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Abstract

SLC30 proteins belong to the cation diffusion facilitator (CDF) superfamily of metal transporters.
SLC30A10 mediates manganese efflux, while other SLC30 members transport zinc. Metal
specificity of CDFs may be conferred by amino acids that form a transmembrane metal binding
site (Site A). Site A of zinc-transporting CDFs, such as SLC30A1/ZnT1, have a HXXXD motif,
but manganese transporters, such as SLC30A10, harbor a NXXXD motif. This critical histidine-
to-asparagine substitution, at residue 43, was proposed to underlie manganese transport specificity
of SLC30A10. However, we recently discovered that asparagine-43 was dispensable for
manganese efflux in HeLa cells; instead, glutamate-25, aspartate-40, asparagine-127, and
aspartate-248 were required. In contrast, another group reported that asparagine-43 was required in
a chicken cell line. The goal of this study was to resolve the divergent results about the
requirement of the crucial asparagine-43 residue. For this, we compared the manganese efflux
activity of four cell types that stably over-expressed SLC30A10yT, SLC30A10N43a OF
SLC30A10g254: physiologically-relevant hepatic HepG2 and neuronal AF5 cells, HEK cells, and
embryonic fibroblasts from S/c30a107'~ mice. In all cell types, manganese efflux activity of
SLC30A10n43a Was comparable to WT, while SLC30A10g254 lacked activity. Importantly, unlike
SLC30A10, the histidine residue of the HAXXXD motif of SLC30A1/ZnT1 was required for zinc
transport. These results imply that the mechanisms of ion coordination within the transmembrane
domain of SLC30A10 substantially differ from previously-studied CDFs, suggest that factors
beyond Site A residues may confer metal specificity to CDFs, and improve understanding of the
pathobiology of manganese toxicity due to mutations in SLC30A10.
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Introduction

Cation diffusion facilitators (CDFs) are a ubiquitous superfamily of metal transporters
present in bacteria, archaea and eukaryotes 14, Proteins of the SLC30 family are the
mammalian representatives of this superfamily 1 2. 4. Humans express ten SLC30 proteins —
SLC30A1-A10 1.4 SLC30A1-A8 (also called ZnT1-8) transports zinc from the cytosol to
the exterior of cells or into the lumen of intracellular organelles (i.e. mediate zinc efflux) 1.
Classification of SLC30A9 as a transporter is likely incorrect; this protein functions as a
nuclear receptor coactivator and is now called GAC63 L. In contrast, it is now well
established that SLC30A10 functions as a cell surface-localized manganese efflux
transporter that reduces cellular manganese levels and protects cells and organisms against
manganese toxicity 5. Importantly, SLC30A10 lacks zinc efflux activity 510, (Note that
we include the ZnT name whenever we refer to any zinc-transporting SLC30 protein so as to
distinguish these proteins from SLC30A10, which lacks zinc transport activity).
Understanding the mechanisms that confer manganese transport specificity to SLC30A10
should provide insights into the principles that guide metal selectivity in the CDF
superfamily itself. Additionally, manganese is an essential metal, but elevated levels are
toxic and induce an incurable parkinsonian syndrome 1. Loss-of-function mutations in
SLC30A10 cause an inherited form of manganese toxicity in humans 12718, S/c30a10
knockout mice also develop severe manganese toxicity ® 7. Knowledge about the
mechanisms by which SLC30A10 mediates manganese transport and regulates manganese
homeostasis should improve understanding of the pathobiology of manganese toxicity and
may also aid in the generation of new therapeutic strategies for the management of this
devastating disease.

Thus far, the crystal structure of only one CDF, YiiP, a bacterial zinc/cadmium transporter
19,20 has been solved 2122, Consequently, YiiP has become the prototypical CDF. YiiP has
one transmembrane domain, with six membrane spanning helices, and a cytoplasmic C-
terminal domain (refs.21: 22; Fig.1A). Within the transmembrane domain, side chain oxygen
or nitrogen atoms of four residues, Asp-45 and Asp-49 from the second and His-153 and
Asp-157 from the fifth transmembrane segments, directly coordinate the zinc ion that is
transported (refs.2: 22; Fig.1A). Bioinformatic and experimental studies suggest that, in
other cation diffusion facilitators, residues that correspond to site A of YiiP are crucial for
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metal coordination and that the identities of these amino acids may play an important role in
determining metal specificity 1 3 19.23-26 |n most zinc transporting-CDFs, a HXXXD motif
in the second transmembrane segment contributes to site A 326, This HXXXD motif is
present in zinc-transporting SLC30 proteins and in ZRC1 (Fig.1B), which is the yeast
homolog of SLC30A10 and which, unlike the mammalian counterpart, is a zinc transporter
1. Similarly, in bacterial YiiP, a DXXXD motif from the second transmembrane segment
contributes to site A 21 22; mutation of this motif to AXXXD enhances zinc transport
specificity of YiiP 19, In contrast to zinc transporters, in manganese-transporting CDFs, a
NXXXD motif from the second transmembrane segment often contributes to site A 23: 26,
The critical histidine-to-asparagine substitution is thought to play a major role in conferring
manganese transport specificity because the side chain of asparagine has a higher propensity
to coordinate with manganese than zinc 26: 27, Indeed, the asparagine residue of the NXXXD
motif of the bacterial protein MntE is required for manganese transport 23, Importantly, the
residues of SLC30A10 that form site A are Asn-43 and Asp-47 of the second and His-244
and Asp-248 of the fifth transmembrane segments (ref. %; Fig.1A& B). Thus, SLC30A10
also carries a canonical NXXXD motif in its second transmembrane segment (Fig.1B). This
led to the hypothesis that the presence of an asparagine residue at position 43 of SLC30A10,
instead of histidine, conferred manganese transport specificity to SLC30A10 9 28,

To test the above hypothesis, in 2016, we used the known crystal structure of YiiP to model
a structure of SLC30A10 °. Comparison of the structural prediction of SLC30A10 with the
solved structure of YiiP revealed important differences. In YiiP, side chains of Asp-45 and
Asp-49 from the second transmembrane segment point toward the metal-binding pocket
formed in the cavity between the second and fifth transmembrane segments (refs. 9 21, 22;
Fig. 1A). In contrast, in SLC30AL10, the side chains of the corresponding Asn-43 and
Asp-47 residues appear to point away from the space between the second and fifth
transmembrane segments (ref.%; Fig. 1A). The structural prediction raised doubts about the
requirement of Asn-43 for manganese transport. Consistent with this, experimental data
revealed that Asn-43 was dispensable for manganese transport via SLC30A10 2. Indeed,
among the four site A residues of SLC30A10, only one, Asp-248 was required; Asp-47 was
also dispensable and His-244 was not required by itself, but played a role in association with
a residue in the fourth transmembrane segment, Asn-127 (ref.%; Fig.1A). Additionally,
Glu-25, from the first transmembrane segment, and Asp-40, located at the junction of the
second transmembrane segment and an adjacent extracellular loop, were required (ref.?; Fig.
1A). Our findings suggested that: (i) the mechanism of ion coordination within the
transmembrane domain of SLC30A10 was different from that of other CDF proteins; (ii)
presence of an asparagine residue in the AXXXD motif did not necessarily mean that a CDF
would transport manganese; and (iii) metal specificity of CDFs may be determined by
residues outside of those that constitute site A °. For the above work, we performed
experiments in human HeLa cells that transiently over-expressed SLC30A10g-type (wT) OF
mutants. We validated that all SLC30A10 mutants were expressed at similar levels and
localized to the cell surface. Finally, we analyzed the transport activity of each mutant by
using three separate assays: comparison of levels of the intracellular manganese sensor
GPP130, direct measurements of intracellular manganese using inductively-coupled plasma
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mass spectrometry, and assessment of cell viability in response to elevated manganese
exposure 9.

Contemporaneous with our work, another group also tested the role of Asn-43 of SLC30A10
and reached the opposite conclusion - that it was necessary for manganese transport 28, In
these studies, WT or mutated forms of human SLC30A10 were expressed in DT40 cells, a
chicken B lymphocyte-derived cell line, and manganese transport activity was analyzed
using cell viability assays 28, The difference in the cell-lines utilized in the two studies may
underlie the discordant results. SLC30A10 localizes to the cell surface in numerous cell-
types (e.g. HeLa, hepatic HepG2, and neuronal AF5 cells; primary mouse midbrain neurons;
and body wall muscle cells and dopaminergic neurons of C. elegans) & 72, However, in the
chicken DT40 cells, a large pool of SLC30A10y failed to traffic to the cell surface and
instead remained trapped in the Golgi apparatus 28. Moreover, the Golgi calcium/manganese
pump SPCA1 was deleted in the DT40 cells used 28, SPCA1 is expressed in mammalian
systems, including in HeLa cells, and its depletion impacts protein glycosylation, protein
trafficking, and manganese homeostasis 2% 30, Thus, among the two model systems, HeLa
cells likely better represent the conditions under which SLC30A10 functions in humans.

At the organism level, however, function of SLC30A10 is important in hepatocytes, where it
mediates biliary manganese excretion 78, and in GABAergic neurons of the basal ganglia,
which are the target cell-type injured during manganese toxicity 18- 31-33 and which robustly
express SLC30A10 13:18_ Despite being of human origin, HeLa cells are not an adequate
model for more complex hepatic and neuronal systems, and effects in HeLa may not be
similar to those in physiologically-relevant cell-lines. As two different cell-lines, both with
questionable physiologic relevance, gave divergent results about the role of Asn-43, and as
lack of requirement of Asn-43 would lead to a change in thinking about the mechanisms of
metal transport via CDF proteins, the goal of the current study was to rigorously test the
hypothesis that Asn-43 conferred manganese transport specificity to SLC30A10 using
disease-relevant hepatic and neuronal cell-lines. Added significance for performing assays in
hepatic and neuronal systems comes from the fact that discovery of residues required for the
manganese transport function of SLC30A10 has emerged as a useful guide to identify new
disease-causing mutations. Our 2016 paper reported that Glu-25 and Asp-40 of SLC30A10
were required for manganese transport 9. In 2018, D40A, L26P, and AS41 mutations in
SLC30A10 were reported to induce manganese toxicity in humans (Leu-26 and Ser-41 are
adjacent to Glu-25 and Asp-40, respectively) 16, Thus, determining whether Asn-43 is
required for manganese transport using disease-relevant models has high translational
relevance as well.

Here, we generated hepatic HepG2 and neuronal AF5 cells that stably over-expressed
various SLC30A10 constructs and discovered that Asn-43 was dispensable for the
manganese transport activity of SLC30A10. Our current and prior results, put together,
suggest that the mechanism of ion coordination within the transmembrane domain of
SLC30A10 is fundamentally different from that of previously studied CDFs, and allude to as
yet unappreciated complexity in the principles that guide metal selectivity in the CDF
superfamily.
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Results

Localization and expression of WT and mutated forms of SLC30A10 in HepG2 and AF5
cells.

As the first step in this study, we used a lentiviral system to stably over-express
SLC30A10wT, SLC30A10N43a Or SLC30A10Eo54 in HepG2 and AF5 cells. The E25A
mutant was used as a negative control — we previously demonstrated that this mutation
inactivated the manganese transport function of SLC30A10 in HeLa cells °. HepG2 cells are
a well-accepted cell culture model to study function of proteins in the liver. We recently used
this cell-line for studies on manganese homeostasis 7. AF5 cells are a neuronal cell line
routinely used to study manganese homeostasis and toxicity & 34 35, Neuronal AF5 cells
assume a GABAergic lineage and produce high levels of GABA when cultured in a neuronal
supportive media (see Methods) 3°. For studies here, we initially performed experiments in
AF5 cells that had not been differentiated to become GABAergic. We then validated results
in differentiated GABAergic AF5 cells. Work with undifferentiated AF5 cells provided an
important proof-of-concept before more challenging GABAergic differentiation was
initiated.

Immunoblot analyses using a custom antibody against the C-terminus of SLC30A10 that we
recently characterized 7 revealed that, in both HepG2 and undifferentiated AF5 cells,
expression of the N43A or E25A mutant was comparable to SLC30A10y (Fig.2A).
Furthermore, immunofluorescence analyses demonstrated that, similar to WT, both mutants
outlined the cell surface (Fig.2B). Quantitative colocalization analyses revealed that signals
for all SLC30A10 constructs were separate from those of the endoplasmic reticulum (Fig.
2B). Overall, SLC30A10\yT1, SLC30A10p43a and SLC30A10g254 Were well-expressed and
localized to the cell surface in the stably-overexpressing HepG2 and undifferentiated AF5
cells generated here. The cell surface localization was consistent with our prior results 6. 7: 9,

For added rigor, as part of these studies, we repeated all experiments in two additional cell
lines: HEK cells and mouse embryonic fibroblasts (MEFs) obtained from S/c30a107~ mice,
which we recently generated and characterized * 7. Similar to the results with HepG2 and
undifferentiated AF5 cells, in HEK cells and S/c30a107~ MEFs, the N43A and E25A
mutants were expressed at levels comparable to SLC30A10y, and all three forms of
SLC30A10 trafficked to the cell surface (Fig.2A& B).

Expression of SLC30A10y1 or SLC30A10n434 reduces intracellular Mn levels.

As the next step, we assayed for intracellular manganese levels. SLC30A10 is an efflux
transporter & 8. We previously demonstrated that, in HeLa cells, expression of SLC30A10y1
or the N43A mutant, but not SLC30A10g,s54, reduced intracellular manganese levels °.
These results implied that the N43A mutant retained, while the E25A mutant lost,
manganese efflux activity °. For the current experiment, we first generated a manganese
dose-response curve in HepG2, undifferentiated AF5, HEK, and S/c30a10~/~ MEF cells that
did not over-express any SLC30A10 construct. The dose-response was necessary because
basal intracellular manganese levels in these cell lines are usually at or below the limit of
detection of inductively coupled plasma mass spectrometry. This necessitates
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supplementation of the growth media with manganese. The amount of manganese that is
added must increase intracellular manganese so that levels can be accurately detected, but
should not induce overt toxicity. Dose-response analyses revealed that, in all cell types, the
LDsq of manganese after a 16 h exposure was >1 mM (Fig.3A). Based on this, we exposed
cultures to a lower concentration, 500 UM manganese for 16 h, and then measured
intracellular metal levels. Note that the level of manganese used here was similar to that
utilized in our previous work in HeLa cells 8 2. In all cell types, intracellular manganese
levels of cells expressing SLC30A10yy1 or SLC30A10n434 Were comparable to each other
and lower than uninfected controls (Fig.3B). Manganese levels of cells expressing
SLC30A10g254 Were significantly greater than those expressing SLC30A10, or
SLC30A10n43a (Fig.3B). Interestingly, compared with uninfected controls, expression of
SLC30A10g25, induced a modest decrease in intracellular manganese in HEK and MEF, but
not HepG2 or undifferentiated AF5 cells (Fig.3B), highlighting the fact that cell-type
specific differences may exist in transporter function. Observed changes in manganese were
specific because levels of zinc and iron were comparable between uninfected controls and
cells expressing SLC30A10 constructs (Fig.3C& D). These results imply that in HepG2,
AF5, HEK and S/c30a107~ MEF cells, mutation of Asn-43 to alanine does not impact the
manganese efflux function of SLC30A10, while that of Glu-25 to alanine does.

Expression of SLC30A10yT or SLC30A10nN43a Protects cells against manganese toxicity.

As an independent test of manganese efflux activity, we assayed for the viability of cells
after exposure to elevated manganese. Our previous studies showed that expression of either
the WT form of SLC30A10 or the N43A mutant protected HelLa cells against manganese-
induced cell death, but expression of SLC30A10g254 did not 2. In current studies, as
expected, in all four cell types, expression of SLC30A10y, robustly protected against
manganese-induced cell death (Fig.4). A similar protection was evident in cells expressing
SLC30A10n434 (Fig.4). Importantly, the E25A mutant failed to protect (Fig.4). Thus,
results of the cell viability assay are consistent with those of the metal measurement
experiments. Put together, results in Figs.2-4 indicate that the side-chain of Asn-43 is not
required for the manganese efflux activity of SLC30A10 in multiple different cell types,
while that of Glu-25 is required.

Validation of results in differentiated AF5 cells.

After this, we validated our results in differentiated AF5 cells. Intracellular levels of
manganese in cells expressing SLC30A 10yt or SLC30A10N434 Were comparable to each
other and significantly lower than uninfected controls (Fig.5A). There were no changes in
intracellular zinc or iron levels (Fig.5B& C). Expression of SLC30A10yT or
SLC30A10n434 also protected against manganese-induced cell death (Fig.5D). The
decrease in intracellular manganese and protection against manganese toxicity was not
evident in cells expressing SLC30A10g254 (Fig.5A& D). Thus, Asn-43 is not required for
the manganese efflux activity of SLC30A10 in differentiated GABAergic AF5 cells.
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His-43 of SLC30A1/ZnT1 is required for zinc transport.

The lack of requirement of Asn-43 of SLC30A10 for manganese transport led us to wonder
whether residues that correspond to Asn-43 in other SLC30 proteins, which mediate zinc
efflux, were necessary for zinc transport. In other SLC30 proteins, a histidine residue
corresponds to Asn-43 of SLC30A10 and contributes to site A (Fig.1B). Review of the
literature revealed that while the role of site A residues had been tested for some zinc-
transporting SLC30 proteins 24 25, requirement of the histidine residue, by itself, was
unclear. To address this issue, we focused on SLC30A1/ZnT1, which is closely related to
SLC30A10 by phylogeny, but is a zinc-transporter 1 425, Using the algorithms of the
PHYRE 2.0 server 36, we obtained a predicted structure of SLC30A1/ZnT1. Site A of
SLC30A1/ZnT1 is predicted to be formed by residues His-43 and Asp-47 of the second and
His-251 and Asp-255 of the fifth transmembrane segments (Fig.6A). Comparison of this
structure with the predicted structure of SLC30A10 and the solved structure of YiiP
immediately revealed that, unlike SLC30A10, the side chain of His-43 of SLC30A1/ZnT1
points towards the putative transmembrane metal binding cavity (Fig.6A). This increased the
likelihood that His-43 of SLC30A1/ZnT1 may be required for metal transport. To obtain
experimental data, we used a transient-transfection system and over-expressed SLC30A1/
ZnT1wt or SLC30A1/ZNnT1Ha3a in Hela cells, and subsequently, indirectly measured zinc
efflux by assaying for protection against zinc toxicity. We could not use intracellular zinc
measurements for assessment of transporter function because cellular zinc levels are far
higher than manganese, and exposure of cells to low levels of zinc induces cell death before
changes in intracellular zinc can be detected. Indeed, in our hands, treatment of cells with
200 uM zinc for 16 h induced robust cell death, but failed to produce a detectable increase in
intracellular zinc (Fig.6B& C). Also note that these experiments were performed in HelLa
cells because we previously demonstrated that transient over-expression of SLC30A1/
ZnT1wr in Hela cells protected against zinc toxicity, but did not reduce cellular manganese
levels, implying that the zinc-specific transport activity of SLC30AL1/ZnT 1T was
recapitulated in this cell-line °. Both SLC30A1/ZnT1y and the H43A mutant were
expressed at comparable levels and trafficked to the cell surface (Fig.6D). Cell surface
localization of SLC30A1/ZnT 1yt was consistent with prior results % 25, Importantly, while
expression of the WT protein robustly protected against zinc-induced cell death, expression
of the H43A mutant did not (Fig.6E). Therefore, the side chain of His-43 is necessary for
zinc transport activity of SLC30A1/ZnT1.

Side chains of Asn-127 and Glu-25 of SLC30A1/ZnT1 are also required.

We previously demonstrated that Glu-25 and Asn-127 of SLC30A10 were required for
manganese transport 2. Side chains of these residues are in proximity to the required site A
residue Asp-248 (ref.%; Fig.6F). Therefore, one possibility was that the side chains of Glu-25
and Asn-127, along with that of Asp-248, created a novel manganese binding site within the
transmembrane domain of SLC30A10. However, the asparagine and glutamate residues are
conserved in other SLC30 proteins (Fig.6G). Furthermore, prior work showed that Glu-31 of
the bacterial zinc-transporter CzcD and Asn-135 of another bacterial zinc transporter ZitB,
which correspond to Glu-25 and Asn-127 of SLC30A10 respectively, were required for
transport activity 337, Thus, an alternate possibility was that Glu-25 and Asn-127 of
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SLC30A10 did not confer manganese specificity, but instead, played a more general role in
facilitating metal transport via CDF proteins. To test this idea, we examined whether
Asn-127 and Glu-25 of SLC30A1/ZnT1, which correspond to Asn-127 and Glu-25 of
SLC30A10 and have a similar orientation in the predicted structure (Fig.6F& G), were
required for zinc transport. Similar to the H43A mutant, both the N127A and E25A mutants
were also expressed at levels comparable to SLC30A1/ZnT1y7 and localized to the cell
surface (Fig.6D). Importantly, unlike SLC30A1/ZnT1T, expression of the N127A or E25A
mutant failed to protect against zinc-induced cell death (Fig.6E). Thus, side chains of
Asn-127 and Glu-25 are necessary for zinc transport via SLC30A1/ZnT1, reducing the
likelihood that the corresponding Asn-127 and Glu-25 residues provide manganese transport
specificity to SLC30A10.

Discussion

Results in this manuscript confirm that the side chain of Asn-43 is dispensable for the
manganese efflux activity of SLC30A10. These results imply that CDF proteins with an
asparagine residue in Site A, as part of the AXXXD motif, can no longer automatically be
considered to be manganese transporters. A related implication is that while bioinformatic
and sequence analyses may be a useful starting point to study transporter function, they are
not a substitute for well-designed and carefully controlled mechanistic assays.

Thus far, Asp-248 is the only site A residue of SLC30A10 known to be required for
manganese transport 2. Therefore, another important ramification is that the mechanism by
which manganese is coordinated within the transmembrane domain of SLC30A10 is
fundamentally different from that of CDF proteins studied previously, and that residues
outside of site A may be involved in metal coordination. Two transmembrane non-site A
residues, Glu-25 and Asn-127, are required for the manganese transport activity of
SLC30A10 (ref.%; Figs.3& 4). Proximity of Glu-25 and Asn-127 to the required site A
residue Asp-248 raised the possibility that these residues may be involved in coordinating
manganese. However, these residues are conserved in other CDFs, and here we discovered
that corresponding asparagine and glutamate residues of SLC30A1/ZnT1 are also required
for zinc transport. Thus, it is unlikely that Glu-25 and Asn-127 play a direct role in
coordinating manganese or conferring manganese transport specificity to SLC30A10. A
more likely possibility is that these residues play important roles in allowing CDF proteins
to transport metals in general. How then could SLC30A10 gain manganese transport
capability? One possibility is that residues unique to the transmembrane domain of
SLC30A10 (i.e. that are not conserved in other SLC30 proteins) may create a manganese
binding site that excludes other metals. Alternatively, and perhaps counter-intuitively, the
manganese binding site may be formed by residues that are conserved in other SLC30
proteins. Work on ZRC1 revealed that single amino acid changes near a putative
transmembrane metal binding site may affect substrate specificity 38. Comparison of primary
sequence information shows that some amino acids near Asp-248, Glu-25, and Asn-127 of
SLC30A10, which are required for manganese transport, are different from those in other
SLC30 proteins (Fig.1B& 6G). Due to these differences, residues that coordinate manganese
within the transmembrane domain of SLC30A10 may be oriented in a manner that favors
manganese binding while simultaneously disfavoring binding of other metals, such as zinc.
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Methods

Results about the lack of requirement of Asn-43 in the current study validate our prior work
in HeLa cells 9, but differ from results obtained in DT40 cells 28. Proteins that regulate/
influence transporter function are likely differentially expressed in different cell types.
Indeed, even in our studies here, expression of SLC30A10g254 led to a modest reduction in
intracellular manganese levels in HEK and MEF cells (Fig.3B). These findings highlight the
importance of using disease relevant cell lines for addressing translationally-important
questions related to transporter function.

Notably, our studies do not imply that residues corresponding to Asn-43 of SLC30A10 will
be dispensable for activity of other manganese-transporting CDFs. As described earlier, in
the bacterial manganese transporter MntE, the asparagine residue that corresponds to Asn-43
of SLC30A10 is required 23, Crystallization of SLC30A10 will probably provide clear
understanding of the mechanisms of metal coordination and transport employed by this
unique protein.

There is now a wealth of evidence to show that SLC30A10 is a specific manganese efflux
transporter and that its function plays a pivotal role in regulating manganese homeostasis at
the cellular and organism level >-9. In multiple cell lines, SLC30A10y localizes to the cell
surface, reduces intracellular manganese levels, and protects against manganese-induced cell
death, but does not impact zinc homeostasis & 7 2. In primary mouse midbrain neurons,
expression of SLC30A10y protects against manganese-induced neurotoxicity 8. In
neuronal AF5 cells, depletion of SLC30A10 increases intracellular manganese and enhances
manganese toxicity . In C. elegans, expression of SLC30A10yT, but not a disease-causing
mutant, protects against manganese toxicity 8. Finally, S/c30a10knockout mice have
elevated tissue manganese levels while levels of other metals (zinc, iron and copper) are
essentially normal ® 7. These knockouts develop severe manganese-induced hypothyroidism;
this can be rescued either by feeding the animals a reduced manganese diet or by depleting
the manganese importer S/c39a14, which reduces thyroid manganese levels of S/c30a107~
mice > 7. The importance of SLC30A10 in regulating manganese homeostasis and
detoxification raises the possibility that targeting this protein may be therapeutically useful
for the management of manganese-induced disease in humans. Studies on the mechanism of
ion transport via SLC30A10 may aid in the development of small molecules that enhance
the manganese transport activity of SLC30A10. In this discussion it is important to note that
while SLC30A10 lacks zinc transport activity in cells and organisms, liposome-based
transport assays are essential to determine whether the transporter has minimal zinc
transport activity that is masked by the existence of other high affinity zinc transporters.

In conclusion, unlike other CDF proteins, a critical site A asparagine residue is not required
for the transport activity of SLC30A10, suggesting that the mechanisms by which proteins
of this superfamily transport metals may be more complex than previously appreciated.

Growth of HepG2, HEK, AF5 and Hela cells.

Cell culture was performed as described by us previously 8 7: 93940, Briefly, HeLa,
HEK?293T and HepG2 cells were maintained in minimum essential media (Corning, Corning
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NY) supplemented with 10% fetal bovine serum (Atlanta Biologicals, Flowery Branch, GA),
100 1U/ml penicillin-G, and 100 pg/ml streptomycin (both from Corning). AF5 cells were
grown in Dulbecco’s modified Eagle’s medium/Ham’s F-12 (Life Technologies) with 10%
fetal bovine serum, 2 mm L-glutamine, 100 1U/ml penicillin-G, and 100 pg/ml streptomycin
(maintenance media). GABAergic differentiation of AF5 cells was performed by
transferring cultures to Neurobasal media supplemented with serum-free human B27 (Life
Technologies) and 2mM L-glutamine for 48-72 h, as described by us previously 6.

Production and growth of MEFs.

Embryos were obtained from S/c30a107~ mice that had been euthanized for other
experimental purposes not related to this project. All work with animals was approved by
our Institutional Animal Use and Care Facility. Each isolated embryo was rinsed in
phosphate buffered saline followed by removal of the head, heart and liver. Rest of the tissue
was finely dissected using a razor blade, transferred to a sterile 10 ml tube containing 1 ml
trypsin, and incubated in a 37°C water bath for 10 min, with shaking. Subsequently, the
tissue was further homogenized by passing through a P-1000 pipette. Then, 3 ml of
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum, 2 mM L-
glutamine, 100 1U/ml penicillin-G, and 100 ug/ml streptomycin was added. The tube was
allowed to remain undisturbed for 5 min at 37°C. The supernatant, consisting of single cells
and cell clusters, was then transferred to a 10 cm tissue culture dish and cultured using the
growth media described above. Each embryo was genotyped using tissue not used for MEF
generation; primers and PCR conditions were as described in our recent publications 7.

Plasmids, lentivirus production, and transient transfections.

Antibodies.

For generating lentivirus, we sub-cloned SLC30A10y,t from the FLAG-SLC30A10 plasmid
that we used for transient transfections in our previous publications 8 9 to a third generation
lentivirus transfer plasmid (Addgene Plasmid #34611) 1. Briefly, full length SLC30A10
was amplified using 5 GAT ATC GCT AGC ATG GGC CGC TAC TCT G 3’ (forward) and
5" CTG TCT GAATTC TTA AAA ATG CGT TCT GTT GAC 3’ (reverse) primers,
digested with 5° Nhel and 3’ EcoR1 enzymes, and ligated into the transfer plasmid. The
FLAG tag was lost during sub-cloning; therefore, a single N-terminal FLAG tag was looped
into the transfer plasmid using 5° GAT CCG CTA GCA TGG ATT ACA AGG ATG ACG
ACG ATA AGG GCC GCT ACT CTG GC 3’ (forward) and 5 GCC AGA GTA GCG GCC
CTT ATC GTC GTC ATC CTT GTA ATC CAT G 3’ (reverse) primers, and the loop-in
modification of the QuikChange protocol (Agilent Technologies, Santa Clara, CA).
Mutations were introduced into the transfer plasmid coding for SLC30A 10y using
QuikChange. Further generation of lentivirus and infection of cells was exactly as described
by us recently 3°. We have previously described the SLC30A1/ZnT 1yt plasmid used here ©.
Point mutations were introduced into this plasmid using QuikChange.

We recently described the custom rabbit polyclonal antibody against the C-terminal domain
of SLC30A10 7. In immunoblots, this antibody recognizes SLC30A10 as a ~50 kD band in
cell-lines that express SLC30A10, but not in those that do not. Antibodies against the FLAG
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epitope (mouse), calnexin (rabbit), and tubulin (mouse) were also described by us recently
6,9

Transient transfections, metal treatments, viability assays, immunoblots, and metal
measurements.

Transient transfections were performed using JetPEI reagent (VWR) as described by us
previously 693940 Manganese and zinc treatments were also as described previously & 9.
Briefly, freshly prepared MnCl, or ZnSQy in ultrapure water was added to the culture media
to achieve desired final concentrations. Viability assessment using the
methylthiazolyldiphenyltetrazolium bromide (MTT) reagent, immunoblot analyses, and
measurement of intracellular levels of metals using inductively coupled plasma mass
spectrometry were as described by us previously 6: 9. 39,

Immunofluorescence and microscopy.

Immunofluorescence imaging was performed as described by us previously 6: 9. 39.40_ A||
images were captured using a Nikon swept-field confocal and a 100x oil immersion
objective with a numerical aperture of 1.45 (both from Nikon Inc., Melville, NY). An iXon3
X3 DUB97 EM-CCD camera (Andor Technology, Belfast, UK) was used for image capture.
Images were captured as Z-stacks with 0.5 um spacing between individual frames. Depicted
images are maximum intensity projections from the stacks. Quantification was using the NIS
Elements software (Nikon), essentially as described by us previously & 9. Within each
experiment, all images were captured using identical settings. For calculating Pearson’s
correlation coefficient, one frame from the Z-stack was used. In each case, the selected
frame had the largest expanse of the cell being analyzed. For quantification, an outline was
drawn around the cell, and the Pearson’s coefficient was calculated using the colocalization
function in NIS elements software.

Statistical analyses.

The Prism 6 software (GraphPad, La Jolla, CA) was used. All experiments were repeated at
least three times, independently. Comparisons between multiple groups were performed
using one-way ANOVA and appropriate post hoc tests. Comparisons between two groups
were performed using Student’s #test. Nonlinear regression was used to calculate LDsg of
manganese. P < 0.05 was considered to be significant. Asterisks in graphs, where present,
denote statistically significant differences.
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Significance to Metallomics

Cation diffusion facilitators (CDF) are metal transporters present in all kingdoms of life.
Prior studies suggested that metal specificity was conferred by amino acids that formed a
transmembrane metal binding site (Site A). In particular, presence of an asparagine
residue in Site A was believed to be the hallmark of manganese transporters. We show
that the critical asparagine residue in Site A of SLC30A10, a human manganese
transporter that is mutated in familial manganese-induced parkinsonism, is dispensable
for transport activity. Our results suggest that factors beyond Site A may confer metal
specificity to CDFs.
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Figure 1. Comparison of the crystal structureof YiiP (PDB: 3H90) with the predicted structure
of SLC30A10.

A. YiiP (Red) and SLC30A10 (Green) are viewed as a protein monomer from the membrane
plane. The lower panel depicts close-up comparison of the amino acids making up Site A of
YiiP, predicted Site A of SLC30A10, and those that were experimentally demonstrated to be
required for the manganese transport activity of SLC30A10 in HeLa cells ®. Amino acids are
shown as gray sticks with oxygen atoms depicted in red and nitrogen atoms in blue. Site A
of YiiP shows a coordinated ZnZ* ion (red sphere).
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B. Amino acid sequence alignment of SLC30A10 with related CDF proteins. The site A
residues are highlighted in red. The Asn-43 residue of SLC30A10 is also shaded in gray. TM
stands for transmembrane. Accession numbers of depicted sequences are as follows: YiiP,
EI1Q66948.1; SLC30A10, NP_061183.2; ZRC1, NP_013970.1; SLC30A1, NP_067017.2;
SLC30A2, NP_001004434.1; SLC30A3, NP_003450.2; SLC30A4, NP_037441.2;
SLC30A5, NP_075053.2; SLC30A7, NP_001138356.1; SLC30A8, NP_776250.2.
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Figure 2. Expression and localization of SL C30A10yy1 and mutantsin different cell-lines.
A. HepG2, undifferentiated AF5, HEK, and S/c30a107~ MEF cells that were uninfected or

that stably over-expressed indicated SLC30A10 constructs were lysed and processed for
immunoblot analyses. SLC30A10 was detected using a custom polyclonal antibody against
the C-terminus that we recently described 7. Tubulin was detected using a mouse
monoclonal antibody.
B. Localization of SLC30A10 was assessed in cell-lines described in Panel A by
immunofluorescence. Over-expressed SLC30A10 was detected using a monoclonal antibody
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against the FLAG-tag. A polyclonal antibody against calnexin was used to demarcate the
endoplasmic reticulum. P represents the Pearson’s coefficient for colocalization between
SLC30A10 and calnexin (mean £ S.E.; n = 10 cells per construct). Note that values for the
Pearson’s coefficient for colocalization for two fluorophores can range from + 1 to -1
6.9.42 \/alues close to +1 indicate a high degree of overlap. Values close to 0 and negative
values imply lack of overlap 6 9 42, Values obtained here indicate lack of overlap. Scale
bars, 10 pm.
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Figure 3. Intracellular manganese levels are compar able between cells expressing SL C30A 10w T
or SLC30A10N43A.
A. Viability of HepG2, undifferentiated AF5, HEK, and S/c30a107~ MEF cells that did not

express any SLC30A10 construct was assessed after exposure to indicated amounts of
manganese for 16 h. Viability in the absence of manganese exposure was expressed as 100
and used for normalization (mean + S.E.; n = 3 per manganese treatment condition).

B-D. HepG2, undifferentiated AF5, HEK, and S/c30a10~~ MEF cells that were uninfected
or that stably over-expressed indicated SLC30A10 constructs were exposed to 500 uM for
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16 h. After this, samples were processed for metal measurements using inductively coupled
plasma mass spectrometry. For each sample, metal levels were normalized to total protein
content, independently. After this, for each cell type and metal, levels in uninfected controls
were expressed as 100. Levels in other infection conditions were expressed relative to
uninfected controls (mean £ S.E.; n = 3 per infection condition for HepG2, AF5 and HEK
cells, and 4 for MEF cells. All metals were measured in all samples. *, p < 0.05 using one-
way ANOVA and Tukey—Kramer post hoc test, with g or £ indicating differences in
comparison with uninfected controls or SLC30A10\-expressing cells, respectively).
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Figure 4. Expression of SLC30A 10,y or SLC30A10n434 Protects against manganese-induced
cell death.

HepG2, undifferentiated AF5, HEK, and S/c30a10”~ MEF cells that were uninfected or that
stably over-expressed indicated SLC30A10 constructs were treated with or without 3 mM
manganese for 16 h. Viability was then assessed. For each cell type and infection condition,
viability after manganese exposure was expressed relative to that in the absence of
manganese treatment normalized to 100 (mean £ S.E.; n = 3 for each infection condition; *,
p < 0.05 using one-way ANOVA and Tukey—Kramer post hoc test for the comparison
between uninfected control and other infection conditions. N.S. denotes that there was no
difference between the uninfected control and SLC30A10g254 groups for any cell-type.
There were no differences between WT and N43A groups for any cell-type).
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Figure5. Validation of resultsin differentiated AF5 cells.
A-C. AF5 cells infected with various SLC30A10 constructs or left uninfected were

differentiated as described in Metfods. Samples were then processed for measurement of
intracellular metals exactly as described in Fig.3. (mean + S.E.; n = 3 per infection
condition; *, p < 0.05 using one-way ANOVA and Tukey—Kramer post hoc test, with aor b
indicating differences in comparison with uninfected controls or SLC30A10yT-expressing
cells).

D. Differentiated AF5 cells were exposed to 0 or 3 mM manganese for 16 h. Viability was
then assessed. Relative viability after manganese exposure was expressed as described in
Fig.4 (mean = S.E.; n = 3 for each infection condition; *, p < 0.05 using one-way ANOVA
and Tukey—Kramer post hoc test for the comparison between uninfected control and other
infection conditions. N.S. denotes that there was no difference between the uninfected
control and SLC30A10g554 groups. There were no differences between cells expressing
SLC30A10yT or SLC30A10n434)-
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Figure 6. Glu-25, His-43, and Asn-127 of SLC30A1/ZnT1 arerequired for zinc efflux activity.
A. Structural comparison of the amino acids making up Site A in YiiP (Red) with the

putative Site A in the predicted structures of SLC30A10 (Green) and ZnT1 (Blue). Amino
acid residues are shown as gray sticks with oxygen atoms colored in red and nitrogen atoms

in blue.

B. HeLa cells were treated with indicated amounts of zinc for 16 h and viability was then
assessed. Viability in the absence of zinc treatment was normalized to 100 (mean + S.E.; n =
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3; *, p < 0.05 for the difference between viability at 0 UM zinc and other zinc concentrations
by one-way ANOVA and Dunnett’s post hoc test).

C. Intracellular zinc levels were measured in HeLa cells exposed to 0 or 200 uM zinc for 16
h. In each sample, zinc levels were normalized to total protein content. Levels in cells that
did not receive zinc treatment were expressed as 100 (mean + S.E.; n = 3; n.s., not
significant by #test).

D. HelLa cells were transfected with indicated SLC30A1/ZnT1 constructs. Twenty four
hours after transfection, cultures were fixed and processed for immunofluorescence.
SLC30A1/ZnT1 was detected using a monoclonal antibody against the FLAG epitope. A
polyclonal antibody against calnexin was used to demarcate the endoplasmic reticulum. P
represents the Pearson’s coefficient for colocalization between SLC30A1/ZnT1 and calnexin
(mean £ S.E.; n = 10 cells per construct). Scale bar, 10 pm.

E. HelLa cells were transfected with a control plasmid or various SLC30A1/ZnT1 constructs.
One day after transfection, cultures were treated 0 or 200 pM zinc for 16 h. Viability was
then assessed. For each transfection condition, viability in the absence of zinc treatment was
normalized to 100 and used to express viability after zinc exposure (mean + S.E.; n = 3 for
each construct; *, p < 0.05 for the difference between control and all other transfection
conditions by one-way ANOVA and Dunnett’s post hoc test; n.s., not significant).

F. Comparison of the predicted structures of SLC30A10 (Green) and ZnT1 (Blue) showing
similar orientations of Glu-25 and Asn-127 residues.

G. Alignment of the primary amino acid sequence corresponding to the first and fourth
transmembrane (TM) segments of CDF proteins depicted in Fig.1. Residues corresponding
to Glu-25 and Asn-127 of SLC30A10 are highlighted in red. Accession numbers are
identical to that in Fig.1.
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