medium). Fluorescence
images were taken using a Leica DM LB-2 microscope with a
20X objective.

Maleimide and DEPC Labeling of hZIP4. Oocytes were
preincubated for 30 min in varying concentrations of either
DEPC or maleimide. Prior to initiation of the uptake assay
with ZnCl,, half of the oocytes were washed with cold
uptake buffer. Initiation of the reaction, quenching, and radioisotope
quantification were performed as described above. To
determine whether exposure to DEPC is toxic to the oocytes,
the resting membrane protential was determined using a TEC
03X Standard System two-electrode voltage clamp setup (NPI
Electronics, Tamm, Germany).

dx.doi.org/10.1021/bi201553p | Biochemistry 2012, 51, 963—973
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Figure 2. “Zn*" radioisotope uptake. (A) Oocytes were injected with either S0 ng of mRNA of hZIP4-Strep in 50 nL of DEPC H,O or 50 nL of
DEPC H,0. Three days postinjection, “Zn?* uptake was measured as described in Experimental Procedures over the course of 2 h. Oocytes were
removed every 30 min for a total of four time points. A final *Zn** concentration of 21.75 M was used for this experiment. Radioisotope uptake is
shown for DEPC H,O-injected (black) and hZIP4-Strep mRNA-injected (gray) oocytes. Counts per minute were converted to picograms of Zn*".
Data originated from five to eight oocytes; values are means + SEM. (B) Oocytes, injected with 25 ng of hZIP4-Strep mRNA, were incubated with
varying amounts of ZnCl, [(®) 0.49 uM Zn**, (W) 44.7 uM Zn**, and (A) 105.1 uM Zn**]. The assay was quenched every 30 min up to 120 min,
and data originated from five to eight oocytes; values are means + SEM. In this and all other figures, the error bars were omitted when they were
smaller than the symbols. (C) Representative images of three oocytes injected with hZIP4 mRNA tagged with a Strep tag on the C-terminus and
probed with Chromeo488-conjugated anti-Strep antibody. Anti-Strep specific staining is present in oocytes injected with hZIP4 mRNA before (left)
and after (right) exposure to 10 M ZnCl,. No staining is observed in DEPC H,O-injected oocytes (center). The arrow indicates the surface of the

oocyte.

B RESULTS and that zinc uptake is proportional to the amount of Zn** in

hZIP4-Mediated Zinc Uptake. Following insertion of the uptake assay. To establish the localization of the hetero-
the full-length hZIP4 gene with the Strep tag added onto the logousl?f expressed hZ¥P4 in _X' laevis oocytes, we detected
C-terminus into the pTLN vector and mRNA synthesis, our expression of hZIP4 in sections of paraformaldehyde-fixed

initial objective was to generate a zinc uptake assay with a high oocytes using a Chromeo488-labeled anti-Strep antibody. Immuno-
specificity and a robust signal-to-noise ratio. The longer, 647- fluorescence was observed in mRNA-injected oocytes before and
amino acid protein was investigated throughout the course of after exposure to 10 uM ZnCl,, but not visible in DEPC H,O-
these experiments as it has been shown that the homologous injected controls, demonstrating localization of hZIP4 protein at the
longer protein is the predominant species in mice.'® Xenopus plasma membrane (Figure 2C).

oocytes were injected with varying amounts of hZIP4-Strep Determination of K., and V., for hZIP4-Mediated
mRNA, and radioactive **Zn** uptake was measured 3—6 days Zinc Uptake. Our next objective was to determine the K, for
postinjection. During the course of all assays, DEPC H,0 was the transport of zinc by hZIP4. Therefore, we measured Zn*"
injected for negative controls. Optimal radioisotope uptake uptake with varying concentrations of the radioisotope in the
was_observed following injection of SO ng of mRNA of uptake assay buffer for 60 min. Under our experimental

hZIP4 where the assay was initiated 3 days post-mRNA injec-
tion (Figure 2A). It was observed during the course of these
experiments that injection of a larger amount of hZIP4 mRNA
resulted in a decreased viability of oocytes after an incubation
period of 3 days.

Following optimization of the amount of hZIP4-Strep
mRNA to inject into oocytes and identification of the best
time following injection to measure radioisotope uptake, we
were interested in determining the range of zinc concentrations

conditions, two distinct K, values for zinc could be elucidated.
In both cases, zinc uptake was plotted as a function of the
concentration of zinc in the assay buffer (Figure 3A,B).

An analysis of the results of our experiments demonstrated
that at low zinc concentrations, the K, was 76 + 5 nM, where
n =36+ 06 and V,,, = 94 + 6 pg oocyte”' h™'. A second
K, for zinc was calculated in the micromolar range at 1.4 +
0.3 uM, where n = 1.2 + 0.3 and V,,, = 850 + 60 pg oocyte ' h™*

that would result in a linear amount of radioisotope uptake over (Figure 3B). Our results demonstrated that V,,,, varied for each
time. Therefore, we initiated the uptake assay using a final experiment. This is directly attributable to changes in surface
ZnCl, concentration from 0.49 to 105.1 uM (Figure 2B). The expression of hZIP4 in oocytes. However, the values for K, and
results from these experiments demonstrated that zinc uptake is n were consistent over a series of repeated experiments at both
roughly linear over 2 h over this range of zinc concentrations micromolar and nanomolar zinc concentrations.

966 dx.doi.org/10.1021/bi201553p | Biochemistry 2012, 51, 963—973
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Figure 3. Transport parameters, K, and V,,, for hZIP4 were elucidated at low (A) and high (B) concentrations of zinc by measuring the amount of
Zn** taken up by oocytes injected with hZIP4-Strep mRNA over 1 h in assay buffer that contained varying amounts of ZnCl,. The data were fit to
the Michaelis—Menten equation described in the text, and data originated from five to eight oocytes; values are means + SEM. At low
concentrations, K, and n were calculated to be 76 & 5 nM and 3.6 = 0.6, respectively, whereas at high concentrations, K, was found to be 1.4 + 0.3
uM and # to be 1.2 + 0.3. The rate of uptake of Zn>* into oocytes was measured as a function of time at 82 nM (C) and 21.75 uM (D) over the
course of 2 h. The assay was quenched every 30 min up to 120 min, and data originated from five to eight oocytes; values are means + SEM.

To elucidate the rate of hZIP4-mediated zinc uptake in
the range of both K values, zinc uptake was measured as
a function of time in the nanomolar and micromolar range
(82 nM and 21.75 M Zn** in panels C and D of Figure 3,
respectively). Under both of these conditions, we observed an
approximately linear increase in the level of zinc uptake over
the course of the 2 h experiment. In addition, the difference in
radioactivity when zinc uptake was measured in the nanomolar
concentration was at least 4 times higher in the mRNA-injected
oocytes than in the DEPC H,O-injected oocytes.

Competition of Zinc Uptake with Additional Tran-
sition Metals. To date, the cation speciﬁcitz of 3 of the 14
human ZIP proteins has been examined.’*™>* These proteins
have unique transport properties despite the fact that the
primary sequences of these proteins are highly homologous.
Therefore, we hypothesized that hZIP4 might transport cations
other than zinc. To test this hypothesis, our first objective was
to determine whether any divalent cations would inhibit hZIP4-
mediated ®Zn** uptake. While this is not a direct measurement
of cation transport, this experiment would provide insight into
which cations should be tested for hZIP4-mediated cation
uptake. For this experiment, 600 yM of various transition
metals were preincubated with oocytes expressing hZIP4. As a
positive inhibition control, 600 uM cold Zn*" was preincubated
with oocytes expressing hZIP4. The zinc uptake assay was
initiated upon addition of 3 uM ®Zn?*, and the length of time
for the uptake assay was 1 h. Uptake of *Zn®* was measured.

967

All of the data were normalized to *Zn** uptake in the absence
of any competing metal. It was expected that cation(s) that
inhibited or competed with zinc uptake would decrease the rate
of %Zn** uptake. In contrast, cations that did not inhibit or
compete with hZIP4-mediated *Zn?* uptake would demon-
strate no change in ®Zn*" uptake.

The results from our experiments demonstrated that addition
of 600 uM cold Zn?* inhibited 96 + 1% of Zn®** uptake
(Figure 4). Addition of 600 uM divalent cations Ba**, Cd**,
Co®, Fe?*, Mg**, and Mn** had no significant effect on *Zn**
uptake. In contrast, addition of 600 uM Cu** or Ni** decreased
the rate of hZIP4-mediated *Zn?* uptake. The addition of
600 uM Ni** inhibited 35 + 8% of ©Zn”* uptake, while the addition
of 600 M Cu*" inhibited 96 + 1% of “Zn*" uptake.

Affinity of Nickel for hZIP4. Considering that our com-
petition experiment does not directly test for cation uptake
other than zinc, our next objective was to directly measure
whether Cu?* or Ni** could be transported by hZIP4. Therefore,
SNi** uptake was measured using our established uptake assay
except that Zn*" was replaced with ®Ni**. As a first step, we
examined whether nickel uptake was linear over time. At low
concentrations (4.76 nM ®Ni**), there is a measurable amount
of nickel that accumulates with the hZIP4-injected oocytes
that does not increase over the 2 h uptake assay (Figure SA).
In contrast, when the concentration of Ni** is increased in the

dx.doi.org/10.1021/bi201553p | Biochemistry 2012, 51, 963—973
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Figure 4. Competition of *Zn?* uptake with a series of divalent
cations. To determine which divalent cations inhibited hZIP4-
mediated %Zn? uptake, oocytes expressing hZIP4 were preincubated
in 600 uM cold ZnCl,, BaCl,, CdCl,, CoCl,, CuCl,, FeCl,, MgCl,,
MnCl,, or NiCl, in uptake assay buffer. The uptake assay was
initiated by adding 3.0 4uM %ZnCl,. The assay was quenched after 1 h
as described in Experimental Procedures. Data were normalized to
the amount of ®Zn** uptake in the absence of a competing cation,
and data originated from five to eight oocytes; values are means +
SEM.

uptake assay (5.25 pM), nickel uptake is approximately linear
over 2 h (Figure SB).

After obtaining these results, we next performed experi-
ments with a goal of determining the K, of Ni** at both nano-
molar and micromolar concentrations. When our uptake assay
contained nanomolar concentration of ®*Ni**, an analysis of our
experiments determined that nickel uptake follows Michaelis—
Menten kinetics, where K, = 1.1 + 0.1 nM, n = 1.3 + 0.1, and
Vi = 102 + 4 fg oocyte ! h™! (Figure SC). In the micromolar
Ni** range, an analysis of our experiments revealed that K, =
29+ 03 uM, n=15+02,and V,, = 95 + S pg oocyte ' h™'
(Figure SD). In addition, the difference in radioactivity when
nickel uptake was measured at the nanomolar concentration was
at least 4 times higher in the mRNA-injected oocytes than in the
DEPC H,O-injected oocytes.

Parameters of Copper(ll) Transport. Considering our
experimental result that a 200-fold excess of Cu®" inhibits more
than 95% of “Zn*" uptake, our goal was to directly examine
Cu?* uptake. In a manner similar to that used in the previous
experiments, the first step for these experiments was to measure
the rate of Cu®" uptake at low (6.6 nM) and high (10 uM)
concentrations (Figure 6A,B). Under each of these conditions,
the amount of Cu®" uptake increased at an approximately linear
rate during the 2 h experiment. Therefore, our next experiment
was to calculate the K, for Cu** uptake. Similar to the case for
both zinc and nickel, we could elucidate two distinct K, values
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Figure 5. Nickel affinity and transport by hZIP4. (A) Oocytes were injected with either 25 ng of mRNA of hZIP4-Strep in S0 nL of DEPC H,0 or
50 nL of DEPC H,0. Three days postinjection, ®Ni** uptake was measured as described in Experimental Procedures over the course of 2 h using a
final ®NiCl, concentration of 4.76 nM. Oocytes were removed every 30 min for a total of four time points. Radioisotope uptake is shown for hZIP4-
Strep mRNA-injected oocytes. Data originated from five to eight oocytes; values are means + SEM. (B) In a similar manner, Ni** uptake was
measured using a final NiCl, concentration of 5.25 yM. (C) The K, and V,,, of *Ni** were elucidated at nanomolar ®Ni** concentrations. The
data were fit to the Michaelis—Menten equation, where K, = 1.1 + 0.1 nM and n = 1.3 & 0.1. Counts per minute were converted to femtograms of
Ni**. (D) The K, and V. of Ni** were elucidated at micromolar Ni** concentrations. The data were fit to the Michaelis—Menten equation, where
K, =29 + 0.3 uM and n = 1.5 + 0.2. Counts per minute were converted to picograms of Ni**.
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Figure 6. Time course and kinetics of hZIP4-mediated Cu®* uptake. (A) Cu®* uptake was measured over 2 h at a final concentration of 6.6 nM. Data
originated from five to eight oocytes; values are means + SEM. Counts per minute were converted to femtograms of Cu®". (B) Cu®* uptake was
measured at a final concentration of 10 #M over 2 h. Data originated from five to eight oocytes; values are means + SEM. Counts per minute were
converted to picograms of Cu**. (C) Cu** uptake was measured after 1 h at varying concentrations of Cu** to quantify the transport properties of
this cation. The data were fit to the Michaelis—Menten equation, where K, = 8 + 1 nM and n = 3 & 2. Counts per minute were converted to
femtograms of Cu**. (D) **Cu?" uptake was measured after 1 h at micromolar concentrations of *Cu?* to quantify the transport properties. At these
concentrations, the data were fit to the Michaelis—Menten equation, where K, = 1.2 + 0.1 yuM and n = 2.2 + 0.3. Counts per minute were converted

to picograms of Cu’*.

for copper uptake when the uptake was plotted as a function of
Cu?* concentration. Furthermore, the difference in radioactivity
when copper(II) uptake was measured at the nanomolar
concentration was at least 4 times higher in the mRNA-injected
oocytes than in the DEPC H,O-injected oocytes. We were able
to calculate a K, of 8 + 1 nM, where n = 3 + 2 and
Ve = 1700 + 400 fg oocyte™" h™' when Cu** was added to
the uptake assay in nanomolar amounts (Figure 6C). Using
a higher concentration of Cu®*, the K, was calculated to be
1.20 + 0.09 uM, where n =2.2 + 0.3 and V,,, = 1530 = 30 pg
oocyte”! h™' (Figure 6D).

Extracellular Residues That Mediate %°Zn?* Transport.
It was initially hypothesized that transport of zinc into cells
was mediated by cotransport with either histidine or cysteine
residues as zinc binds with high affinity to these residues. This
theory was disproved when the first mammalian zinc trans-
porter gene was identified in 1995.>> On the basis of this initial
hypothesis and the fact that zinc coordinates tightly to both
cysteine and histidine, we hypothesized that covalent labeling of
extracellular accessible cysteine and/or histidine residues would
disrupt *Zn** uptake.

Maleimide and DEPC have been used previously to examine
the role of extracellular accessible cysteine and histidine
residues, respectively, following heterologous expression in X.
laevis oocytes.>*>* Qocytes, injected with either hZIP4 mRNA
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or DEPC H,0, were preincubated with maleimide and DEPC
H,O for 30 min. The oocytes were then washed exhaustively
with uptake assay buffer, and the uptake assay was initiated
upon addition of *Zn**. Under these experimental conditions,
no free maleimide or DEPC was present in the uptake assay.
No change in zinc uptake was observed following labeling with
1 or 10 mM maleimide (Figure 7). In contrast, while no change
was observed in %Zn?* uptake with 1 mM DEPC, a significant
decrease in the rate of zinc uptake was observed following
labeling of oocytes expressing hZIP4 with 10 mM DEPC.

To further explore the relationship between zinc uptake and
labeling of free cysteine and histidine residues, we did not
wash out maleimide and DEPC prior to the uptake assay.
Therefore, free maleimide or DEPC is available to react with
residues in hZIP4 that may move from an inaccessible to an
accessible state during the conformational change of hZIP4
that is correlated with zinc transport. Under these conditions,
there was an increase in the rate of zinc uptake when 1 mM
maleimide was present in the uptake assay during zinc
transport. This increase in the rate of zinc uptake in the
presence of malemide was abolished when the concentration of
maleimide was increased to 10 mM. No significant change in
zinc uptake was observed when 1 mM DEPC was present in the
uptake assay. In contrast, there was a significant decrease in the rate
of zinc uptake when 10 mM DEPC was included in the uptake
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Figure 7. Extracellular residues involved in zinc translocation. To
identify residues that are either directly or indirectly involved in zinc
translocation, oocytes were preincubated with varying amounts of
maleimide or DEPC for 30 min. Half of the oocytes were washed
thoroughly to remove the labeling reagent. The uptake assay was
initiated by incubation of oocytes with 6.0 uM ®ZnCl, for 1 h. The
data were normalized to oocytes expressing hZIP4 that were not
labeled with either maleimide or DEPC. Black bars represent data for
zinc uptake after labeling reagents were removed prior to the uptake
assay. Gray bars represent the results when the labeling reagents were
present during the uptake assay. At least one asterisk indicates that
there is a statistically significant difference in uptake values between
the experimental and control experiments by a t test. Two asterisks
indicate a statistically significant difference in uptake values between
two experimental conditions.

assay when compared to having the 10 mM DEPC washed
out prior to the radioisotope uptake assay. To determine whether
the addition of 10 mM DEPC had a toxic effect on oocytes, we
determined the resting membrane potential of oocytes preincubated
in 0 or 10 mM DEPC for 60 min using a two-electrode voltage
clamp setup. No significant difference in membrane potential
was observed between these two experimental conditions. It has
already been demonstrated that exposure of 10 mM DEPC to
oocytes overnight has no effect on the resting membrane potential
of oocytes.*®

B DISCUSSION

Zinc is a required micronutrient for hundreds of cellular
processes.”” However, the mechanism by which zinc is trans-
ported across the plasma membrane is not well-understood.
There are two classes of proteins that mediate the transport of
zinc across the plasma membrane. While the Znt family of
proteins functions to decrease the concentration of cytosolic
zinc, the ZIP family of proteins acts to increase the cytosolic
zinc levels. Most hZIP proteins have eight transmembrane
domain proteins that are implicated in transporting zinc across
cellular membranes.>*®* Members of this family, such as
hZIP4, have oftentimes first been identified by sequencing of
genes implicated in a disease state.'” While cellular localization
for these proteins has been investigated, the mechanism of zinc
uptake, the cation selectivity, and important residues for cation
transport are areas that are not well-understood for each of
these proteins.

Earlier, it was proposed that hZIP2 is a Zn**/HCO;”
symporter.®® Later, it was reported that another member of
the zinc transporter family, ZIP8, is a HCO;3~ symporter, which
transports Mn>* and Cd**.** Therefore, considering the wide
distribution of the hZIP family of proteins in human tissue and
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organs and their functional importance in cellular homeostasis,
it is essential to directly determine the cation specificity of each
member of the hZIP family of proteins. The experiments in this
paper describe the first examination of the cation specificity of
hZIP4, a protein that has been implicated in AE, a pediatric
disease characterized by behavioral and neurological disturbances.*’
More recently, it has also been observed that hZIP4 is over-
expressed in pancreatic cancer cells where the surface expression of
hZIP4 directly regulates the expression of proteins associated with
the onset and progression of pancreatic cancer.”"*’

To investigate the specificity and kinetic parameters of
hZIP4, we used X. laevis oocytes as a platform to express this
protein. While oocytes do have an endogenous zinc efflux
mechanism, it has previously been shown that zinc efflux is
independent of the extracellular zinc concentration. This will
limit zinc efflux in affecting our experimentally determined
kinetic parameters.”” We have directly demonstrated that hZIP4
can transport Zn**. Furthermore, Cu** and Ni*" inhibit hZIP4-
mediated zinc uptake when these cations are present in micro-
molar amounts. In contrast, divalent cations Ba**, Cd**, Co*',
Fe’*, Mg*", and Mn”* had no significant effect on $57n** uptake.
While these data are inconsistent with previous data that
suggested that the mZIP4 protein is a Zn®" cation transporter, it
has been recently suggested that the ZIP family of proteins may
have broader substrate translocation capability because hZIP14
can transport a variety of divalent cations.'”'> Furthermore, it is
important to note that from our experiments we can conclude
only that Ba**, Cd*", Co*", Fe*", Mg**, and Mn*" do not inhibit
hZIP4-mediated ®Zn”* uptake. We cannot reach any conclusions
about whether these cations can be transported by hZIP4. It has
been shown that Fe** does not inhibit hZIP14-mediated '®Cd**
uptake, but that Fe?* can be transported by hZIP14."" Therefore,
it is possible that hZIP4 could mediate the transport of one
of the cations mentioned above that does not inhibit *Zn**
transport. For example, if there are multiple mechanisms for
cation translocation that do not compete with each other, we
would expect similar results as in Figure 3 for the cations that do
not inhibit *Zn?* uptake. Alternatively, if the rate of transport for
one of these cations is sufficiently fast that it would not inhibit
857n** uptake, we would also observe no change in *Zn** uptake
upon addition of this cation in our cation competition experi-
ment. Our subsequent experiments have demonstrated that both
Cu*" and Ni*' can be transported by hZIP4 when these cations
are present in micromolar quantities. The apparent affinities for
each of these cations are in the low micromolar range.

A careful analysis of our experimental results has also
uncovered a second nanomolar binding affinity for *Zn*,
SNi**, and **Cu?". At this concentration, °°Zn?" and **Cu®* are
transported by hZIP4 as shown by the increase in the rate of
radioisotope uptake over time. In contrast, ®Ni** has a nano-
molar binding affinity but does not appear to be transported as
there is no increase in the rate of radioisotope uptake over time.
Combined, these data suggest that there are at least two distinct
coordination sites within hZIP4. The simplest explanation is
that the high affinity for each cation is for one site while the
low affinity is for a second cation coordinating site. However,
our data cannot directly resolve whether this is the case. More
importantly, a variety of groups have determined that the
free concentration of zinc in cells is between 5 pM and 1 nM,
while the free zinc concentration in plasma is estimated to be
between ~0.1 and 1 nM.*"** Therefore, the high-affinity site
could be physiologically relevant. This is an unresolved question
that would require further experiments both in vivo and in vitro.
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Alternatively, it could be possible that our observed increase in
radioactivity over time at low concentrations of copper(I) and
zinc is due to a long time course of cation binding to hZIP4. We
consider this unlikely as this would likely be observed in our
nickel uptake assay in the nanomolar concentration range.
Therefore, on the basis of our experimental results, it appears
that zinc and copper(Il) can be transported at low concen-
trations, while the coordination of nickel does not result in
transport; hence, there is no increase in the rate of nickel uptake
over time (Figure 4A).

It is interesting to further examine the observation that low
concentrations of “Ni** bind but are not transported by hZIP4
is interesting. In contrast to either Zn** or Cu*, there is no co-
operativity for Ni*" in the nanomolar range. We propose that there
is a coordination geometry in which the binding of nickel does not
lead to translocation but in which both copper and zinc can be
released for transport. Nickel(I) prefers an octahedral coordina-
tion geometry, while zinc(II) and copper(II) prefer tetrahedral and
tetragonal coordination geometries, respectively.” Perhaps the
transport of nickel(I) in the nanomolar concentration range is
blocked because of differences in coordination geometry.*

It is important to note that an analysis of our data cannot
exclude other possibilities. One possibility is that nickel
coordinates to a regulatory site and not a putative transport
site as this would result in no nickel transport. Alternatively, the
nanomolar affinity site might require a conformational change
for subsequent cation translocation. If both copper(Il) and zinc
coordination induces a sufficient conformational change to
promote translocation, whereas coordination of nickel does not
induce a sufficient conformational change for cation transloca-
tion, a similar experimental result would be observed. In any
event, further experiments will be required to elucidate the
molecular mechanism of cation binding and transport mediated
by hZIP4.

Finally, considering that zinc was originally hypothesized to
be cotransported by either histidine or cysteine residues, our
objective during the course of our next set of experiments was
to determine whether covalent labeling of either of these
residues would inhibit “Zn*" uptake. Our data suggest that
freely accessible cysteine residues, which are on the extracellular
side of the protein, are not rate-limiting in ®Zn** uptake as
transport is not inhibited upon addition of high concentrations
of maleimide (Figure 6). In contrast, addition of DEPC prior to
the uptake assay has a significant effect on *Zn** uptake. This
suggests that histidine residues, on the extracellular side of the
protein, contribute to the transport of zinc across the plasma
membrane. It is important to note here that DEPC may
label histidine residues that are water accessible, but within
the transmembrane domains. When DEPC is incubated with
hZIP4-injected oocytes, both before and during the uptake
assay when compared to washing out DEPC prior to the uptake
assay, there is an added decrease in the rate of zinc uptake.
We speculate that this added decrease in the rate of zinc uptake
is due to a conformational change in hZIP4 that exposes one or
more previously inaccessible histidine residues for labeling.
Alternatively, labeling of histidine residues may “lock” hZIP4
in a conformation where further zinc uptake is not possible.
A hydropathy analysis of the hZIP4 gene sequence shows that
there are seven extracellular histidine residues, while the trans-
membrane domains encode four additional histidine residues
(Figure 1). DEPC labeling of one or more of these residues
contributes to the decline in the rate of zinc uptake under our
experimental conditions.
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It is worthwhile to use the results from these experiments to
speculate about the mechanism of cation selectivity of hZIP4.
The ionic radii of Ni**, Cu**, and Zn** are 83, 87, and 88 pm,
respectively. Each of the other cations tested is either smaller
(Fe*, 75 pm; Co*, 79 pm; Mn*, 81 pm) or larger (Cd*,
109 pm; Ba®", 149 pm) than the three cations that are transported
by hZIP4, the notable exception being Mg** (86 pm). However,
whereas the preferred donor atom for Mg is oxygen, the
preferred donor atoms for Ni**, Cu**, and Zn?* are either sulfur or
nitrogen. Our covalent modification experiments with DEPC sup-
port our proposal that histidine residues contribute to coordinating
these cations and could be involved in cation translocation. This
speculation should be used cautiously as the ionic radii described
above are for dehydrated ions. Hydration of these transition metals
during translocation would change an analysis of our results.

In conclusion, our study reveals that hZIP4 is a metal jon trans-
porter that can transport Zn*, Ni**, and Cu’". Transport is
either directly or indirectly mediated by accessible extracellular
histidine residues. Our results, combined with those of other
laboratories, suggest that the ZIP family of proteins has a more
diverse set of substrates than originally postulated and that to
understand the functional significance of each of these proteins,
it may be useful to directly measure transport for each mem-
ber of the ZIP family of proteins. However, it is important to
acknowledge that our experiments have not been performed in
the native environment of hZIP4, and thus, we must be careful
in translating our results to physiological function. In vivo, it is
worth noting that mutations in hZIP4 result in a zinc deficiency
disease and mutations in the copper transport protein (CTR)
family result in copper deficiency diseases.** Therefore, while
hZIP4 is unlikely to be a main avenue of cellular copper uptake,
hZIP4 is essential for maintaining the cellular homeostasis
of zinc.
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