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exchanger

©CoO~NOUTA,WNPE

13 Eden Shusterman Ofer Beharier, Levy Shirt, Raz Zarivach Yoram Etziod, Craig R.
Campbelfi, ll-Ha Le€, Ken Okabayasfr, Anuwat Dinudor, David I. Cook, Amos KatZ,
16 Arie Morar

22 !Department of Physiology and Cell Biology, FacufyHealth Sciences, Ben Gurion
University of the Negev, IsraéDepartment of Life Sciences, Faculty of NaturakeBces,

25 Ben Gurion University of the Negev, IsraéDiscipline of Physiology, The Bosch Institute,
27 Faculty of Medicine, The University of Sydney, SggnNSW 2006, AustralidDepartment
29 of Cardiology, Barzelai Medical University Centéshkelon, Israe’Department of
Veterinary Medicine, College of Bioresource Sciemdéihon University, Japan.

33 * The first two authors contributed equally

41 Abstract

44 ZnT-1is a Cation Diffusion Facilitator (CDF) famiprotein, and is present throughout the
46 phylogenetic tree from bacteria to humans. Sireeriginal cloning in 1995, ZnT-1 has been
considered to be the major Zrextruding transporter, based on its ability totecocells
49 against zinc toxicity. However, experimental evidefor ZnT-1 induced Z extrusion was
51 not convincing. In the present study, based or8iherystal structure of the ZnT-1
53 homologue, YiiP, that predicts a homodimer thatags the H electrochemical gradient to
55 facilitate Zrf* efflux, we demonstrate ZnT-1 dependent Zefflux from HEK 293T cells
using FluoZin-3 and Fura 2 with single cell microge based fluorescent imaging. ZnT-1
58 facilitates zinc efflux in a sodium-independent,-gklven and calcium-sensitive manner.
60 Moreover, substitution of two amino acids in thegbwre zinc binding domain of ZnT-1 led
to nullification of Zrf* efflux and rendered the mutated protein incapebjgotecting cells
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against ZA" toxicity. Our results demonstrate that ZnT-1 es&sizinc from mammalian

cells by functioning as a Zf{H* exchanger.

Introduction

Zinc ions play an essential role in mammalian dgwelent and function. Zinc deficiency
severely affects embryonic developm&hand, later in life, zinc plays an important rate i
the proper function of multiple systethsAt the cellular level, zinc activates transciipti
factors by interacting with specific zinc fingetisus controlling the expression of genes and
proteins involved, for example, in cell divisiorev@lopment and differentiatidhIn
mammalian cells, 77 is distributed along a steep electrochemical grtdhat may exceed

6 orders of magnitude across the plasma memBamen imbalance in zinc homeostasis,
leading to an excess in intracellular zinc, hascteXfects. For example, a rapid rise in
extracellular zinc levels is considered to be aomefuse of neuronal damage during brain
ischemia, seizures and traufd '® Hence, intracellular free zinc levels need tdigetly

regulated, with intracellular chelatable zinc bemgintained in the nanomolar range.

Numerous mechanisms regulate cellular zinc lewettiding a variety of intracellular
proteins, such as metallothioneins and zinc chedatbat act as buffefs As a charged ion,
zinc does not freely diffuse through the plasma torame but rather enters cells through
channels and transporters of divalent catidnk this way, the members of the Zip family of
transporters function to increase cytosolic zineaemtratiorf 1> Conversely, members of
the ZnT family of transporters deplete cytosolieczby sequestering zinc into cellular
compartments or directly transporting zinc from ¢lyeosol to the extracellular miliéut* 1%
14.

ZnT-1 (SLC30A1) was cloned almost two decades agveas the first member of the ZnT
family to be identified’. Based on its protective effect against zinc tioyidts ability to
transport radioactive zinc to the extracellular med and its localization to the plasma
membrane, Palmiter et. al. proposed that ZnT-1tfans as a zinc extrudéf. These initial
findings were later reinforced by data showing:thaZnT-1 protects a variety of cell types
from zinc toxicity*®2® 2) Other ZnTs that structurally resemble ZnT-qussster zinc into
intracellular compartments, 3) In other ZnTs, zinc transport is dependentnugo H

driving force', and 4) ZnT-5 contains a zinc binding domain caitifor zinc transpoft*.

However, evaluation of the activity of ZnTs wasfpaned for ZnT-5 which is expressed in
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intracellular compartments. This limitation has edpd direct testing of both the effect of
ions such as Hand C&" on the activity of the transporters, and theirigbtb transport ZA*
against a gradient. Hence, despite continuingsigations, the mechanism underlying ZnT-
1 mediated zinc transport has yet not been direttigidated.

The ZnT protein family belongs to the Cation Diffus Facilitator (CDF) protein family that
contributes to transport of a variety of divalems, including zinc, manganese and ifan
Currently, the only existing high resolution stiwet of a full CDF protein is of the bacterial
zinc extruder YiiP fronE. coli ?°. The YiiP structure shows a homodimeric membrane
organization in which each monomer has six integranbrane helices with a buried
conserved ion binding site within the membrane darffa Like many other secondary
active transporters, YiiP facilitates the effluxmétals such as iron and zinc by utilizing the
hydrogen ion gradierf. Following the resolution of the YiiP structurej khowed that CDF
acts as a Z1 /H exchangef® % That the mammalian YiiP homologue, ZnT-5, functi@s
an Zrf*/H* exchanger was demonstrated by fluorescent imasgipgriments which
documented a decline in the cytosoli¢Zeooncentration and its sequestration into
intracellular vesicle&®,

In the present work, we have investigated the extcuding activity of ZnT-1, its driving
force, and ion dependence, by monitoring zinc gffrom mammalian cells utilizing
FluoZin-3 and Fura-2. We demonstrate that theifatald zinc efflux induced by ZnT-1
against a zinc gradient is sodium-independent, pted and calcium-sensitive. Site directed
mutagenesis in the putative zinc binding domairliahbed ZnT-1 mediated zinc efflux and
the ability of ZnT-1 to protect cells against ziogicity, supporting the notion that this
domain is indeed critical for the function of ZnTa4 a zinc extruder.

Material and Methods

Cédll culture and transfection

Human embryonic kidney (HEK 293T) cells were mamgd in high glucose Dulbecco’s
modified Eagle’s medium supplemented with (v/v) géicillin/streptomycin, 1% L-
glutamine, and 10% fetal bovine serum &iG3ih a humidified 5% C@incubator. 24 h

before transfection, the cells were subcultured gass cover slips in 24 well culture dishes
and seeded to reach 50-60% confluence. HEK 2933 wele transfected utilizing
Lipofectamine 2000, according to the manufacturessructions. Cell culture reagents were
purchased from Life Technologies, Australia or Baemek, Israel.
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Plasmids used for expression of ZnT-1WT, ZnT-1truncations, and ZnT-1 Mutantsin
HEKT293 cells

Two plasmids were used for the expression of Zmiild type (WT): ZnT-1-pEYFP-N1 and
ZnT-1-pECFP-N1 (rat ZnT-1 tagged with YFP or CFRhat C-terminal).

Three plasmids were used for the expression of Ztrincations:

1) ZnT-1ACT, a vector containing a truncated form of ZnT+fhva deletion of 156
amino acids at the C-terminal segment, 2) ZnT-1&Vector containing the C-terminal
segment of ZnT-1 3) The ZnT-1 mutant ZnT-1 H43A BA<ontaining a double point
mutation at 43 (Histidine mutated to Alanine) ah@24 (Aspartate mutated to Alanine)
tagged either with myc or with pEYFP at the C-terahi

Plasmid construction

ZnT-1-pEYFP-N1 and ZnT-1-pECFP-N1 were cloned lysfer of full length ZnT-1 from
the ZnT-1-pJJ19 plasmfd, upstream of EYFP or ECFP in pEYFP-N1 or pECFP-N1,
respectively (Clontech; enhanced yellow or cyanrscent proteins).

ZnT-1minusCT was constructed as follows: the pja8mid was digested by EcoRV
producing a ZnT-1dCT fragment and the pJJ19 baakbBath fragments were isolated and
the pJJ19 backbone was digested again using Hjrditing off the remaining C-terminal
segment from the backbone. Klenow polymerase was tised to blunt the ends of the pJJ19
backbone. Thereafter, the ZnT-1minusCT fragment@ldd 9 backbone were ligated,
forming the ZnT-1minusCT plasmid.

ZnT-1CT was constructed as follows: The CT fragnveas subcloned by PCR
amplification of the ZnT-1 C-terminal domain froletZnT-1-pJJ19 vector utilizing the
following primers: Forward: AAGCTTATGCCACTGCTCAAGGATCCGC and Reverse:
AAAAATCCCTCGAGGTCGACTAGAC. The PCR product (525 bpas then ligated into
the pcDNA vector between the Hindlll and Xhol sitelowed by sequence verification.
ZnT-1CT-pEYFP-N1 was subcloned by transfer of ketigth ZnT-1CT from the ZnT-1CT
plasmid, upstream of EYFP in pEYFP-N1.

ZnT-1D254A H43A was constructed as follows: siteedied mutagenesis was performed on
the ZnT-1D254A plasmid using again the KAPA HiRi #(APA Biosystems). The
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following primer was utilized: ZnT-1D254A H43A
ATGCTGTCCGACTCCTTGCCATGCTGTCGGACGTGCT, as well as a primer
composed of the reverse and complementary sequences

ZnT-1D254A H43A-pEYFP-N1 and ZnT-1D254A H43A-pECRR-were constructed as
follows: ZnT-1D254A_ H43A plasmid was digested by#lill producing ZnT-

1D254A H43A fragment. pEYFP-N1 and pECFP-N1 plasmere also digested by Hindlll
producing pEYFP-N1 and pECFP- N1 backbones, respeéctAll fragments and backbones
were isolated and ligated, forming the plasmidsvabo

Zn?" efflux measur ements

Coverslips (No. 1, 10 mm diam.; Thermo Fischer &die) with cells transfected with the
appropriate plasmids were loaded with either FlneZiAM or Fura-2 AM as previously
described. Briefly, slides were washed in Calcium Ringer REaolution (in mM: NaCl

120, KCI 5.4, Na-HEPES 5, H-HEPES 5, Glucose 1@I¢Ca, MgCh 0.8, adjusted to pH
7.4), and then incubated in the same solution a@nta5 uM of the fluorescent dye and
0.05% pluronic acid and 0.1% albumin, for 20 mimcatm temperature, followed by
incubation in the wash solution for an additionalmin (CaR with 0.1% albumin). The slides
were then mounted on a microscope stage (ZeissvAxi@00) and intracellular zinc was
monitored using an excitation wavelength of 488amd read at 530 nm emission for
FluoZin-3, or excited at 340 nm and 380 nm and toeoad at 530 nm for Fura-2 loaded
cells. Transfected cells were identified by thkiofescent tags (CFP and YFP for FluoZin-3
and Fura-2, respectively). Intracellular’?was measured under constant perfusion.
Following a baseline period, the cells were loadét zinc by perfusion with CaR solution
containing 5 uM pyrithione and 1 uM ZnCEfflux was initiated by superfusing the cells (by
gravity) with the appropriate solution. Efflux rates determined by a linear fit to the initial
reduction in fluorescence. All efflux rates wergressed as the percent of control cells

transfected with ZnT-1 and washed with normal Riigggolution.

Zinc toxicity assay of cultured HEK 293T cdlls

HEK 293T cells were subcultured into 24-well pladesl seeded to reach 60—-70%
confluence. The following day the cells were traeséd utilizing a calcium phosphate
transfection protocol. The cell medium was repla24dh after transfection with fresh
medium lacking Phenol Red and supplemented with) @6 penicillin/streptomycin, 1% L-
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glutamine, and 1% bovine serum albumin (all front-Baemek, Israel). One hour after
medium replacement, cells were treated with zinaddition of ZnSQto the cells for 24
hours at a final concentration ranging from 15@@0 uM. Cell death was assessed by
measuring lactate dehydrogenase (LDH) using a@ytuty detection kit (Roche,
Mannheim, Germany) according to the manufacturasguctions. LDH release was
expressed as the ratio between LDH released faligwie zinc treatment protocol (LDH Zn)

and the total LDH measured after lysis of all cbysaddition of triton lysis buffer to the

medium (LDH T), as previously descrif&d_DH release was expressed as the ratio between

the values observed in theZmxposed cells and the matched nof*Zreated control group.

ZnT-1 Homology model prepar ation

An hZnT-1 model was built based on the templatecttire (3H90) with the Swiss-model
server (http://swissmodel.expasy.org/) in an autanmode. The automatic mode compares
all available structures and includes sequencesisab allow the best model with a correct

position for conserved residues. Images were peeiay the pyMOL progrant.

Statistical Analysis

Values are expressed as means + SE. Studeesswas used to determine statistical
significance. Statistical significance was sqb &t0.05.

Results

In order to determine ZnT-1 mediated zinc efflue lwaded HEK 293T cells with Zhby
superfusing them with Ringer’s solution containtngM pyrithione and 1 pM Zngl
Intracellular ZA" increased rapidly, as measured by either FluoZin-Bura-2, in both
control cells and cells transfected with ZnT-1. ©nthese experimental conditions, the
observed increase in fluorescence is fully duentinarease in intracellular Zhsince the
application of the membrane-permeaté Zthelator, TPEN (5QM), totally eliminates the
increase in fluorescent sigrfal When the zinc loaded cells were washed with Ga&isn
containing 10uM EGTA, intracellular ZA* gradually decreased in ZnT-1 transfected cells
(Figure 1A and 1B) but not in the matched conteldlscthat had been transfected with
pcDNA. Zinc efflux rate was determined from thepgmf the linear part of the measured
fluorescent decrease during the wash with CaR banhgraph shown in Figure 1C

summarizes the rates of zinc efflux in control €edllative to ZnT-1-transfected cells in 10
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independent experiments. It shows that while noigant efflux was measured in control

cells, ZnT-1 expression led to marked®Zefflux from the cells (p<0.001).

Searching for the ion dependency of ZnT-1 mediZred efflux, we next measured the
calcium dependence of ZnT-1 induced Zefflux. No Zrf* efflux is observed when zinc
loaded cells are washed with calcium-free mediuai#8) and efflux was started when the
cells were washed with calcium-containing Ringsptution (CaR®) (Figure 2A). The zinc
extruding activity of ZnT-1 is independent of sauiusince ZnT-1 mediated Zhefflux is
observed when cells are washed with calcium-comgiRinger’s solution in which sodium
is substituted with N-methyl-D-glucamine (NMG-CaRis is consistent with the finding in
figure 2A in which no Zf" efflux is seen when the wash does not contain wal¢NMG-
CaF) (Figure 2B). Furthermore, Kfgwhich at 2 mM does not inhibit ZnT-1 mediatedZn
efflux, cannot substitute for €4in supporting ZA" efflux (Figure 2C). Taken together these
findings are consistent with the notion that thmstatory effect of calcium ions on Zh
efflux is not due to nonspecific effects of divalens. The calcium concentration
dependence of ZnT-1 mediated®Zefflux (Figure 2D) is consistent with cooperativaiaity
of calcium, since fitting the data to a Hill plaeids a Hill coefficient of 1.7.

Members of the CDF protein family are known to ligaie transport of heavy and transition
metal ions such copper, iron, manganese and ziaoyMf these transporters utilize the pH
gradient for extruding divalent cations from theéospl to the extracellular fluids or for
sequestering the metals into intracellular compenttst’. We found that, like other members
of the ZnT family, ZnT-1 extrudes zinc across theespma membrane of HEK 293T cells by
utilizing the electrochemical gradient of hydrogens (Figure 3A). The Hconcentration
dependence of the transport activity shows thapthelependency of ZnT-1 activity is

within the physiological range as the apparent Kimeved by fitting the experimental points
to a Michaelis-Menten equation corresponded to a §8+0.2. To investigate the possibility
that [H'] serves as a regulator rather than as the drigirag, we investigated the rate of?Zn
efflux in cells in which intracellular pH was eithalkalinized or acidified prior to the onset
of efflux. As expected from a pH driven transpaugess, Zfi" efflux rates were

significantly reduced or augmented when cytosationas acidified (p<0.001; perfusing

with 30 mM sodium butyrate) or alkalinized (p<0.@&rfusing with 30 mM ammonium

chloride), respectively (Figure 3B). These findirage consistent with Zhefflux being
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driven by the electrochemical gradient of Jiather than pH having a modulatory role on

ZnT-1 activity.

As a protector against Zhtoxicity, it was predicted that ZnT-1 would mediatrf* efflux
against a Zfi concentration gradient. In accordance with theifmtion, cells transfected
with ZnT-1 and loaded with Zfiwere able to extrude Zhinto a washing solution
containing 1QuM Zn?* (Figure 4A). The dependency of ZnT-1 mediated Z&xtrusion on
extracellular ZA* concentration was assessed by measuring the Zn@diated Zfi" efflux
as a function of extracellular Znduring the washing period. ZnT-1 was observedcktoude
Zn** against more than a 100 fold zinc gradient (FigiB

As originally reported by Palmiter and Findi€yZnT-1 protects HEK 293T cells against
zinc toxicity, as evaluated by the release fromaytesol of the large molecule Lactate
Dehydrogenase (LDH) - Figure 5A. In this studyneither the C-Terminal (CT) truncated
form, nor the C-Terminal by itself, was found t@farct cells against zinc toxicity. To further
define the structural requirements of zinc transpgrZnT-1, we used the published
molecular structure of YiiP to build a three dimensl homology model of ZnT-1. This
model predicted that Asp254 and His43 in ZnT-1 #hdunction as key residues in the
putative zinc binding domain of ZnT-1 (Figure 5B)deed, when these two residues were
substituted with alanine, ZnT-1 lost its abilitygmtect cells against zinc toxicity (Figure
5C) This observation is supported by the findingt the mutated ZnT-1 also lost its ability to
facilitate Zrf* extrusion (Figure 5D). This malfunction of the e ZnT-1 is due to a block
in the ability to transport zinper se, rather than disruption in its trafficking to theagpma
membrane; confocal microscopy shows similar loadilen of the mutant and the wild type
ZnT-1 (Figure 6).

Discussion

ZnT-1 is a multifunctional protein that has thredapendent roles: 1) Protection of cells
from zinc toxicity™ ** 2) Inhibition of the L type calcium channels (LTE?® ** and 3)
Activation of the Ras-Raf-ERK signal transductiaihway with consequent augmentation
of T-type calcium channels and protection of cardiocytes against ischemia reperfusion
injury ?> 3% Over the years, studies have provided evidensepport the notion that ZnT-1
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acts to extrude zinc from the cell. We have demated, for the first time, that ZnT-1 acts as
a Zrf*/H" exchanger, that it is calcium dependent, sodiwtependent, and, since no LTCC
are expressed in HEK293T cells, that efflux of zimough the activity of ZnT-1 acting as a
zinc extruder is responsible for its ability to f@at cells against zinc toxicity.

Similar to other zinc extruders, such as thé/Riat* transporter*, we show that the time
course for ZnT-1 mediated zinc extrusion is sevienaths of a second (Fig 1A and 1B).
Given the large electrochemical gradient fof Zinns, the extrusion of zinc from the cytosol
to the extracellular compartment requires an ensogyce to drive Zii against this gradient.
In mammalian cells, a component of the regulatibimtoacellular calcium and proton
concentrations is mediated primarily by ATPase psindthough ZA*-ATPase pumps have
been discovered in bacteria and higher pl&ht§ no such pump has been described for zinc
in mammalian cells. Thus, a secondary active effliwchanism is the most plausible process
for regulating intracellular zinc. Such mechanidorshe extrusion of zinc have been
previously described in a variety of cells inclugliepithelia (HEK 293T cells), and cortical
neurons’’ . Our findings show that ZnT-1 acts as aiZ#®‘exchanger, catalyzing zinc
efflux against a 100-fold transmembrane gradieiguiie 4A). The rapid and active extrusion
of zinc is of particular relevance for neurons tha often exposed to short periods of high
extracellular zinc and are, thus, susceptible x@ity following exposure of a few minutes
only ***2 Hydrogen ions serve as a driving force rathanths modulators of ZnT-1 activity.
This is similar to what has been previously showrCblvin et. al., describing hZIP1 that
mediates hydrogen driven zinc uptdfeSince ischemia is commonly associated with the
development of acidosis in the heart and the Bralf the hydrogen ion dependence of ZnT-
1 activity further highlights the adaptation of Z4To protect against zinc toxicity under

pathological situations.

Similarly to other proton-driven secondary actikensport systems in mammalian cells the
activity of ZnT-1 is sodium independent. The invaivent of calcium ions in the activity of
ZnT-1 is more complex. A Hill coefficient close 20 and no effect of magnesium ions on
ZnT-1 activity (Fig 2D), are consistent with a sifieaccooperative action of calcium (Fig 2A
and 2C). Calcium may stimulate ZnT-1 activity byduatating an extracellular site.
Alternatively, the electrochemical gradient of ¢calc may serve as an energy source for
ZnT-1 activity. However, since little ZnT-1 medidt&n’* efflux is observed in the presence
of calcium and the absence of a pH gradient (Fiy 8As unlikely that calcium serves as a

driving force. This finding may have pathologisainificance. During ischemia and rapid
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electrical stimulation (such as during a seizuney¢ is a dramatic decrease in extracellular
calcium concentratior *° This reduction in extracellular zinc may attereuat™ transport
by ZnT-1, leading to increased sensitivity to zioxicity during ischemia. Nonetheless, at
reperfusion, extracellular calcium concentratioresrastored, enabling ZnT-1 to protect cells

during this phase.

Despite the modest overall homology between théebat YiiP transporter and the ZnT
family, a striking overlap exists in their struauRecent studies shed new light on the
organization of the catalytic domain and partidyléne four amino acid residues (three of
which are highly conserved) composing the binditgfer Zrf* * 4 Here we propose a
three-dimensional model of the ZnT-1 protein asdzihc binding domain based on the
homology between the bacterial CDF, YiiP, and ZnTHie validity of our model is
supported by the fact that mutation of 2 of therevacids that are predicted to make up the
putative zinc binding domain of ZnT-1 inhibitedZefflux via ZnT-1, leaving the cells

susceptible to zinc toxicity (Fig 5).

In summary, this study shows that the underlyingimaism by which ZnT-1 mediates
active zinc efflux against its electrochemical gead is pH-driven and calcium-dependent.
Based on a 3D model, we have identified a putatine binding domain in ZnT-1 and, by
mutating two amino acids within this domain, blodkanc efflux via ZnT-1. Cellular
toxicity caused by zinc accumulation occurs in mpathological conditions, including brain
seizures. Seizures are accompanied by acidificaimaheven changes in calcium due to cell
damage. The pH and calcium dependency of ZnT-1ateiZi* efflux, therefore, would
enhance its ability to protect cells against thesdaous conditions.
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Figure Legends

Figure 1; ZnT-1 mediates Zn?" efflux: HEK293T cells loaded with FluoZin-3 (A) or Fura-2
(B) were loaded with Zfi by incubating them in Ringer’s solution containbigM Zrf*

carrier pyrithione and 1 pMNZn**. Thereafter, the cells were washed with Ringeslation
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containing 100 puMEGTA. Regions of interest were selected by identifyindsaxpressing

the plasmids prior to the beginning of the experitaeCells expressing ZnT-1 were

identified fluorescently with ZnT-1 tagged with CBPEYFP for Fluozin-3 and Fura-2
experiments, respectively. Decreasing intracelldl& was observed with either dye only
from cells transfected with ZnT-1 plasmid. C. M@a8EM summarizing the rate of Zn

efflux normalized to efflux in ZnT-1-transfectedise The efflux rate was determined as the
initial linear reduction in fluorescence as a fumictof time and normalized with the rate in
ZnT-1 transfected cells. Data are from 10 and Ri2s) each containing 11 regions of interest
with at least 10 cells in each region of interést pcDNA and ZnT-1 transfected cells,
respectively). The rate efflux from ZnT-1 transtattells is significantly higher than the

efflux from control cells (*** p<0.001).

Figure2; ZnT-1 mediated efflux is calcium dependent and sodium independent; A. HEK
293T cells transfected with ZnT-1 plasmid were Ehaith Fura-2 and Zfi as described for
figure 1. Consistent with the findings in figureah efflux was observed when the cells were
washed with Ringer’s solution containing 1mM cafi¢CaR®). In contrast, when calcium
was omitted from the medium, no efflux was obserfiest part of CaFll). However, ZA*
efflux was observed when calcium was added backtive wash medium (last part of CaF-
H). B. A bar graph showing that the ZnT-1 mediatidie is sodium independent (sodium
was replaced with N-methyl D-glucamine (NMG). Cbar graph summarizing three
independent experiments comparing efflux ratesminizhe presence of ¢a, Ca*+Mg*?

and when M& is substituted for C&in the Ringer’s solution. D. Cells transfectedhwit
ZnT-1 were loaded with 7, as before, and washed with Ringer’s solution @ioitig

different concentrations of calcium. The data &ted to a Hill equation yielding a Hill
coefficient of 1.7 consistent with a cooperativieetf of calcium ions. Data are Mean + SEM.

*** represents p < 0.001.

Figure3; ZnT-1induced Zn* efflux is pH dependent; A. Hydrogen ion concentration
dependency of ZnT-1 induced Zrefflux. HEK 293T cells were loaded with Zras
described above. Efflux is plotted as a functiothef [H'] of the superfusing solution. The
line through the data points is a fit of the data tMichaelis Menten equation, yielding an
apparent Km of pH=6.8+0.2. B. ZnT-1 induced’Zefflux depends upon the'tgradient and
not on the intracellular pH. Intracellular pH waampulated by incubating the cells either
with 30 mM ammonium chloride (ZnT-1NJ{ thus alkalinizing the cytosol, or with 30 mM
butyrate (ZnT-1-butyrate), thus acidifying the gab The superfusing solution was at pH
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7.4. Data are from 3 independent experiments gmeésent Mean £ SEM. * and ** represent
p <0.05 and 0.01.

Figure4; ZnT-1 mediates Zn** efflux against its electrochemical gradient. A. Changes in
intracellular Z3* as a function of time following washing with zinontaining Ringer’s.
HEK 293T cells were loaded with Znas described before and washed with Ringer’s
solution at pH 6.5 containing 10 uM ZnCB. The rate of efflux mediated by ZnT-1 as a
function of extracellular Zfi in the superfusing solution. HEK 293T cells wieraded as
described above and efflux was measured in Ringefigion containing different
concentrations of Zn@lThe line through the data points resulted fratmfy the data to an

exponential decay equation.

Figure5; ZnT-1 mediated Zn? efflux is essential for ZnT-1 to protect cellsagainst zinc
Zn*" toxicity. Release of LDH served as a measure for cellulacitgxn HEK 293 cells
transfected with mutated, truncated and full lerfytfi-1 and exposed to different
concentrations of zinc. A. ZnT-1 protects cellaiagt Zr* toxicity but both ZnT-1 minus its
C terminal (ZnACT) and the C terminal by itself (CT) confer notexive properties. B. A
3D homology model in ribbon representation of Znis-based on the crystal structurecof
coli YiiP (3H90). The functional dimer assembly is bfribm two ZnT-1 monomers (orange
and purple) including the membrane zinc binding &ticks shown in purple). C. Mutating
D254A and H43A located in the ZnT-1 putative’Zhinding site rendered ZnT-1 inactive as
a defense against Zntoxicity. D. Bar graph showing that ZnT-1 mutated254A and
H43A blocks the ability of ZnT-1 to mediate Zrefflux. Data are Mean + SEM from 10

slides from 4 independent experiments. *** représgn< 0.001.

Figure6; ZnT-1D254A H43A localizesto the plasma membrane similarly to wild type
ZnT-1: Fluorescence images of HEK 293T cells expresloth ZnT-1
D254A_HA3AEYFP and ZnT-1 WT:ECFP. Images resulting from &tmn of theZnT-
1D254A HA43AEYFP (488 nm laser line), shown in red (A) revibalt it is localized to the
cell membrane. Images resulting from excitatioZf-1 WT.ECFP (408 nm laser line)
shown in blue (B) were segmented and merged tateeelocalization of mutated ZnT-1
and WT ZnT-1 shown in purple (C)
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