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Zip14 (Slc39a14) mediates non-transferrin-bound

iron uptake into cells
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Zip14 is a member of the SLC39A zinc transporter family, which is
involved in zinc uptake by cells. Up-regulation of Zip14 by IL-6
appears to contribute to the hepatic zinc accumulation and hy-
pozincemia of inflammation. At least three members of the SLC39A
family transport other trace elements, such as iron and manganese,
in addition to zinc. We analyzed the capability of Zip14 to mediate
non-transferrin-bound iron (NTBI) uptake by overexpressing
mouse Zip14 in HEK 293H cells and Sf9 insect cells. Zip14 was found
to localize to the plasma membrane, and its overexpression in-
creased the uptake of both 65Zn and 5%Fe. Addition of batho-
phenanthroline sulfonate, a cell-impermeant ferrous iron chelator,
inhibited Zip14-mediated iron uptake from ferric citrate, suggest-
ing that iron is taken up by HEK cells as Fe?*. Iron uptake by HEK
and Sf9 cells expressing Zip14 was inhibited by zinc. Suppression
of endogenous Zip14 expression by using Zip14 siRNA reduced the
uptake of both iron and zinc by AML12 mouse hepatocytes. Zip14
siRNA treatment also decreased metallothionein mRNA levels,
suggesting that compensatory mechanisms were not sufficient to
restore intracellular zinc. Collectively, these results indicate that
Zip14 can mediate the uptake of zinc and NTBI into cells and that
it may play a role in zinc and iron metabolism in hepatocytes,
where this transporter is abundantly expressed. Because NTBI is
commonly found in plasma of patients with hemochromatosis and
transfusional iron overload, Zip14-mediated NTBI uptake may
contribute to the hepatic iron loading that characterizes these
diseases.

hemochromatosis | iron transport | liver | zinc transport | inflammation

Infection and inflammation produce changes in zinc and iron
metabolism that result in decreased plasma concentrations of
both micronutrients (1, 2). Several lines of evidence indicate that
the pathophysiologic stimuli responsible for these measurable ef-
fects exert their action by altering the expression of iron and zinc
transporters. Because the liver plays a central role in iron and zinc
metabolism, transporters expressed in this organ would be likely
candidates responsible for physiologic changes that have systemic
effects. We recently screened transcript abundance of 14 putative
zinc transporter genes in murine liver after turpentine-induced
inflammation or LPS injection, and we found that Zip/4 was the
most responsive to these stimuli (2). Transient transfection studies
revealed that Zip14 localizes to the plasma membrane and induces
cellular zinc accumulation. Furthermore, Zipl4 abundance was
increased at the sinusoidal plasma membrane of hepatocytes when
stimulated with IL-6, suggesting that this transporter contributes to
the hypozincemia of inflammation.

Zip proteins have been shown to import zinc into the cytosol
from the plasma membrane or intracellular organelles (3, 4). The
Zip superfamily name stands for Zrt- and Irt-like proteins. Zrtl
and Zrt2 (zinc-regulated transporters) were identified as zinc
transporters of Saccharomyces cerevisiae (5, 6), and Irtl (iron-
regulated transporter) was originally identified in roots of iron-
deficient Arabidopsis thaliana (7). Although Irt1 has been shown
to restore zinc uptake in zrt/ zrt2 yeast mutants (8), it was
originally identified as an iron transporter that seems to be
involved in iron uptake from the soil (7). Since the discovery of
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these Zip transporters, >25 Zip family members have been
identified, and, like Irtl, several of them have been shown to
transport iron as well as other cations. For example, Arabidopsis
Irt2 transports iron and zinc (9), and ZupT from Escherichia coli
transports iron, zinc, cobalt, and possibly manganese (10). To
date, the predominant substrates of mammalian Zip proteins are
largely unknown (3, 4). This background prompted us to inves-
tigate a role for Zip14 in iron transport.

Because iron is essential but can be toxic, homeostatic mech-
anisms tightly control the intestinal absorption, systemic trans-
port, cellular uptake, storage, and cellular efflux of this metal.
These regulatory mechanisms respond to iron status as well as
to the needs of erythropoiesis (11). Under normal circum-
stances, iron in plasma is bound to its transport protein trans-
ferrin (Tf), which safely sequesters the metal in a noncatalytic
form. However, under conditions of iron overload, the iron-
binding capacity of plasma Tf can be exceeded, resulting in the
appearance of non-Tf-bound iron (NTBI). Plasma NTBI con-
centrations of humans with hereditary hemochromatosis or
B-thalassemia usually range from 0.4 to 20 uM (12, 13). Animal
studies demonstrate that NTBI is rapidly cleared from the
plasma and taken up mostly by the liver (14). Although it is
generally believed that NTBI is a major contributor to tissue iron
loading in iron-overload states, the precise molecular mecha-
nisms involved remain poorly defined. In the present work, we
demonstrate that Zip14 can mediate the uptake of iron into cells
and that suppression of its endogenous expression reduces the
uptake of NTBI by hepatocytes.

Results

Overexpression of Mouse Zip14 (mZip14) Increases Cellular Accumu-
lation of Iron and Zinc. HEK 293H cells were transiently trans-
fected with either empty vector or vector containing mZip14
cDNA. Western blot analysis (Fig. 14) revealed the presence of
two immunoreactive bands of ~50 kDa, which are similar to the
predicted molecular mass of Zip14 (54 kDa). Bands were also
detected at ~100 and 150 kDa (data not shown), likely repre-
senting mZip14 multimers. Overexpression of mZip14 increased
the uptake of iron and zinc by 2- and 4-fold, respectively, after
60 min (Fig. 1 B and C). Uptake of iron from ferric citrate by
HEK 293H cells overexpressing mZipl4 was inhibited in a
dose-responsive manner by adding bathophenanthroline sulfo-
nate (BPS) (Fig. 1D), a membrane-impermeant ferrous-iron
chelator. This finding suggests that mZip14 mediates iron uptake
in the ferrous form.

To establish further that mZip14 functions as an iron and zinc
transporter, this protein was heterologously expressed in Sf9
insect cells. Western analysis demonstrates robust mZip14 ex-
pression in Sf9 cells infected with baculovirus containing
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Fig. 1. Overexpression of mZip14 increases iron and zinc accumulation by HEK
293H cells. (A) HEK 293H cells were transfected with either empty vector (pCMV-
Sport6) or the same plasmid containing mZip14 and grown for 48 h. Western blots
of total cell lysates (15 ug of protein per lane) were prepared by using SDS/PAGE
and immunoblotting with anti-mZip14 antibody. (B) Time course of iron accu-
mulation measured with 5°Fe in medium containing 2 uM ferric citrate (pH 7.4).
(C) Time course of zinc accumulation measured with 65Zn in medium containing
2 uM ZnCl; (pH 7.4), transfected with mZip 14 (@) or vector alone (O). Nonspecific
59Fe and 5°Zn binding to the cell surface was estimated by measuring uptake at
4°C. (D) Effect of BPS at 2.5- and 20-fold molar excess on mZip14-dependent iron
accumulation after 60 min. Values are mean + SD (n = 3; *, P < 0.05 compared
with control) and are representative of multiple experiments.
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mZipl4 cDNA (Fig. 24). The bands detected were comparable
in mass with those detected by using HEK cell expression (Fig.
1A4). Immunofluorescence revealed abundant mZip14 expres-
sion at the plasma membrane (Fig. 2C) that was absent in the
control-infected cells (Fig. 2B). mZip14 expression (Fig. 2C) was
associated with a 3-fold increase in iron and zinc uptake after 15
min (Fig. 2 D and E), respectively. The addition of a 100-fold
molar excess of zinc to the uptake medium of the Sf9 cells
reduced mZip14-mediated iron uptake by 80% (Fig. 2F). Zinc
excess produced a lower reduction (60%) of mZip14-dependent
iron uptake in HEK 293H cells (data not shown).

Suppression of Zip14 Expression Reduces the Uptake of Iron and Zinc
by Mouse Hepatocytes. The contribution of endogenous Zip14 to
zinc and iron uptake by hepatocytes was examined by using
Zip14-specific siRNA. As shown in Fig. 3, treatment of AML12
mouse hepatocytes with Zip14 siRNA for 96 h decreased Zip14
mRNA levels by 75% and protein levels by ~50%. Zip14 protein
in AMLI12 cells was detected as a band of ~70 kDa, perhaps
reflecting glycosylation (15). Suppression of Zip14 expression
decreased the uptake of iron and zinc by 30% and 25%,
respectively (Fig. 4 A and B). Diminished Zip14 expression also
resulted in a decrease in mRNA levels of Mt!, a zinc-responsive
gene (Fig. 4C). However, transferrin receptor 1 (TfR1) mRNA
levels were unaffected by Zip14 siRNA treatment, indicating
that the cellular iron status did not change (Fig. 4D).

Zip14 mRNA Expression in Murine Tissues. Quantitative real-time
PCR (QRT-PCR) analysis of RNA isolated from various mouse
tissues important in zinc and iron metabolism indicates higher
Zipl4 expression in liver and heart, relative to the spleen, kidney,
and pancreas (Fig. 5). In addition, the abundant Zip14 expres-
sion in duodenum and jejunum is of interest from a nutritional
perspective.

Discussion

Parenchymal cells are the most abundant cell type in the liver,
and they contribute markedly to the regulation of zinc and iron
metabolism (16, 17). The molecular mechanisms by which these
metals are internalized from blood into hepatocytes are only
partially understood, however. Hepatocytes can acquire iron
from blood through multiple routes (17). Under normal condi-
tions, circulating iron is internalized into hepatocytes mainly by
the TfR pathway (17). The normal range of Tf saturation is
20-50%; however, Tf-binding capacity can be supersaturated
during iron-overload conditions such as hereditary hemochro-
matosis, where plasma NTBI is greatly increased (11, 18). In rats,
NTBI is efficiently cleared by the liver; ~70% can be removed
from a single pass (19). That the liver can accumulate NTBI from
plasma is supported by the fact that mice with congenital
hypotransferrinemia can absorb iron and efficiently accumulate
it in the liver (14). These findings suggest NTBI uptake by the
liver and other tissues, e.g., pancreas and heart, and they explain
the iron accumulation and consequent tissue damage that occur
during hereditary hemochromatosis (20).

Until now, divalent metal transporter 1 (DMT1; SLC11A2)
was the only transmembrane iron transporter implicated in
NTBI uptake. DMT1 transports Fe?" into cells, and it also
mediates the recovery of iron from acidified endosomes during
the Tf-TfR recycling process (21, 22). Although DMT1 is able to
transport Zn?* as well, this cation is poorly transported relative
to Fe?* (21). DMT1 expression has been detected at the plasma
membrane of hepatocytes (23), and its levels increase in iron-
loaded Hfe™'~ mice (24). However, the degree to which DMT1-
mediated NTBI uptake can occur from the blood plasma re-
mains to be determined, given that DMTI transport activity
proceeds optimally at pH 5.5 (22). Moreover, it was recently
shown that ablation of Dmt¢1 results in neonates that lack any

PNAS | September 12,2006 | vol. 103 | no.37 | 13613

APPLIED BIOLOGICAL

SCIENCES



Lo L

P

2N

A Control Zip14

—_—— —— -
— 50 kDa
. 4

C

Control

Zip14

2500

O

2000

1500

1000

Fe Accumulation
pmol/mg protein

500

Control Zip14

2500

m

2000

1500 f

1000 F

Zn Accumulation
pmol/mg protein

500 F

Control Zip14

M
.
)
S

-
o
o

©
o

40

Fe Accumulation (%)
D
o

20

No Metal Zn

Fig. 2. mZip14 localizes to the plasma membrane of Sf9 cells and increases
iron and zinc accumulation. (A) Sf9 cells were infected with wild-type bacu-
lovirus (control) or baculovirus containing the cDNA for mZip14. After 64 h,
total cell lysates (15 ug of protein per lane) were analyzed by Western blotting
as above. Lanes represent three independent experiments. (B and C) The same
cells were analyzed by immunofluorescence microscopy. Cells were fixed and
incubated with an anti-mZip14 antibody followed by goat anti-rabbit 19G-
Alexa Fluor 594. Cells were counterstained with DAPI to visualize nuclei. (D)
Iron accumulation measured with >°Fe in medium containing 2 uM FeCl,. (E)
Zinc accumulation measured with 65Zn in medium containing 2 uM ZnCl,. (F)
mZip14-dependent iron accumulation measured with 5°Fe in medium con-
taining 2 uM FeCl; and 200 M ZnCl,. Cells were incubated at 27°C for 15 min
in uptake medium. Values are the mean = SD of three separate experiments,
each with n = 3. *, P < 0.05 compared with control.
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Fig. 3. mZip14 siRNA decreases Zip14 expression in AML12 mouse hepato-
cytes. (A) QRT-PCR analysis of Zip14 mRNA levels in AML12 cells treated for
96 h with a nontargeting (control) siRNA or siRNA targeted to mZip14. Values
are the mean = SD of three separate experiments, each with n = 3. *, P < 0.05
compared with control. (B) Cells in parallel were analyzed for Zip14 protein
levels by Western blotting of total cell lysates (50 ug of protein per lane). To
confirm equivalent protein loading, the Western blot was stripped and re-
probed with anti-tubulin antibody. A representative experiment is shown.

developmental abnormalities but have abnormally high liver
stores (25). Administration of iron dextran also caused a marked
accumulation of iron in hepatocytes of Dm¢I~/~ mice. These
observations clearly indicate that the liver has alternate mech-
anisms for iron uptake.

Results presented in this report strongly suggest that mouse
Zip14 functions as an iron and zinc importer that is critical for
both NTBI and zinc uptake by cultured hepatocytes. The capa-
bility of mouse Zip14 to transport both iron and zinc is clearly
evidenced by the significant increase in uptake rate for both
cations in HEK 293H and Sf9 insect cells expressing this protein.
The use of siRNA technology allowed us to examine the
contribution of endogenous Zip14 to zinc and NTBI uptake. The
AMLI12 cells used in these experiments are a nontumorigenic
cell line that preserves many features of primary hepatocytes,
including synthesis of albumin and Tf (26). In this cell line, an
siRNA-mediated reduction in Zipl4 protein levels by ~50%
resulted in a 40% and 30% reduction in iron and zinc uptake,
respectively. It is likely that the residual zinc- and iron-uptake
activities were mediated by remaining Zipl4 or by other Zip
proteins or DMT1. Interestingly, compensatory mechanisms
were not sufficient to recover intracellular zinc levels because
mRNA levels of MtI were reduced. On the other hand, Zip14-
mediated iron uptake does not seem to be essential to maintain
intracellular iron status because TfR mRNA levels, which re-
spond to cellular iron concentrations, were unchanged.

In the present study, we found that zinc competed for iron
uptake in HEK and Sf9 cells expressing mZip14, suggesting that
these metals share a common uptake pathway. That endogenous
Zip14 mediates the import of both iron and zinc is also supported
by the observation that siRNA-targeted suppression of Zip14
expression in AML12 hepatocytes resulted in decreased uptake
of both cations. It has long been appreciated that zinc competes
for liver NTBI uptake. Using a rat liver-perfusion system, Wright
etal. (27) determined that zinc was strongly inhibitory of ferrous

Liuzzi et al.
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Fig.4. Zip14knockdown in mouse hepatocyte AML12 cells reduces iron and
zinc accumulation and MT1 (metallothionein 1) expression without affecting
TfR1 mRNA levels. AML12 cells were treated with nontargeting (control)
siRNA or Zip14 siRNA for 96 h. (A) Iron accumulation measured with 5%Fe in
medium containing 2 puM ferric citrate. (B) Zinc accumulation measured with
65Zn in medium containing 2 uM ZnCl,. (C and D) QRT-PCR analysis of MT1 (C)
and TfR1 (D) mRNA levels. For 59Fe and 5Zn accumulation, cells were incu-
bated with uptake medium for 15 min. Values are mean + SD of three separate
experiments, each with n = 3. *, P < 0.05 compared with control.

iron uptake. Further kinetic studies revealed that zinc increased
the apparent Ky, for iron transport without changing the appar-
ent Vnax, consistent with competitive inhibition. Similarly, in
primary hepatocytes isolated from rats and mice, zinc has been
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Fig. 5. Tissue-expression profile of mzZip14. Individual tissues were excised
from two CD-1 mice and pooled before isolating total RNA. Zip14 transcript
abundance was determined by QRT-PCR starting with an equal amount of
total RNA from each tissue.

shown to inhibit the uptake of iron when presented as ferric
citrate, a physiologically relevant form of NTBI (24, 28).

The tissue distribution of Zip14 has been examined in several
studies. Analysis of Zip14 mRNA levels by using a human multiple-
tissue Northern blot of 16 different tissues revealed most abundant
expression in liver, followed by heart and pancreas (29). Zipl4
transcript abundance has also been determined by using a human
multiple-tissue expression array representing >30 adult tissues and
7 fetal tissues. Similar to the tissue Northern blot, Zip14 was most
abundantly expressed in liver, pancreas, and heart (15). Among
fetal tissues, highest Zip14 expression was detected in liver and
heart. The expression profile of Zipl4 in nine different mouse
tissues (excluding pancreas) was recently investigated by using
QRT-PCR (30). Most abundant Zip14 expression was found in
liver, followed by heart, kidney, and white adipose tissue. In the
present study, we used QRT-PCR to examine Zipl4 transcript
levels in seven mouse tissues especially important to zinc and iron
homeostasis, and we found strong expression of Zipl4 in liver,
heart, and kidney but weak expression in pancreas and spleen.
Interestingly, we observed most abundant Zipl4 expression in
duodenum and jejunum. The localization and function of Zip14 in
these latter tissues merit further study.

Zip14 clusters within the LZT (LIV-1 zinc transporter) subfam-
ily, whose members all contain a unique metalloprotease motif,
EXPHEXGD, where X is any amino acid. Most mammalian Zip
proteins are grouped into this subfamily, including Zip4, the
acrodermatitis enteropathica-linked gene (31). LZT proteins are
phylogenetically distant from Irt1 and Irt2, expressed in A. thaliana,
and ZupT, from E. coli, which have been found to be capable of
transporting iron (8—10). The substrate specificity of several mam-
malian members of the Zip family, including human/mouse Zip1
(h/mZipl), h/mZip2, mZip3, mZip4, and mZip5, have been tested
by using metal-competition studies (32-36). In this regard, only
h/mZip1 and hZip2 exhibited zinc-uptake activity, which appears
to be partially inhibited by the addition of excess iron. Nevertheless,
overexpression of hZip1 and hZip2 in cells does not seem to affect
iron uptake (32, 33). These observations suggest that only few
mammalian Zip proteins could have iron-transport activity.

In this work, we demonstrate the capability of Zipl4 to
facilitate cellular iron uptake. Furthermore, we demonstrate that
this transporter is involved in zinc and iron uptake by hepato-
cytes. Further studies on the properties and regulation of Zip14
are needed to establish its role in normal iron homeostasis and
disorders of iron metabolism.

Materials and Methods

Cell Culture. HEK 293H cells (human embryonic kidney cells;
Invitrogen, Carlsbad, CA) were cultured in DMEM supple-
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mented with 10% FBS (Mediatech, Herndon, VA). AMLI12
mouse hepatocytes (American Type Culture Collection, Man-
assas, VA) were grown in DMEM/F-12 containing 10% (vol/
vol) FBS, 40 ng/ml dexamethasone, and ITS (insulin, Tf, sele-
nium) supplement (BD Biosciences, San Jose, CA). Medium also
contained penicillin, streptomycin, and amphotericin B (Sigma,
St. Louis, MO). Mammalian cell lines were grown at 37°C in 5%
COs. Sf9 insect cells (American Type Culture Collection) were
cultured at room temperature in HyQ TNM-FH medium (Hy-
Clone, Logan, UT) supplemented with 10% (vol/vol) FBS,
penicillin, and streptomycin.

Expression of mZip14 in HEK 293H Cells. Effectene reagent (Qiagen,
Valencia, CA) was used for transient transfection of HEK 293H
cells with either empty pCMV-Sport6 or pPCMV-Sport6 containing
mouse Zipl4 cDNA (GenBank accession no. BC021530). mZip14
overexpression was assessed by Western blotting 48 h after trans-
fection. These methods were described in detail in ref. 2.

Expression of mZip14 in Insect Cells. mZip14 was expressed in Sf9
insect cells by using the baculovirus expression system with Gateway
technology (Invitrogen). Briefly, the same mouse Zip14 cDNA was
PCR-amplified and cloned by TOPO-TA cloning (Invitrogen) into
pENTR/D-TOPO vector for subsequent recombination into pD-
ESTS vector. pDESTS-Zip14 was then transformed into DH10Bac
cells for transposition of Zipl4 into the bacmid. Recombinant
bacmid DNA was isolated, its sequence was verified, and it was
transfected into Sf9 cells for production of infectious recombinant
baculovirus particles, which were amplified and used to infect Sf9
cell monolayers. Expression of mZipl4 in Sf9 monolayers was
confirmed by Western blotting 64 h after infection. Wild-type
baculovirus was used as a control.

Measurement of Iron and Zinc Uptake. HEK 293 H cells were washed
with Hanks’ balanced salt solution (HBSS) and incubated at
37°C in serum-free DMEM with 2% (wt/vol) BSA for 60 min to
deplete Tf from the cells (37). ¥FeCls (PerkinElmer, Wellesley,
MA) was diluted with ferric citrate (molar ratio 1:10) to a final
concentration of 2 uM Fe. After incubation with “°Fe-labeled
ferric citrate for the times indicated, the cells were washed three
times with 0.9% NaCl/1 mM BPS/1 mM diethylenetriamine-
pentaacetate (pH 7.4). To measure iron uptake in Sf9 cells, cells
were washed with DMEM and incubated for 15 min at 25°C in
DMEM containing **FeCl;, 2 uM FeCls, and 1 mM ascorbate
(pH 7.0). Thereafter, cells were washed three times with 0.9%
NaCl/1 mM BPS (MP Biomedicals, Solon, OH). To measure
zinc uptake, HEK 293H cells were washed with HBSS and
incubated at 37°C with DMEM containing %ZnCl, (Oak Ridge
National Laboratory, Oak Ridge, TN) and 2 uM ZnCl, After
incubation with %Zn, the cells were washed three times with
0.9% NaCl/10 mM EDTA. A similar procedure was carried out
to assay zinc uptake by Sf9 cells at 25°C. All cells were harvested
and then digested in a solution containing 0.2% SDS and 0.2 M
NaOH before measuring cpm in a y-ray spectrometer (Packard,
Meriden, CT). Uptake data were expressed as mass by using
respective specific activities (2).

siRNA-Mediated Suppression of mZip14 Expression. AMLI12 cells
were seeded 1 X 105 cells per well and immediately transfected with
15 nM (final concentration) nontargeting siRNA 1 siCONTROL
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(Dharmacon, Lafayette, CO) or mouse Zipl4 SMARTpool
siRNA. HiPerFect transfection reagent (Qiagen) was used for
transfection of siRNA, and Zip14 expression was assessed 96 h
later. Uptake of iron and zinc by AML12 cells was determined as
described above for HEK 293H cells, except that serum-free
DMEM/F-12 50:50 medium was used.

Animals. Adult male (weighing ~25 g) CD-1 mice were obtained
from Charles River Laboratories (Wilmington, MA) and accli-
mated for several days on standard rodent diet (Harlan Teklad,
Indianapolis, IN) and tap water. Mice were anesthetized by using
isoflurane, and tissues were quickly excised and immersed in
RNAlater (Ambion, Austin, TX) for subsequent RNA isolation.
Protocols were approved by the University of Florida Institu-
tional Animal Care and Use Committee.

mRNA Quantitation. Total RNA was isolated by using RNA-Bee
reagent (TelTest, Austin, TX) and treated with DNase (Am-
bion). QRT-PCR for mZip14 and metallothionein 1 was per-
formed by using a one-step reverse transcriptase reaction (Ap-
plied Biosystems, Foster City, CA) as described in ref. 2. TfR1
mRNA levels were determined by using two-step QRT-PCR and
SYBR Green (Applied Biosystems), with primers 5'-TCAT-
GAGGGAAATCAATGATCGTA-3" (forward) and 5'-
GCCCCAGAAGATATGTCGGAA-3" (reverse). Transcript
abundances were normalized to levels of 18S rRNA.

Western Blot Analysis. Total cell lysates were prepared as described
in ref. 38. Fifty micrograms of protein was mixed with Laemmli
buffer and incubated for 15 min at 37°C. Proteins were separated
electrophoretically on an SDS/7.5% polyacrylamide gel, trans-
ferred to nitrocellulose, and incubated for 1 h in blocking solution
[5% nonfat dry milk in Tris-buffered saline-Tween 20 (TBS-T)].
Blots were incubated overnight at 4°C in blocking buffer containing
2.5 pg/ml affinity-purified rabbit anti-mZip14 antibody (2). After
washing in TBS-T, blots were incubated for 40 min with a 1:2,000
dilution of HRP-conjugated donkey anti-rabbit IgG (Amersham
Biosciences, Piscataway, NJ). To confirm equivalent loading, blots
were stripped for 5 min in 0.5 M glycine, pH 2.8/0.5 M NaCl,
blocked for 1 h in blocking buffer, and reprobed with mouse
monoclonal anti-tubulin clone B-5-1-2 (Sigma) followed by HRP-
conjugated goat anti-mouse IgG (Zymed, San Francisco, CA).
Cross-reactivity was visualized by using enhanced chemilumines-
cence (Pierce, Rockford, IL) and x-ray film.

Immunofluorescent Localization of mZip14. Sf9 cells were fixed with
4% paraformaldehyde and incubated for 1 h in PBS containing
10% normal goat serum and 10 ug/ml affinity-purified anti-
mZipl4 antibody. Thereafter, cells were washed three times with
PBS and incubated for 45 min in 3% BSA (wt/vol) with
anti-Alexa Fluor 594 (Invitrogen) conjugate to anti-rabbit IgG.
Zip14 localization was visualized with an Axiovert microscope
(Zeiss).

Statistical Analysis. Data are presented as the means = SD and
were analyzed by Student’s ¢ test. The significance level was set
at P < 0.05.
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