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All living cells need zinc ions to support cell growth. Zrt-,
Irt-like proteins (ZIPs) represent a major route for entry of zinc
ions into cells, but how ZIPs promote zinc uptake has been
unclear. Here we report the molecular characterization of ZIPB
from Bordetella bronchiseptica, the first ZIP homolog to be
purified and functionally reconstituted into proteoliposomes.
Zinc flux through ZIPB was found to be nonsaturable and elec-
trogenic, yielding membrane potentials as predicted by the
Nernst equation. Conversely, membrane potentials drove zinc
fluxes with a linear voltage-flux relationship. Direct measure-
ments of metal uptake by inductively coupled plasma mass spec-
troscopy demonstrated that ZIPB is selective for two group 12
transition metal ions, Zn>* and Cd>*, whereas rejecting transi-
tion metal ions in groups 7 through 11. Our results provide the
molecular basis for cellular zinc acquisition by a zinc-selective
channel that exploits in vivo zinc concentration gradients to
move zinc ions into the cytoplasm.

Zinc is an essential element for all living organisms (1). Zinc
chemistry is widely exploited to drive enzymatic catalysis, orga-
nize protein structures, and mediate macromolecular interac-
tions (2). In known proteomes, zinc-containing metallopro-
teins account for ~10% of the total proteins (3). Zinc
metabolism is also very high. In human, ~1% of the total body
zinc content is replenished daily by the diet (4). The abundant
zinc utilization and its rapid turnover necessitate highly effi-
cient zinc uptake mechanisms by which cells accumulate zinc
to a total concentration in the submillimolar range (5). The vast
majority of cellular zinc is in complex with specific protein part-
ners (6). Free zinc ions, on the other hand, must be strictly
limited in the cytoplasm to prevent cytotoxic side effects (7).
Zinc efflux transporters and intracellular buffering systems are
evolved to maintain an extremely low level of cytoplasmic free
zing, probably in a femtomolar to picomolar range (8, 9). When
a zinc supply is available in the extracellular medium, the free
zinc concentrations in the cytoplasm are expected to be many
orders of magnitude lower than the extracellular zinc concen-
trations (10, 11). The inward zinc concentration gradients
would provide a powerful chemical driving force to draw extra-
cellular zinc ions into the cytoplasm if a transmembrane zinc
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conduit would connect the external zinc availability and the
high intracellular zinc binding capacity. Such a zinc-specific
uptake channel has not heretofore been identified.

A common assumption is that cellular zinc uptake is an
active process mediated by metal transporters. In mammals,
Zrt-, Irt-like protein (ZIP)? is the only zinc-specific uptake pro-
tein identified thus far (12). Although ZIPs supply zinc to meet
cellular needs for growth, aberrant ZIP expressions have been
linked to uncontrolled cell growth such as that occurring in
cancer (13). Functionally, mammalian ZIPs promote zinc influx
into the cytoplasm either from the extracellular medium or
from zinc-enriched intracellular compartments (14). Members
of the ZIP protein family are found at all phylogenetic levels
(15). Plant, yeast, and bacterial ZIPs are relatively specific for
zinc (16) as well as iron (17), and they are also implicated in
transporting a broad spectrum of other transition metal ions,
including Cd**, Co*", Cu®", and Mn?" (18-20). To date,
direct functional characterization of any ZIP homolog has been
unattainable due to the technical bottleneck in overexpression
and purification of ZIPs. Although none of ZIP homologs have
been studied biochemically, they have been hypothesized to be
ion-coupled secondary transporters (5). The assumed transport
mechanism for ZIPs has largely been inferred from the
observed saturable zinc uptake activities in cells expressing ZIP
homologs (20-22). It is noted, however, that zinc influx and
efflux are intricately linked in a zinc flow equilibrium around
homeostatic set points (23). An elevated zinc influx may acti-
vate endogenous zinc efflux activities (24), resulting in a net
zinc influx in a saturable manner. In light of this potential ambi-
guity, the mechanism of zinc uptake by ZIPs remains unclear.

In the present study, we obtained a heterologously expressed
ZIP homolog from Bordetella bronchiseptica, termed ZIPB.
The purified ZIPB was reconstituted into proteoliposomes,
enabling detailed kinetic analysis of ZIPB-mediated metal
fluxes under controlled experimental conditions. Our experi-
ments demonstrate that ZIPB is a selective electrodiffusional
channel. This result challenges the common assumption that
cellular zinc uptake is an active process. Rather, ZIPB facilitates
passive zinc uptake driven by zinc concentration gradients that
are maintained by cellular zinc homeostasis.

2 The abbreviations used are: ZIP, Zrt-, Irt-like proteins; DDM, n-dodecyl-B-p-
maltopyranoside; TEA, tetraethylammonium; ICP-MS, inductively coupled
plasma mass spectroscopy; CDF, cation diffusion facilitator; Ni-NTA, nickel-
nitrilotriacetic acid; Bis-Tris, 2-(bis(2-hydroxyethyl)amino)-2-(hydroxy-
methyl)propane-1,3-diol.
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EXPERIMENTAL PROCEDURES

Overexpression and Purification—ZIPB was selected through
a high throughput screening process for expression and purifi-
cation of membrane proteins (25, 26). For large scale overex-
pression, the ZIPB coding sequence was subcloned to pET15b
with an N-terminal thrombin-cleavable hexa histidine tag.
Overexpression of ZIPB was hosted in Escherichia coli
C43(DE3) cells, grown in an auto-induction culture medium
(27). Cells were harvested and mechanically ruptured using a
Microfluidizer press cell. The membrane vesicles were solubi-
lized in a detergent buffer containing 100 mm NaCl, 20 mm
HEPES, pH 7.0, 7% n-dodecyl-B-p-maltopyranoside (DDM),
0.5 mm Tris(2-carboxyethyl) phosphine hydrochloride, 20%
w/v glycerol, 1 mm CdCl,, 10 mm K,HPO,/KH,PO,, and 10 mm
imidazole. His-ZIPB was purified on an Ni-NTA superflow col-
umn. The His tag was removed by overnight thrombin diges-
tion. The resulting ZIPB was concentrated to ~20 mg/ml and
further purified by size-exclusion HPLC on a TSK 3000SW ;.
column, pre-equilibrated with a mobile phase containing 20
mM NaOAc, pH 4.0, 100 mm NacCl, 12.5% glycerol, 0.03% DDM,
0.5 mm Tris(2-carboxyethyl) phosphine hydrochloride, 0.02
mM ZnCl,. The molecular identity of the purified ZIPB was
confirmed by mass spectrometric analysis on a Voyager-DE
STR operated in matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) linear mode.

Reconstitution and Stopped-flow Flux Measurements—Prior
to reconstitution, HPLC-purified ZIPB, typically at ~20 mg/ml
in the HPLC buffer, was diluted 20 —400-fold with 1% r-octyl-
B-p-glucoside to reduce the DDM concentration. The proto-
cols for functional reconstitution, encapsulation of fluorescent
indicators, stopped-flow measurements, and data analysis were
described previously (28). Liposomes were made in parallel to
proteoliposomes as a protein-free control. Stopped-flow exper-
iments were carried out by mixing vesicles at a 1:1 ratio with an
assay buffer at 8 °C. For measuring zinc fluxes in response to
zinc concentration changes, the initial intravesicular [Zn*"] is
zero, and extravesicular [Zn**] increased from 0 to 2 mm in an
assay buffer containing 50 mm K,SO,, 20 mm Bis-Tris-MES, pH
6.8. For measuring zinc fluxes in response to pH changes, the
initial intravesicular [Zn>"] is zero, and extravesicular [Zn>"]
was fixed at 0.5 mm. A broad pH range was buffered using 20
mwm MES for pH from 5.0 to 7.0 and 20 mm Tris for pH from 7.0
to 9.0. At pH 7.0, zinc fluxes in the MES and Tris assay buffer
were identical. For measuring zinc fluxes in response to mem-
brane potential changes, 50 um ZnSO, was added in equilib-
rium inside and outside of the vesicles. The vesicles were pre-
loaded with either 50 mm K,SO, or 50 mm (TEA),SO, and then
exposed to an assay buffer containing a K,SO,/(TEA),SO, mix-
ture with varied K*-to-TEA™ ratio at pH 6.8. Potassium iono-
phore valinomycin (2 um) and voltage indicator oxonol VI (1
uM) were added to the vesicles and assay buffers, respectively.
For measuring zinc fluxes in response to the proton motive
forces, vesicles at a symmetrical [Zn>"] concentration of 50 um
were preloaded with either 50 mm K,SO, or 50 mm (TEA),SO,.
The assay buffer contained either 50 mm K,SO, or 50 mMm
(TEA),SO,, respectively. An H" /K™ exchanger nigericin was
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added at 2 uM to the vesicles encapsulated with both FluoZin-1
and pyranine.

Metal Uptake Assay and ICP-MS Measurements—Metal
uptake experiments were performed on 0.22-um GS nitrocel-
lulose filters. A metal ion as indicated was added to a final con-
centration of 0.2 mM to an assay buffer containing 20 mm Tris,
50 mm K,SO,, pH 7.0, with 2 mm CaSO, as the filter blocker.
Proteoliposomes or liposomes were loaded onto filters
mounted on a vacuum manifold and then overlaid with an ice-
chilled, metal-containing assay buffer for 15 s at 8 °C. Next, the
filters were washed with the metal-free assay buffer at an ele-
vated pH of 9.0. The vesicles on the filter were then subject to
acid digestion at 70 °C for 60 min using 60 ul of 70% nitric acid.
The sample was clear of insoluble debris by a brief centrifuga-
tion, diluted with double distilled H,O to a final HNO; concen-
tration of 2%, and then analyzed on a PlasmaQuad 3 inductively
coupled plasma mass spectrometer.

RESULTS

Homolog Screening—ZIP was nominated as a structural
genomics target to the New York Consortium on Membrane
Protein Structure NYCOMPS). 52 bacterial and archaeal ZIP
homologs were selected from a pool of 92 fully sequenced pro-
karyotic genomes based on a sequence similarity criterion (26).
The chosen ZIP homologs were cloned, His-tagged, and over-
expressed. An initial screen in a 96-well format identified 12
constructs that showed detectable protein expression by a His
tag specific antibody. Scale-up expressions were followed, and
proteins were partially purified by Ni-NTA affinity binding.
Only 4 out of 12 constructs yielded expected protein bands on a
Coomassie Blue-stained SDS-PAGE gel. This result is consist-
ent with the general observation that ZIPs tend to be highly
refractory to overexpression and purification. The level of ZIPB
expression ranked third among the four positives, but ZIPB was
the only homolog that remained soluble after a prolonged
detergent incubation. Thus, ZIPB was singled out for large scale
production.

Purification—ZIPB was heterologously overexpressed in
E. coli, solubilized using DDM at a detergent-to-cell mass ratio
of 1/10 (w/w), and then purified to homogeneity by Ni-NTA
affinity chromatography (Fig. la). Western blot analysis
showed that thrombin proteolysis completely removed the His
tag (Fig. la). Initial size-exclusion high-performance liquid
chromatography (HPLC) analysis, however, indicated that the
majority of the purified ZIPB formed protein aggregates.
Accordingly, a collection of detergents, metal ions, and buffers
in various combinations was screened for an optimal stabilizing
condition. The resulting ZIPB in a stabilized form was concen-
trated to ~20 mg/ml, and then subjected to preparative size-
exclusion HPLC purification. The purified ZIPB showed a sin-
gle monodispersed species with a retention time corresponding
to an apparent molecular mass of 170 KDa in complex with
detergents and lipids (Fig. 10). MALDI-TOF mass spectromet-
ric analysis of the peak fraction revealed a single mass species at
31,270 Da, in agreement with the expected molecular mass for
ZIPB at 31,250 Da (Fig. 1c). The protein mass in the ZIPB-
detergent-lipid complex was estimated to be ~62.9 kDa by size-
exclusion HPLC coupled with in-line measurements of light
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FIGURE 1. Purification of ZIPB. g, SDS-PAGE. Proteins as indicated in the purification process are revealed by
Coomassie Blue stain (left) and Western blot using a His tag specific antibody (right). Two dashed lines mark the
positions of the monomeric and dimeric His-ZIPB on the gel. b, analytical size-exclusion HPLC. Thick line,
DDM-solubilized ZIPB. Thin line, protein standards: 7, thyroglobulin (670 kDa); 2, y-globulin (158 kDa); 3, ovalbu-
min (44 kDa); 4, myoglobin (17 kDa); and 5, vitamin B, (1.35 kDa). ¢, MALDI-TOF mass spectrometry. The m/z
reading was internally calibrated using transferrin. ZIPB, transferrin, and their charge states are labeled.
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FIGURE 2. ZIPB kinetics. g, typical stopped-flow traces elicited by 1:1 mixing of proteoliposomes with an assay
buffer containing ZnSO, to a final concentration from 0 to 2 mm as indicated. The y axis is the FluoZin-1
fluorescence change (AF,,) normalized to the maximum fluorescence change (AF, ,,). b, initial rate of zinc
influx (k) as a function of the extravesicular zinc concentration. Each linear regression line was obtained from
proteoliposomes with a fixed ZIPB/lipid molar ratio as indicated. ¢, the initial rate of zinc influx was normalized
to the extravesicular zinc concentration. The resulting k/[Zn "] was plotted as a function of the ZIPB/lipid molar
ratio. The solid line represents a linear regression of the first four data points (ZIPB/lipid molar ratios range from
1:20,000 to 1:667). Note that the fifth data point at 1:400 deviates from the regression line as the proteolipo-
somes approach the maximum membrane-insertion capacity of ZIPB.

ZIPB was obtained by subtracting
the background zinc leakage mea-
sured from control liposomes. The
background leakage was negligible
when compared with the ZIPB-me-
diated flux. The total vesicle loading
of FluoZin-1 was quantified as
the maximum fluorescence change
(AF,,,) in response to detergent
dissolution of vesicles that released
all the encapsulated FluoZin-1 to 2
mM extravesicular Zn?" (28). Nor-
malizing AF, to AF, ., resultedina
dimensionless fluorescence change,
AF, /AF,.... Fig. 2a shows typical
recordings of AF, /AF, .. that rose
exponentially upon rapid exposures
of proteoliposomes to extravesicu-
lar zinc with increasing concentra-
tions from O to 2 mm.

Concentration Dependence—7Zn>*
influxes were measured at a fixed
ZIPB-to-lipid molar ratio with var-
ied extravesicular zinc concentra-
tions or at a fixed extravesicular zinc
concentration with varied ZIPB-to-
lipid ratios. The initial rate of the
fluorescence response was found to
be directly proportional to the zinc
concentration with no evidence of
saturation up to an extravesicular
zinc concentration of 2 mwm (Fig. 2b).
A control experiment was per-
formed using a well characterized
zinc efflux transporter, YiiP (30, 31).
Under the same experimental con-
ditions, YiiP exhibited the typical
saturation kinetics expected for a
carrier-mediated flux. Thus, the
zinc flux through ZIPB was indeed
nonsaturating within the physiolog-
ical zinc concentration range. The
rate of zinc flux normalized to the
extravesicular zinc concentration
also increased linearly with the
ZIPB-to-lipid molar ratio within a
range from 1:20,000 to 1:667 (Fig.
2¢). At a higher ratio of 1:400, the

scattering, refractive index, and UV absorption (29). This pro-
tein mass is approximately equal to that of a ZIPB homodimer
in the detergent micelles.

Functional Reconstitution—The HPLC-purified ZIPB was
reconstituted into proteoliposomes by a detergent-mediated
reconstitution method (28). The proteoliposomes were loaded
with a fluorescent zinc indicator, FluoZin-1, and then exposed
to various zinc-containing assay buffers. Zinc fluxes in response
to rapid zinc exposures were detected by stopped-flow fluo-
rometry. The net zinc influx (AF,,) through the reconstituted
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normalized zinc flux rate seemed to fall off the regression line
(Fig. 2¢). Thus, the upper bound protein-to-lipid molar ratio for
ZIPB reconstitution is between 1:667 and 1:400. This value sug-
gested that the reconstitution of ZIPB is slightly more efficient
than the membrane insertion of ATP binding cassette trans-
porters under optimized reconstitution conditions (32).
Electrodiffusion—The observed first order kinetics suggested
that the ZIPB-mediated zinc flux may represent passive elect-
rodiffusion. If this is the case, a zinc flux down its concentration
gradient would generate a transmembrane potential according
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FIGURE 3. Electrogenic effect. g, voltage change (AF,/F,) in response to
imposition of an inward metal concentration gradient (1 mm outside and 0
mm inside). A metal ion as indicated was mixed with proteoliposomes, and
the corresponding oxonol VI fluorescence change (AF,) relative to its baseline
reading (F,) was plotted as a function of time. b, Nernst relationship between
the quasi-stationary oxonol VI signal (AF,/F,) and the gradient of zinc (filled
triangle) or potassium (filled circle) expressed in logarithm of the extravesicu-
lar-to-intravesicular concentration ratio (M, /M,,). Linear regressions (solid
line) yielded a slope of 0.16 + 0.01 for Zn>" and 0.36 = 0.01 for K™, respec-
tively. Data are presented as means * S.E. of a triplicate experiment.
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to the Nernst equilibrium. The membrane potential was
detected using a fluorescent potentiometric indicator, oxonol
VI, that can respond to the membrane potential linearly under
our experimental conditions (33). An exposure of proteolipo-
somes to 1 mm extravesicular Zn>" rapidly developed an inside-
positive potential, as indicated by a rise of oxonol VI fluores-
cence (Fig. 3a). The electrogenic effect was attributed to the
zinc influx because proteoliposomes preloaded with 1 mm Zn>™*
in equilibrium with the extravesicular zinc concentration did
not yield detectable change in oxonol VI fluorescence. The elec-
trogenic effect seemed specific to zinc. Among a set of divalent
metal ions examined, Zn>" was the only metal ion that elicited
a significant voltage response (Fig. 3a).

Within an extravesicular zinc concentration ranging from
0.25 to 4.5 mm, zinc influxes rapidly filled up the proteolipo-
somes to the maximum filling capacity, corresponding to an
intravesicular zinc concentration of 0.15 mM, as estimated
according to the quasi-stationary AF,, /AF, .. readings (Fig.
2a). Apparently, zinc influxes built up membrane potentials in
opposition to chemical driving forces of the zinc concentration
gradients. Accordingly, the oxonol VI response was found to be
linear to the zinc driving force, (RT/FZ)In[(Zn*") _ /(Zn>"), ],
where R, T, and F are thermodynamic constants, and Z is the
ionic valence of the permeant ion (Fig. 3b). An internal calibra-
tion of the oxonol VI response was performed using a series of
potassium concentration gradients down a potassium iono-
phore valinomycin (34). Increasing [K*],,, from 0.5 mM to 5
mM vielded a linear increase of the quasi-stationary oxonol VI
response (Fig. 3b). Under the identical experimental condi-
tions, except that the monovalent K* was in place of the diva-
lent Zn**, a [K*];,, of 0.3 mm was expected to reach the proteo-
liposome filling capacity. The slope of the K™ regression line
approximately doubled that of the Zn>" regression line (Fig.
3b), as predicted by a 2-fold valence difference of the Nernst
equation. These observations draw a parallel between ZIPB and
a potassium ionophore that functions as an ion-selective elect-
rodiffusional pore.

Further supporting evidence for electrodiffusional fluxes
through ZIPB came from simultaneous measurements of zinc
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FIGURE 4. Membrane potentials drive bidirectional zinc fluxes. g, an out-
ward potassium gradient trigged an inside-negative membrane potential
and an inward zinc flux as illustrated (left). The membrane potential change
(AF,/F,) was monitored by the oxonol VI fluorescence as a function of time
(middle), whereas the zinc influx (AF,,) was indicated by the FluoZin-1 fluo-
rescence change as a function of time (right). b, an inward potassium gradient
trigged an inside-positive membrane potential and an outward zinc flux.
¢, flux-voltage relationship. The x and y axis are respectively the quasi-station-
ary AF,/F, and AF,,, response taken from a and b. The solid line represents a
linear regression that relates the zinc flux to the membrane potential.

fluxes and membrane potentials using FluoZin-1 and oxonol
VI, respectively. Proteoliposomes were loaded with 50 um Zn>*
in equilibrium with the extravesicular Zn>" concentration. At
this symmetrical zinc concentration, zinc fluxes were driven by
imposition of transmembrane potentials, which were gener-
ated by applying K* transmembrane gradients across valino-
mycin. Bidirectional K* concentration gradients were elicited
by rapidly exposing proteoliposomes to an assay buffer with
varied K*-to-TEA™ concentration ratios. As shown in Fig. 44,
outward K™ gradients induced negative oxonol VI responses
accompanied by increases of the FluoZin-1 fluorescence. The
concurrent fluorescence changes indicated that an inside-neg-
ative membrane potential induced a zinc influx. Conversely,
inward K* gradients triggered inside-positive membrane
potentials, which drove zinc effluxes (Fig. 4b). A correlation
between the quasi-stationary FluoZin-1 and oxonol VI re-
sponses showed a linear relationship between the zinc fluxes
and the membrane potentials (Fig. 4¢). This ohmic behavior at a
symmetrical zinc concentration obeys the Goldman-Hodgkin-
Katz current equation with an underlying mechanism ascribed
to passive electrodiffusion (35). Characterization of voltage
dependence of zinc flux under an asymmetrical condition was
limited by a small FluoZin-1 detection window set by a lower
bound detection limit of FluoZin-1 and an upper bound limit of
its linear range (28).

Temperature Dependence—Zinc fluxes through ZIPB were
measured at six different temperatures from 3 to 18 °C (Fig. 5).
The initial rate of zinc flux induced by 0.5 mm extravesicular
zinc showed a weak temperature dependence, corresponding to
an activation energy of 8.2 £ 0.8 kJ/mol. This value is signifi-
cantly lower than the typical range of activation energies for
membrane transporters, e.g. 50—60 kJ/mol for a Na/Ca
exchanger (36) or 81 kJ/mol for transport of Cs™ through an
organic cation transporter rOCT2 (37). The temperature-de-
pendent data of ZIPB are compatible with an electrodiffusional
process that requires minimal conformational changes.
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the reciprocal of temperature; y axis, the initial rate of zinc flux on a logarith-
mical scale. The solid line represents a linear regression of the temperature
dependence. Inset, FluoZin-1 traces (AF,, /F ,.,) recorded as a function of time
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FIGURE 6. pH dependence. g, the initial rate of zinc flux was normalized to the
flux rate at pH 5 and then plotted as a function of the pH ranging from 5 to 9.
The pH dependence was fitted to the Hill equation (solid line) with fitting
parameters given under “Results.” b, zinc flux is not coupled to the proton
motive force. Bidirectional transmembrane proton gradients were monitored
by the fluorescence difference (AF,50/F4;,) Of pyranine (left), but no zinc flux
in either direction was detected by FluoZin-1 (right). Note that an increase or
decrease of the pyranine fluorescence indicates an increase or decrease of
intravesicular pH, respectively.

pH Dependence—H™ and K" are the only two physiological
ion species besides Zn>" in the assay buffer. Zinc flux remained
unchanged by a complete substitution of K* with TEA™, but
was reduced to the background level by alkalinization of the
assay buffer to pH 9.0. The pH dependence of ZIPB was exam-
ined using aliquots of proteoliposomes, pre-equilibrated at a
pH ranging from 5 to 9. The initial rate of Zn>" influx in
response to 0.5 mum extravesicular Zn?" increased progressively
with the H™ concentration (Fig. 6a). The observed [H™]
dependence was fit to the Hill equation, yieldinga K, ; = 53.1 =
3.8 nM and a stoichiometry n = 1.0 = 0.1. A near unity # value
suggested a noncooperative proton effect. At pH 6.8 and at a
symmetrical Zn®>" concentration of 50 um, a transmembrane
H* gradient was applied to proteoliposomes using an electro-
neutral H"/K* exchanger, nigericin, that can convert an
imposed K™ gradient to a proton gradient (38). Changes in
intravesicular [Zn>"] and [H "] were monitored simultaneously
by dual encapsulation of FluoZin-1 and a pH indicator, pyra-
nine (39). Aninward K* gradient, corresponding to inside 0 mm
K* 4+ 100 mm TEA™ and outside 50 mm K + 50 mm TEA™,
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FIGURE 7. Metal selectivity. Total metals (metals trapped inside the vesicles
plus metals bound to the filter) were quantified in ppm by ICP-MS. Back-
ground metal levels on the filter were estimated using an equivalent filter
without deposited vesicles. Subtracting the background metal levels from
the total metal readings yielded the net metal uptake for proteoliposomes
(closed bar, n = 4) and liposomes (open bars, n = 4). Data are presented as
means * S.E.

caused an increase in pyranine fluorescence, whereas an out-
ward K* gradient, corresponding to inside 100 mm K* 4+ 0 mm
TEA™ and outside 50 mm K + 50 mm TEA™, elicited a pyra-
nine response in the opposite direction (Fig. 6b). No zinc flux
was detected in response to the proton gradient in either direc-
tion. In contrast, under the identical experimental conditions,
robust bidirectional Cd** fluxes were reported through a pro-
ton-coupled zinc efflux transporter, ZitB (28). Taken together,
ZIPB-mediated zinc flux is dependent upon pH, but indepen-
dent of the proton motive force.

Metal Selectivity—Metal selectivity was directly assessed
using ICP-MS. This mass spectrometric approach allows quan-
titative multi-element analysis. The metal uptake reaction was
performed on a membrane filter on which the proteoliposomes
were washed free of extravesicular metal ion by a high pH assay
buffer that minimized metal backflow through ZIPB. A 15-s
exposure of the protein-free liposomes to metal ions at an
extravesicular concentration of 0.2 mm yielded only back-
ground level signals, whereas ZIPB proteoliposomes under the
same experimental condition accumulated Zn>" 12-fold above
the background (Fig. 7). Of the six additional metal ions exam-
ined, Cd*" was the only one that showed significant accumula-
tion into proteoliposomes, although the rate of Cd*" accumu-
lation seemed slower than that of Zn>*. The ZIPB-mediated
Cd*>" influx was confirmed by stopped-flow FluoZin-1 fluores-
cence measurements. Moreover, Zn>"* and Cd*>" uptakes were
mutually inhibited by each other but not by any other metal
ions examined. This observation suggested a competition
between Zn>" and Cd>* for ZIPB. It was noted that the Cd**
influx did not yield an oxonol VI fluorescence change (Fig. 3a).
Intriguingly, a membrane potential induced by an inward
potassium concentration gradient across valinomycin was
found to drive Cd*" efflux through ZIPB at a symmetrical Cd*"
concentration. The mechanism underpinning the difference
between the electrogenic effects of Zn*" and Cd*" influx is
unclear.

DISCUSSION

The experiments described herein demonstrate that the
purified ZIPB protein alone can mediate a transmembrane zinc
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Putative TM4
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FIGURE 8. Sequence alignment. ZIPB (NP_888945) was aligned with ZIP homologs from E. coli (YP_002409442), Arabidopsis thaliana (NP_566669), and human
(NP_631916). Identical and highly conserved residues are colored in red and brown, respectively. Dots indicate omitted resides, and dashed lines represent
residue gaps in the alignment. The blue box marks the ZIP signature sequence in the putative TM4 as highlighted.
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FIGURE 9. The effects of anions on zinc flux through ZIPB. The initial rate of zinc flux in response to 0.5 mm
extravesicular zinc ion was measured in the presence of an indicated anion that was added to the assay buffer
ata concentration ranging from 0 to 10 mm. k..., is a dimensionless rate constant obtained by normalizing the
zinc flux rate to the maximum rate at 0 mm anion. Assuming Zn>" and the anion A form a binary complex with
an apparent dissociation constant K, the values of K, were obtained by least squares fitting (solid line) of the
anion concentration dependence to a hyperbolic equation, k.o, = Kp/(Kp+[Al).

10 0 5 10 0 5 10 N termini and C termini located on
[Citrate] (mM) [Pyrophosphate] (mM) the extracytoplasmic side of the
membrane. Highly conserved se-
quences clustered around the puta-
tive transmembrane segment 4
define a signature sequence for the
ZIP family (15). The signature se-
quence is well preserved in ZIPB

flux that is nonsaturable, electrogenic, and voltage-dependent.
The zinc equilibrium potential exhibits a Nernst relationship
predicted for divalent Zn>"* with reference to monovalent K™.
The voltage dependence of the zinc flux also follows the Gold-
man-Hodgkin-Katz current equation at a symmetrical zinc
concentration. These data provide strong evidence that the
ZIPB-mediated zinc flux truly represents electrodiffusion
through a zinc-permeant channel. All ZIPs identified thus far
promote zinc influx into the cytoplasm where zinc is buffered
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(Fig. 8), indicating that ZIPB is a bona fide member of the ZIP
family. ZIPB is a structural genomic target selected from a large
collection of microbial ZIP homologs. Despite its prokaryotic
origin, ZIPB also shows a significant homology to some eukary-
otic counterparts, e.g. a 38% sequence identity with human
ZIP11 for 160 residues in the C-terminal half of the proteins
(Fig. 8). This observation agrees with the notion that the C-ter-
minal half of ZIP homologs is better conserved than the N-ter-
minal half (15).
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Until now, the selectivity of ZIPs has been inferred from indi-
rect analyses of genetic complementation and mutant pheno-
types (16 —20). Our ICP-MS data provide direct evidence that
ZIPBis permeable to Zn>" and Cd** but not Fe**, Cu**, Co®",
Mn>", and Ni*". ZIPB shares a common metal selectivity with
YiiP, a metal efflux transporter in the cation diffusion facilitator
(CDF) family (41). The purified YiiP is selective for Zn>" and
Cd** against Fe*", Cu®>", Co**, Mn>", and Ni** (30), although
YiiP exhibited a ferrous tolerance phenotype in a mutant E. coli
strain (42). Both zinc and cadmium are group 12 transition
metals. They prefer tetrahedral coordination, whereas all
rejected metals favor higher coordination numbers, belonging
to groups 7 through 11 of the periodic table. It seems plausible
that ZIPB discriminates among various metal ions based
on their coordination chemistries. This coordination-based
selective mechanism is supported by the crystal structure of
YiiP, which revealed a zinc-occupied tetrahedral coordination
site in the zinc translocation pathway (43). A shared metal
selectivity between YiiP and ZIPB suggests a recurring struc-
tural theme in which a zinc ion may obligatorily bind to a tet-
rahedral coordination site in ZIPB during its passage through
the membrane.

Cellular zinc homeostasis critically depends on the flux equi-
librium between zinc uptake through ZIPs and zinc efflux
through CDFs (44). At present, overexpression of eukaryotic
zinc transporters remains technically challenging. The bacte-
rial YiiP and ZIPB serve as prototypes for CDFs and ZIPs,
respectively. CDFs utilize the proton motive force to actively
pump zinc out of the cytoplasm (28, 45), whereas ZIPs operate
passively in an opposite direction (5). The uphill pumping of
zinc in YiiP is driven by a downhill flow of protons, whereas zinc
passage in ZIPB is independent of the proton motive force.
Previous work suggested that bicarbonate may stimulate the
zinc uptake activity of hZIP2 in K562 erythroleukemia cells
(20). Our data showed, however, that ZIPB is fully active in the
absence of any physiological ion except for proton. Zinc flux
measurements also showed no evidence of stimulatory effects
on ZIPB by bicarbonate and other common organic anions (Fig.
9). Rather, phosphate, citrate, and pyrophosphate significantly
reduced the zinc flux rate in a concentration-dependent man-
ner. The rank order of apparent dissociation constants for
phosphate, citrate, and pyrophosphate is consistent with the
expected rank order for their stability constants for zinc. Our
data thus suggest that the observed inhibitory effects are likely
attributed to metal chelation effects.

The ZIPB-mediated zinc flux is nonsaturating with
respect to a zinc concentration up to 2 mm. Nevertheless, the
zinc flux through ZIPB is extremely slow in comparison with
the potassium ion flux in potassium channels. The marked
difference in ion flux rates may reflect the physiological role
that ZIPB plays in zinc homeostasis as opposed to transient
cell signaling. Interestingly, a direct comparison of zinc flux
rates for ZIPB and YiiP at 2 mm extravesicular zinc showed
that ZIPB was considerably slower than YiiP in transporting
zinc ions at physiological conditions. The slower zinc flow in
ZIPB likely allows the putative zinc coordination site to
operate under its saturation limit, thus giving rise to nonsat-
urating kinetics. The restricted zinc flow further implies
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channel constriction(s) that may exist along the zinc con-
duit. At present, structures of ZIPB and any other ZIP
homologs are unknown. The purification of ZIPB in a func-
tional form lays the groundwork for structural analysis of an
archetypal ZIP homolog.
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