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I. Overview

Zinc transporters (ZnT) are an important class of zinc efflux proteins in mammals. Nine
ZnT transporters, designated ZnT1-ZnT8 and ZnT10, have been identified to date.
Recent reports have established that the ZnT transporters are localized to various
cellular compartments and the plasma membrane. They play essential roles in multiple
biological processes and are involved in zinc-related human diseases. ZnT transporters
function as Zn/H exchangers and are thought to form dimers possessing one essential
zinc-binding site within the transmembrane domains per monomer, and a binuclear
zinc-sensing and binding site in the cytoplasmic C-terminal region, based on the X-ray
structures of and sequence homology to bacterial homologues. This chapter summarizes
the molecular characteristics of ZnT transporters and reviews our current knowledge of
their structure, biological functions, and regulation, with the emphasis on the most
recent advances. Molecular characterization of the ZnT homologues of bacteria, yeast,
plant and model organisms are also described, because they have contributed to the

major advances in our understanding of the ZnT protein function.

I1. Introduction

The ZnT transporter family comprises the mammalian (and other vertebrate)
members within the cation diffusion facilitator (CDF) family, which is ubiquitously
distributed in all three phylogenetic domains (Archaea, Bacteria and Eukaryotes). They
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are assigned to the SLC30A family (Palmiter & Huang, 2004) and are designated
ZnT1-ZnT10 based on their order of characterization, although ZnT9 is a misnomer.
ZnT9, which has stretches of homology to cation efflux domain (pfam01545), has been
now renamed GACG63 because it acts as a component of the p160 coactivator signal
transduction pathway (Chen, Kim & Stallcup, 2005). ZnT transporters facilitate zinc
efflux and compartmentalization into intracellular organelles and vesicles from the
cytosol, in the opposite direction to ZIP (ZRT, IRT-like protein) transporters. CDF
transporters are classified into three groups (with 13 clusters), namely Zn-CDF,
Zn/Fe-CDF and Mn-CDF, based on their phylogenetic relationships, while ZnT proteins
belong to the Zn-CDF group (Montanini et al., 2007). A more recent phylogenetic
analysis using the maximum parsimony method classified CDF transporters into over
13 groups (Gustin, Zanis & Salt, 2011). Considering these analyses and sequence
similarities, ZnT transporters can be classified into four groups: (1) ZnT1 and ZnT10;
(2) ZnT2, ZnT3, ZnT4 and ZnT8; (3) ZnT5 and ZnT7; and (4) ZnT6 (Kambe, Suzuki,
Nagao & Yamaguchi-lwai, 2006). ZnT1 and ZnT10 can also be divided into different
groups, because a recent study showed that ZnT10 is involved in manganese
homeostasis as a manganese transporter (Quadri et al., 2012; Tuschl et al., 2012).
Although ZnT2, ZnT3 and ZnT8 show high sequence homology to one another
(70-80% similarity in pfam01545), their physiological functions are very different.
They are expressed in cell- and tissue-specific manners.

I11. Structure and transport mechanism
A. Structure

The three-dimensional structures of ZnT transporters have not yet determined, but
they are predicted to have a topology of six transmembrane domains (TMDs) with the
cytoplasmic N-and C-terminal regions (Fig. 1). ZnT5 is unique, as it has an
exceptionally long amino-terminal region consisting of nine putative TMDs fused to the
conserved six TMDs (Kambe et al., 2002). The function of this additional region has not
been determined. Most ZnT transporters have a histidine-rich loop with an HX;.¢H
cluster (H is histidine, X is often serine or glycine) between TMDs IV and V that is
exposed to the cytoplasm (Fukada & Kambe, 2011; Gaither & Eide, 2001; Kambe,
Yamaguchi-lwai, Sasaki & Nagao, 2004), a common feature of members of the Zn-CDF

group (Blindauer & Schmid, 2010). Post-translational modification has been proposed



for some ZnT transporters (Huang, Kirschke & Gitschier, 2002), but evidence of
glycosylation in ZnT2 is the only example directly identified to date (Kelleher &
Lonnerdal, 2003).

The X-ray structure of YiiP, a ZnT homologue in E. coli, has been determined and
improved our understanding of the structural and functional properties of the CDF
family of proteins (Lu, Chai & Fu, 2009; Lu & Fu, 2007). YiiP forms a homodimer with
six TMDs, and both the N- and C-termini are located on the cytoplasmic side of the
membrane, as previously predicted. Each YiiP protomer contains four zinc-binding
sites; one within the TMDs (site A) is the primary zinc transport site, another resides at
the interface between the membrane and cytoplasmic domain (site B). The remaining
two sites are located in the cytoplasmic domain (site C), which has a
metallochaperone-like structure with an appa fold, despite lacking sequence homology
to knowm metallochaperones (Lu et al., 2009; Lu & Fu, 2007). Sites A and C are highly
conserved among ZnT transporters. Site A is formed by four conserved hydrophilic
residues: three aspartic acid residues and one histidine residue in TMDs Il and V (Figs.
1 and 2). Site C functions as a binuclear zinc-sensing site in the cytoplasmic domain to
export zinc. Binding of zinc to this site is thought to induce a scissor-like movement,
which affects the orientation of helices within the TMDs and modulates the
coordination of zinc at site A. Thus, YiiP operates allosterically in the zinc-regulated
zinc transport mechanism. Two additional X-ray structures of the cytoplasmic domain
of bacterial ZnT homologues revealed that the cytoplasmic domain is sufficient for
stable dimer formation, and that the structure ofthis domain is highly conserved despite
a high degree of sequence variability (Cherezov et al., 2008; Higuchi et al., 2009).

Based on the structure of YiiP, structural models of ZnT3, ZnT5 (only the
C-terminal 6 TMDs) and ZnT8 have been generated (Ohana et al., 2009; Salazar,
Falcon-Perez, Harrison & Faundez, 2009; Weijers, 2010), which have allowed
researchers to verify their zinc-binding site and to speculate on their transport
mechanism. Four hydrophilic residues in TMDs Il and V, which form the zinc-binding
site corresponding to site A in YiiP, are highly conserved, although one aspartic acid is
replaced with histidine in ZnT transporters. Therefore, there are two aspartic acid and
two histidine residues in their TMDs. The introduction of mutations into the conserved
histidine and aspartic acid residues was found to abolish zinc transport activity (Ohana
et al., 2009), confirming that this site is essential for the zinc transport activity of ZnT



transporters. The zinc-binding site in the cytoplasmic C-terminal portion, corresponding
to site C in YiiP, has not yet been investigated. Therefore, how ZnT transporters sense
cytoplasmic zinc concentrations remains unknown. The cytoplasmic histidine-rich loop
between TMDs 1V and V is a feature of ZnT transporters belonging to the Zn-CDF
group, but is missing in the X-ray structures of bacterial ZnT homologues, which means
its functions are unknown. However, deletion and mutational analyses of this loop in
ZnT transporters and their homologues suggest that it plays a key role as a potential
zinc-binding site or may be involved in zinc delivery from the cytoplasm to the
zinc-binding site within the TMDs (Kawachi, Kobae, Mimura & Maeshima, 2008;
Suzuki et al., 2005b), in concert with the cytoplasmic C-terminal region.

Oligomerization is crucial in enabling the zinc transport activity of ZnT
transporters. Most ZnT transporters are thought to form homodimers, while ZnT5 and
ZnT6 form heterodimers. In terms of homodimers, each protomer contains a
zinc-binding site within the TMDs. However, ZnT6 in the ZnT5-ZnT6 heterodimer
does not form a zinc-binding site within the TMDs because of the lack of conserved
hydrophilic residues (Fig. 2). Thus, ZnT®6 is not directly involved in zinc transport
across the cell membrane, but it may function as a modulator (Fukunaka et al., 2009). A
recent study showed that ZnT3 and ZnT10 could form a hetero-oligomer, although it is
unknown whether they form functional complexes (Patrushev, Seidel-Rogol & Salazar,
2012), which raises the possibility that other ZnT transporters may also form
hetero-complexes to modulate their functions.

The cytoplasmic C-terminal region of ZnT transporters is thought to be important
for the regulation of complex formation because the C-terminal deletion of ZnT1 and
ZnT5 results in a protein that is cytotoxic (Fukunaka et al., 2009; Palmiter & Findley,
1995), probably due to forming nonfunctional complex. Consistent with these findings,
this region of ZnT5 is important in identifying ZnT6 as a partner molecule in the
heterodimer (Fukunaka et al., 2009). The corresponding region of ZnT3 appears to
regulate intracellular trafficking and zinc transport activity by forming a covalent
di-tyrosine bond in response to oxidative stress (Salazar et al., 2009). This region is also
important for protein-protein interactions, as demonstrated for the interaction between
ZnT1 and the protein kinase Raf-1 (Jirakulaporn & Muslin, 2004).

The cytoplasmic N-terminal region also seems to be important for zinc transport

across the cell membrane, because deletion of the first TMD of ZnT1 results in a protein
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with dominant-negative properties (Palmiter & Findley, 1995). Some literature reports
suggest that the splicing variants of ZnT transporters, which have different topologies
by lacking TMDs or bearing an additional TMD, retain their zinc transport activity
(Lopez & Kelleher, 2009; Valentine et al., 2007). The spliced variants may operate
through the different modes of zinc transport compared to that of canonical ZnT
transporters, or modulate their zinc transport activity by forming complexes with the
latter. The structure—functional relationships of these non-canonical proteins need to be

clarified to better understand the properties of ZnT transporters.

B. Mechanism of zinc transport

The zinc transport mechanisms of ZnT transporters are still incompletely
understood. However, direct experiments using fluorescence-based functional
measurements have shown that ZnT transporters are functional Zn?*/H* exchangers
(Ohana et al., 2009). Several studies of bacteria, yeast and plant ZnT homologues
support this notion (Guffanti, Wei, Rood & Krulwich, 2002; Kawachi et al., 2008;
MacDiarmid, Milanick & Eide, 2002). The stoichiometric ratio of Zn**/H* exchange
was calculated to be 1:1 in a study using reconstituted proteoliposomes containing a
bacterial ZnT homologue (Chao & Fu, 2004). Considering the vesicular
compartmentalization of most ZnT transporters, this mode of zinc transport seems to be
an advantage. ZnT transporters belong to the CDF family—cation diffusion facilitators.
But this term is actually a misnomer because ZnT transporters and their homologues
mobilize zinc against a concentration gradient as secondary active transporters. The
specific transport mechanism of ZnT3 in neurons has been described. The zinc transport
activity of ZnT3 is potentiated by a chloride channel, CIC3 or vesicular glutamate
transporter VVglutl (Salazar et al., 2005; Salazar et al., 2004). Similar specific
mechanisms may also operate in other ZnT transporters in a cell- or tissue-specific
manner.

ZnT transporters, classified into the Zn-CDF group, are thought to specifically
mobilize zinc under physiological conditions (Fukada & Kambe, 2011; Montanini et al.,
2007). However, recent reports have suggested that ZnT10 plays a pivotal role as a
manganese transporter (Quadri et al., 2012; Tuschl et al., 2012), which prompted
researchers to reconsider the metal substrate specificity of ZnT transporters. In this
regard, ZnT10 is unique because it contains an asparagine residue instead of histidine at
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the conserved position of TMD I (Fig. 2). This replacement may be critical for affinity
to manganese, because this position appears to affect metal specificity, as recognized by
conservation of hydrophilic residues in TMDs Il and V (site A in YiiP). This position is
aspartic acid in the Mn-CDF group in plants (Montanini et al., 2007). Moreover, in
ZnT10 Arg and Lys clusters (RX;6R and KX;.¢K, respectively) are found in the
cytoplasmic N- and C-terminal regions and in the cytoplasmic loop of TMDs IV and V,
instead of the histidine-rich loop in other ZnT transporters (Fukada & Kambe, 2011).
Further studies are needed to determine whether these features contribute to the
manganese recognition of ZnT10.

Recent metal selectivity screening and mutational analyses using ZnT
homologues from yeast and plants have identified important residues for the
discrimination of zinc and other transition metals (Lin et al., 2009; Podar et al., 2012).
Some of these residues are conserved in ZnT transporters and likely contribute to the
strict specificities of these transporters for their metal substrates.

IV. Expression and subcellular localization
A. Regulation of expression

The expression of ZnT transporters is transcriptionally and post-translationally
upregulated or downregulated by various stimuli such as inflammation (Lang et al.,
2007), lipopolysaccharides (LPS) (Kitamura et al., 2006), essential nutrients (Dubben et
al., 2010; Suphioglu et al., 2010), glucose (Smidt et al., 2009), hormones (Patrushev et
al., 2012), cytokines (El Muayed et al., 2010) and injury (Inoue et al., 2002) as well as
by zinc contents, in cell- or tissue-specific manners (reviewed in Devirgiliis, Zalewski,
Perozzi & Murgia, 2007; Kambe et al., 2004; Lichten & Cousins, 2009; Mocchegiani,
Giacconi & Malavolta, 2008; Sekler, Sensi, Hershfinkel & Silverman, 2007). It is also
finely regulated during differentiation (Kelleher et al., 2012; Ryu, Lichten, Liuzzi &
Cousins, 2008), development (Barila et al., 1994; Kirschke & Huang, 2008; Liuzzi et al.,
2003) and aging (Adlard, Parncutt, Finkelstein & Bush, 2010; Iguchi et al., 2011), and
in pathological conditions (Henshall et al., 2003; Smith, Xiong, Markesbery & Lovell,
2006).

This section focuses on the expression regulation of ZnT transporters at the
molecular level. The transcription of ZnT1 and ZnT2 genes is induced in response to

elevated zinc concentrations, which plays a role in cellular zinc homeostasis. This



response is mediated by zinc-sensing transcription factor MTF-1 through a metal
response element similar to that in metallothionein (Guo et al., 2010; Langmade,
Ravindra, Daniels & Andrews, 2000). A recent study showed that PTEN, a tumor
suppressor, modulates the MTF-1-mediated expression of ZnT1 and metallothionein
(Lin etal., 2012), which is interesting in terms of the relationship between
tumorigenesis and zinc homeostasis. ZnT2 expression increases in response to other
stimuli, as it is upregulated by prolactin in mammary cells via the JAK2/STAT5
signaling pathway and involves the STATS5 binding site in its promoter (Qian, Lopez,
Seo & Kelleher, 2009). In pancreatic acinar cells, the STAT5 and glucocorticoid
receptor interaction regulates ZnT2 expression through the same response element (Guo
et al., 2010). The expression of ZnT5 is transcriptionally upregulated by the unfolded
protein response (UPR) inducer, which is mediated by the transcription factor XBP1
through the conserved UPR element (5’-TGACGTGG-3’) in its promoter region
(Ishihara et al., 2006). This response seems to be important for the elaborate feedback
mechanisms that maintain the functions of the secretory pathway (Kambe, 2011). ZnT5
expression is increased by LPS or interleukin-6 in the liver (Lichten & Cousins, 2009;
Liuzzi et al., 2005). This latter effect is likely attributed to an endoplasmic reticulum
(ER)-bound transcription factor, CREBH, because CREBH is activated in response to
proinflammatory cytokines and LPS, and binds to the TGACGTGG sequence (Zhang et
al., 2006). The islet-specific expression of ZnT8 is regulated by the B cell-enriched
transcription factor Pdx-1 through an intronic enhancer (Pound et al., 2011). Estrogen
decreases ZnT3 expression in a non-transcriptional, post-translationally manner by
downregulating the expression of 8-subunit adaptor protein complex (AP-35), which
determines the level of ZnT3 (Lee et al., 2004), as described below.

B. Tissue distribution and subcelluar localization

ZnT transporters change their cellular distribution according to extracellular zinc
concentrations in a cell- or tissue-specific manner. The subcellular localization of the
ZnT transporters is summarized in Figure 3. ZnT1 is mainly localized to the plasma
membrane (Palmiter & Findley, 1995), but its subcellular localization actually shows
some diversification. ZnT1 is localized at the basolateral membrane in enterocytes but
at the apical membrane in pancreatic acinar cells (Cousins, Liuzzi & Lichten, 2006;
Cousins & McMahon, 2000; Liuzzi et al., 2004). More recently, ZnT1 was reported to



be localized to the ER by forming complexes with EVER proteins in human
keratinocytes (Lazarczyk et al., 2008).

The subcellular localization of ZnT2 is also diverse. ZnT2 is localized to the
secretory vesicles/granules in highly specialized secretory tissues such as the mammary
glands, prostate and pancreas (Kelleher, McCormick, Velasquez & Lopez, 2011), in
addition to the endosomal/lysosomal compartments (Falcon-Perez & Dell'Angelica,
2007; Palmiter, Cole & Findley, 1996a). Mitochondrial localization of ZnT2, via its
association with the inner membrane, has also been reported (Seo, Lopez & Kelleher,
2011). Single nucleotide polymorphisms (SNPs) of ZnT2 were found to alter its
subcellular localization, which appears to affect cellular zinc metabolism (Seo &
Kelleher, 2010). These results suggest that SNPs may have important implications for
human health by affecting the cellular functions of ZnT transporters.

In addition to ZnT2, the proteins ZnT3, ZnT4 and ZnT8 are localized to the vesicles in
the regulated secretory pathway. ZnT3 is well known to be present in the synaptic
vesicles of a subset of glutamatergic neurons in the hippocampus and neocortex (Sensi,
Paoletti, Bush & Sekler, 2009)). The synaptic vesicle localization of ZnT3 is controlled
by AP-3. Therefore, mice with a mutant form of AP-3 (mocha mouse) show disturbed
localization or loss of ZnT3 (Kantheti et al., 1998). Recently, several studies have
demonstrated that ZnT3 is expressed in various cells, including pancreatic 3 cells and
retinal cells (Smidt & Rungby, 2012).

ZnT4 is localized to intracellular vesicles and the trans-Golgi network as well as
endosomal compartments (Falcon-Perez & Dell’Angelica, 2007; Ho et al., 2004;
Palmiter & Huang, 2004). ZnT4 is also localized to the plasma membrane in some cells
(Henshall et al., 2003; Overbeck et al., 2008). ZnT4 and ZnT6 are redistributed from the
perinuclear region to the cell periphery in response to high zinc conditions, probably to
maintain intracellular zinc homeostasis (Huang et al., 2002). This trafficking is
reminiscent of that of copper transporters ATP7A and 7B (Lutsenko, Barnes, Bartee &
Dmitriev, 2007), although it is unlikely to detoxify high zinc concentrations.

ZnT8 is predominantly localized to the membrane of insulin granules in pancreatic 3
cells, which has been a focus of research aimed at elucidating the etiology of diabetes



mellitus. ZnT8 is also expressed in other tissues, including pancreatic a cells
(Wijesekara et al., 2010). ZnT5, ZnT6 and ZnT7 are all localized to the early secretory
pathway, including the ER, Golgi apparatus and cytoplasmic vesicles (Huang et al.,
2002; Kambe et al., 2002; Kirschke & Huang, 2003). Although ZnT5 and ZnT6 are
detected in the Golgi apparatus when overexpressed (Suzuki et al., 2005b), endogenous
ZnT5 is concentrated in cytoplasmic vesicles, such as COPII-coated vesicles in many
cells (Suzuki et al., 2005a) and is associated with the insulin granule membrane in
pancreatic 3 cells (Kambe et al., 2002). By contrast, endogenous ZnT6 is mainly
localized to the trans-Golgi network (TGN) (Huang et al., 2002). These differences may
suggest that each transporter has a specific function when they do not form
heterodimers. ZnT7 is localized in the Golgi apparatus and cytoplasmic vesicles
(Kirschke & Huang, 2003). Electron microscopy has shown that ZnT7 is predominantly
localized in the cis-face or the forming face of the Golgi apparatus (Chi et al., 2006).
Very recently, ZnT10 was reported to be localized in the early/recycling endosomes in
vascular smooth muscle cells (Patrushev et al., 2012). The genes ZnT1, ZnT4, ZnT5,
ZnT6 and ZnT7 are ubiquitously or widely transcribed, while ZnT2, ZnT3, ZnT8 and

ZnT10 are expressed in a cell- or tissue-specific manner.

V. Physiological significance
A. Cellular and physiological functions

ZnT1 plays a protective role against zinc toxicity (Palmiter & Findley, 1995),
which is particularly important in the brain because large amounts of zinc may suddenly
accumulate in response to ischemia and seizures (Nolte et al., 2004; Tsuda et al., 1997).
Its properties and predominant localization on the plasma membrane suggest that ZnT1
facilitates efflux of cytosolic zinc out of the cells (neurons), although ZnT1 appears to
have more complicated roles in some cases (Sekler et al., 2007). Moreover, ZnT1 could
mediate zinc transfer into the circulation from enterocytes (McMahon & Cousins, 1998)
and recover zinc from the glomerular filtrate in the kidney (Cousins & McMahon, 2000),
because of its ability to efflux zinc out of cells and its localization on the basolateral
membrane. In addition to regulating zinc distribution, ZnT1 appears to have multiple
cellular effects by interacting with various proteins. For example, ZnT1 decreases cell
surface expression of functional L-type calcium channels (LTCCs) by interacting with

the LTCC B-subunit (Levy et al., 2009), or downregulates the transcription factors



stimulated by MTF1, c-Jun and Elk by forming hetero-complexes with EVER proteins
(Lazarczyk et al., 2008). ZnT1 is also known to modulate Raf-1 activity via direct
interactions (Jirakulaporn & Muslin, 2004). Since the binding of ZnT1 to Raf-1, which
Is inhibited by zinc, promotes enzymatic activity, ZnT1 possibly facilitates Raf-1
signaling by lowering cytosolic zinc concentrations (Jirakulaporn & Muslin, 2004). A
similar regulatory mechanism controlling the Ras—Raf-MEK-ERK pathway was found
in the nematode ZnT1 orthologue (Bruinsma, Jirakulaporn, Muslin & Kornfeld, 2002).

ZnT2 and ZnT4 both transport cytosolic zinc into acidic compartments, including the
endosomes/lysosomes and secretory vesicles/granules. Mobilization of zinc by these
transporters into endosomes/lysosomes is particularly evident in high zinc conditions
(Falcon-Perez & Dell'Angelica, 2007; Palmiter et al., 1996a; Palmiter & Huang, 2004),
which suggests that they are involved in the homeostatic maintenance of intracellular
zinc by sequestration. By contrast, zinc transport by these transporters into secretory
vesicles/granules is important for exocrine function (Guo et al., 2010; Kelleher et al.,
2011; Palmiter & Huang, 2004). ZnT3 is a critical transporter of zinc into synaptic
vesicles of neurons in the brain (Palmiter, Cole, Quaife & Findley, 1996b). Synaptic
vesicular zinc is depleted in Znt3-knockout mice (Cole et al., 1999). Since zinc released
into the synaptic cleft is an important modulator of neuronal activity (Sensi et al., 2009),
as described below, ZnT3 has critical effects on numerous signaling pathways. For
example, ZnT3 plays an essential role in presynaptic Erk1/2 signaling during
hippocampus-dependent learning (Sindreu, Palmiter & Storm, 2011). Besides its
functions in the brain, ZnT3 was reported to regulate insulin production in pancreatic 3
cells (Smidt et al., 2009). In these cells, ZnT8 plays a critical role in zinc accumulation
in the insulin granules, where insulin binds to zinc to form zinc—insulin crystals. Insulin
granules in Znt8-knockout mice are immature with pale insulin "pro-granules” (Lemaire
et al., 2009; Wijesekara et al., 2010). Meanwhile, overexpression of ZnT8 in insulinoma
cells enhances glucose-stimulated insulin secretion (Chimienti et al., 2006).
ZnT5-ZnT6 heterodimers and ZnT7 homo-oligomers (probably homodimers)
transport zinc into the lumen of compartments involved in the early secretory pathway.
The enzymatic activity of tissue-nonspecific alkaline phosphatase (TNAP) is
significantly decreased in the chicken DT40 cells lacking ZnT5, ZnT6 and ZnT7 (Suzuki
et al., 2005a; Suzuki et al., 2005b), indicating the products of these genes are required
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for TNAP activation. Both complexes activate TNAP via a two-step mechanism, in
which the first step regulates the stability of TNAP independently of its zinc transport
activity and the second step supplies zinc to TNAP in the early secretory pathway
(Fukunaka et al., 2011). Both complexes contribute to the homeostatic maintenance of
the secretory pathway (Ishihara et al., 2006; Kambe, 2011). Since approximately
one-third of all proteins in eukaryotes are targeted to the secretory pathway (Vembar &
Brodsky, 2008), zinc homeostasis must be tightly regulated within this pathway. ZnT5 is
essential for nuclear factor-«B activation through the FceRI-induced translocation of the
protein kinase C to the plasma membrane in mast cells (Nishida et al., 2009) This
observation indicates that ZnT5 is also involved in important cellular events in the
cytosol.

ZnT10, in concert with ZnT3, regulates cellular senescence induced by angiotensin Il in
the vascular smooth muscle cells by reducing cytosolic zinc concentrations (Patrushev
etal., 2012). ZnT10 plays a key role in the regulation of manganese homeostasis,
although the mechanism has not yet been elucidated (Quadri et al., 2012; Tuschl et al.,
2012).

As briefly described above, there is an increasing body of evidence to show that
ZnT transporters fulfill their regulatory functions independently of their zinc transport
activities through protein—protein interactions. This type of regulation by ZnT

transporters must be clarified in more detail by analyzing their molecular properties.

B. Pathology of ZnT-related diseases and phenotypes of knockout and mutant

mice
Many reports have noted that several human genetic disorders are related to ZnT

transporters. The non-synonymous SNP of ZNT8 (rs13266634), which introduces a
substitution (arginine to tryptophan) at amino acid 325 at the dimer interface of the
cytoplasmic C-terminal region, is associated with increased susceptibility for type 2
diabetes (Sladek et al., 2007). ZNT8 has also received much interest as an autoimmunity
marker for type 1 diabetes because autoantibodies to ZnT8 are present in approximately
60-80% of patients at the onset of clinical disease (Wenzlau et al., 2007). Moreover, the
SNP of rs13266634 determines ZnT8 autoantibody specificity in type 1 diabetes
(Wenzlau et al., 2008).
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The ZNT2 gene is associated with a 75% reduction of zinc levels in milk, which
causes transient zinc deficiency and dermatitis in infants (Chowanadisai, Lonnerdal &
Kelleher, 2006). More recently, ZNT10 was reported to be involved in Parkinsonism by
causing hypermanganesemia (Quadri et al., 2012; Tuschl et al., 2012). Although serum
zinc concentrations are normal in individuals with a mutation in the ZNT10 gene, the
serum manganese concentration is significantly elevated, indicating that ZnT10 is a
critical regulator of manganese homeostasis.

Other than genetic diseases associated with mutations of ZNT genes, ZnT1 is
implicated in epidermodysplasia verruciformis, a rare autosomal recessive
genodermatosis associated with a high risk of developing skin carcinoma (Lazarczyk et
al., 2008). Regarding ZnT3, its cortical levels decline with age in healthy humans and in
people with Alzheimer disease (Adlard et al., 2010). This finding suggests that genetic
ablation of ZNT3 may phenocopy the deficits in learning and memory in Alzheimer
disease. Altered expression of ZnT4 and ZnT6 has been also reported in Alzheimer
disease brain (Smith et al., 2006), although there is no molecular evidence to describe
the underlying mechanisms.

Studies using Znt-knockout mice have further demonstrated great biological
significance of zinc transporters. Disruption of Znt1 caused early embryonic death
because of impaired transfer of maternal zinc to the uterine and embryonic
environments (Andrews, Wang, Dey & Palmiter, 2004). Unfortunately, this property
restricts our ability to investigate the physiological functions of ZnT1. Homozygous
deletion of Znt3 results in the lack of synaptic zinc (Cole et al., 1999), which is thought
to be necessary for normal activity of neuronal ion channels, transporters and receptors
in the synapse. Thus, ZnT3 and synaptic zinc transported by ZnT3 modulates synaptic
transmission and plasticity (Sensi et al., 2009). Although the initial studies of
Znt3-knockout mice failed to show impairments in spatial learning or memory (Cole,
Martyanova & Palmiter, 2001), recent studies have shown that Znt3-knockout mice
show defects in fear memory (Martel et al., 2010), age-dependent defects in learning
and memory (over 6 months) (Adlard et al., 2010), and complete deficits in contextual
discrimination and spatial working memory (Sindreu et al., 2011). In addition to these
deficits in brain functions, Znt3-knockout mice showed mildly impaired glucose

metabolism after streptozotocin treatment (Smidt et al., 2009).
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Targeted deletion of Znt5 results in poor growth, osteopenia, muscle weakness, low
body fat and male-specific cardiac death (Inoue et al., 2002). Znt5-null mice exhibit
marked defects in contact hypersensitivity and mast cell-mediated delayed allergic
reactions, but not in the immediate allergic reactions (Nishida et al., 2009). Meanwhile,
the Znt7-null mice show reduced absorption of dietary zinc and decreased body fat
content (Huang et al., 2007). However, these mice had no apparent hair or skin

abnormalities (Huang et al., 2007), which are typical symptoms of zinc deficiency.

Homozygous deletion of Znt8 results in a decrease in the number of dense core insulin
granules, and impairments in glucose tolerance and insulin secretion (Pound et al.,
2009; Wijesekara et al., 2010), indicating that ZnT8 is necessary to maintain glycemic
control. Recent analyses using global and pancreatic 3 cell-specific Znt8 knockout mice
suggest that ZnT8 contributes to the risk of developing type 2 diabetes via 3
cell-specific and non-B cell-specific effects (Hardy et al., 2012).

A spontaneous mutation of Znt4 in mice (lethal milk; Im) causes zinc deficiency,
reducing milk zinc levels by 34% (Huang & Gitschier, 1997), similar to that in humans
caused by a loss-of-function mutation in ZNT2. Zinc transport into milk via ZnT4 is
likely to be specific to mice because mutations of ZNT4 are not associated with low zinc
milk concentrations in humans. The young Im mice fed a zinc-supplemented diet exhibit
normal zinc homeostasis, but older mice develop alopecia and dermatitis, major
symptoms of zinc deficiency (Erway & Grider, 1984), suggesting that ZnT4 participates
in dietary zinc absorption. Moreover, Im mice have defects in balance during swimming
because of a reduced number of otoliths (calcium carbonate crystals) in the inner ear.

Several reports have described the effects of breeding Znt-knockout mice with
other transgenic mice, which have helped us to understand the roles of ZnT transporters
in pathological conditions. For example, analyses of hAPP+:ZnT3-null mice have
shown that synaptic zinc accumulated by ZnT3 may contribute to amyloid deposition,
Meanwhile, analyses of TRAMP:Znt7-null mice (transgenic adenocarcinoma mouse
prostate) suggest that the absence of Znt7 may promote early onset of prostate tumors
(Tepaamorndech, Huang & Kirschke, 2011).

13



V1. Conclusion

In the post-genomic era, it is becoming increasingly clear that ZnT transporters
have important physiologic and pathogenic roles (Fukada & Kambe, 2011; Kambe,
Weaver & Andrews, 2008). Recent work has greatly improved our understanding of
their molecular architectures and functions, but the mechanisms involved in zinc
handling and the subsequent molecular events are still far from fully understood. One
major limitation is that the X-ray structures of mammalian ZnT transporters have not
been solved. Moreover, the regulatory mechanisms involved in post-translational
modification of ZnT transporters are still unknown, unlike for ZIP transporters, for
which the kinase-mediated phosphorylation was shown to regulate zinc transport
(Taylor et al., 2012). Defining the regulation of zinc transport by ZnT transporters is
necessary to know the mechanism of fine-tuning the coordination of zinc to its target
proteins (Maret & Li, 2009) and cellular signaling pathways (Fukada et al., 2011).
Further studies are needed to examine the interactions between ZnT transporters and
other molecules. Molecular evidence from such studies will contribute to a
comprehensive understanding of the physiologic and pathogenic roles of ZnT
transporters.
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Figure legends

Fig. 1. Predicted structure and zinc binding sites of ZnT transporters.

The predicted topologies of ZnT transporters are shown. ZnT transporters, except for
ZnT5 and ZnT®6, are thought to form homodimers, similar to the bacterial homologue
YiiP. Based on the X-ray structure of YiiP and sequence similarities, ZnT transporters
are predicted to have a zinc-binding site formed by two histidine (H) and two aspartic
acid (D) residues within the transmembrane domains (TMDs) and a binuclear zinc
binding site in the cytoplasmic C-terminal portion (corresponding to Sites Aand C in
YiiP). The histidine-rich loop between TMDs IV and V, indicated by the thick black line,
may help modulate zinc transport activity or form a zinc-binding site. The zinc-binding
site corresponding to site B in YiiP is omitted because this site is not conserved. ZnT
transporters are functional Zn*/H" exchangers. The direction of zinc transport is shown
on the right side.

Fig. 2. Multiple sequence alignment of transmembrane domains (TMDs) Il and V
among ZnT transporters.

The sequences of TMDs Il and V of YiiP and ZnT transporters are aligned. The
conserved hydrophilic residues, shaded in black and grey, are predicted to contribute to
the zinc-binding site within TMDs. The asparagine residue in TMD Il of ZnT10 is
indicated by the arrowhead. Non-conserved hydrophobic residues in ZnT6 are indicated
by the open boxes. The indicated TMDs of ZnT5 correspond to TMDs XI and XIV.

Fig. 3. Subcellular localization of ZnT transporters.

The subcellular localization of ZnT transporters is shown according to their main
cellular roles, because their localization changes in cell-specific and developmentally
regulated manners, and in response to various stimuli. ZnT1 is localized to the plasma
membrane where it facilitates zinc efflux out of the cells, whereas the other members

mobilize zinc into the indicated intracellular compartments.
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Name T™ I T™MV

YiiP 42 ALVDSLVDIGASLTNLLVVRYSL 64 145 QAVRADMLHYQSDVM 159
ZnT1 40 DSFHMLSDVLALVVALVAERFAR 62 243 LNMRGVFLHVLGDAL 257
ZnT2 103 DAAHLLTDFASMLISLFSLWMSS 125 215 PSVRAAFIHVIGDFM 229
ZnT3 105 DAAHLLADVGSMMGSLFSLWLST 127 230 TSVRAAFVHVLGDLL 244
ZnT4 143 DALHMLTDLSAIILTLLALWLSS 165 269 LAVRAAFVHALGDLV 283
ZRT5 448 DGFHMLFDCSALVMGLFAALMSR 470 587 ANMRGVFLHVLADTL 601
ZnT6 63 YTYTIFDLFSLMTCLISYWVTL 85 193 IFLPRMNPHVLIDLA 207
ZnT7 67 DSFHMFFDSTAILAGLAASVISK 89 232 QILQGVFLHILADTL 246
ZnT8 103 DAAHLLIDLTSFLLSLFSLWLSS 125 212 ASVRAAFVHALGDLF 226
ZnT10 40 DSFNMLSDLISLCVGLSAGYIAR 62 236 LNIRGVLLHVMGDAL 250
A
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