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Abstract

Manganese (Mn) is a transition metal that is essential for normal cell growth and development, but
is toxic at high concentrations. While Mn deficiency is uncommon in humans, Mn toxicity is known
to be readily prevalent due to occupational overexposure in miners, smelters and possibly welders.
Excessive exposure to Mn can cause Parkinson's disease-like syndrome; patients typically exhibit
extrapyramidal symptoms that include tremor, rigidity and hypokinesia (Calne et al., 1994; Dobson
et al., 2004).

Mn-induced motor neuron diseases have been the subjects of numerous studies; however, this review
is not intended to discuss its neurotoxic potential or its role in the etiology of motor neuron disorders.
Rather, it will focus on Mn uptake and transport via the orthologues of the divalent metal transporter
(DMT1) and its possible implications to Mn toxicity in various categories of eukaryotic systems,
such as in vitro cell lines, in vivo rodents, the fruitfly, Drosophila melanogaster, the honeybee, Apis
mellifera L., the nematode, Caenorhabditis elegans, and the baker's yeast, Saccharomyces
cerevisiae.
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Manganese

Mn is one of the most abundant naturally occurring elements in the earth's crust; it does not
occur naturally in a pure state. Oxides, carbonates and silicates are the most important Mn-
containing minerals (Post, 1999). Depending on its oxidation state, Mn is utilized in countless
industrial processes, such as the production of dry cell batteries, steel (Post, 1999; Saric, 1986),
fuel oil additives and antiknock agents (Pfeifer et al., 2004; Ressler et al., 1999; Rollin et al.,
2005).
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The major source of Mn in humans is through dietary ingestion. Approximately 3-5% of
ingested Mn is absorbed across the intestinal wall, and the remainder is excreted in feces,
representing tight homeostatic control over Mn absorption. Mn toxicity from dietary intake is
rare; its uptake is tightly regulated, and any excess of ingested Mn is readily excreted via the
bile. In contrast, both pulmonary uptake and particulate transport via the olfactory bulb (Saric,
1986; Aschner et al., 1991; Thompson et al., 2007) can lead to deposition of Mn within the
striatum and cerebellum and inflammation of the nasal epithelium (Dorman et al., 2004).

Mn plays an important role in the development and functioning of the brain (Prohaska, 1987;
Takeda, 2003). Mn deficiency may result in birth defects, poor bone formation and an increased
susceptibility to seizures (Aschner, 2000; Aschner et al., 2002). As an essential metal, it is a
co-factor for many enzymes such as transferases, hydrolases, lyases, glutamine synthetase and
integrins (Saric, 1986; Wedler et al., 1984). The most well studied Mn-containing polypeptides
are arginase, an enzyme present in lipids that is required for ammonia elimination, and Mn-
containing superoxide dismutase (Mn-SOD), a principal anti-oxidant enzyme typically found
in the mitochondria. Moreover, Mn plays a role in the modulation of the immune system, and
in protein, lipid and carbohydrate metabolism (Addess et al., 1997; Aschner et al., 1992;
Fitsanakis et al., 2005; Malecki et al., 1999). Evidence also corroborates the involvement of
Mn in the stellate process production in astrocytes (Liao et al., 2001), as well as in the
metabolism of brain glutamate to glutamine, a step carried out by the astrocyte-specific
enzyme, glutamine synthetase (Wedler et al., 1982; Wedler et al., 1984; Takeda, 2003).

Despite its essentiality in multiple metabolic functions, Mn can be toxic at high concentrations.
The brain, in particular, is highly susceptible to Mn toxicity. Occupational exposure to Mn for
periods from 6 months to 2 years can cause extrapyramidal symptoms that resemble idiopathic
Parkinson's Disease, a disease known as manganism. Patients suffering from manganism
exhibit a signature biphasic mode of physical decline, which comprises of an initial phase of
psychiatric disturbance and neurological deficits which are followed by motor defects such as
akinetic rigidity, dystonia and bradyskinesia (Calne et al., 1994; Olanow, 2004).

Mn Transport

Due to the delicate relationship between Mn's essentiality and toxicity, Mn homeostasis is vital
for the optimal functioning of any organism. Although some research has focused on
mechanisms associated with the transport of Mn across the blood-brain barrier (BBB), the exact
identity of the carrier(s) involved in Mn trafficking into the brain is still controversial. During
the past two decades, various transport mechanisms have been identified, including active
transport (Murphy et al., 1991) and facilitated diffusion (Rabin et al., 1993; Aschner et al.,
1994). More recently, it has been established that Mn can also be transported via high affinity
metal transporters such as calcium (Ca) and iron (Fe) transporters. Some of these transporters
include the divalent metal transporter (DMT1), which belongs to the family of natural
resistance-associated macrophage protein (NRAMP) (Gunshin et al., 1997; Garrick et al.,
2003); ZIP-8, amember of the solute carrier-39 (He et al., 2006); transferrin (Tf) receptor (TfR)
(Davidsson etal., 1989; Aschner etal., 1994), which is known to be responsible for Fe3* uptake;
voltage regulated (Lucaciu et al., 1997) and store-operated Ca2* channels (Riccio et al.,
2002); and the ionotropic glutatmate receptor Ca2* channels (Kannurpatti et al., 2000) (Figure
1). While the relative contribution of each of these transporters remains unknown, it is likely
that optimal tissue Mn concentrations are maintained by the involvement of all of these
transporters. This review will focus on the role of DMT1 in the transport of Mn in several
eukaryote systems.
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Divalent metal transporter-1

DMT1, previously known as NRAMP2, was first identified in 1995 in a screening for
homologues of NRAMPL, a protein involved in host defense against several types of infection
(Gruenheid et al., 1995; Vidal et al., 1995). Subsequently, it was referred to as divalent cation
transporter (DCT1) because of its ability to transport cations, such as zinc (Zn2*), Mn?*, cobalt
(Co?*), cadmium (Cd?*), copper (Cu?*), nickel (Ni2*), lead (Pb%*), and Fe2* (Forbes et al.,
2003; Gunshin et al., 1997; Knopfel et al., 2005). Soon after, Fleming et al. discovered that a
missense mutation in the DCT1 in rats or mice lead to deficiency in Fe uptake, confirming that
DCT1's major function is cation transportation. In 1999, the nomenclature changed and the
transporter was designated as DMT1 (Andrews, 1999).

DMT1 represents a large family of metal ion transporters that are highly conserved from
bacteria to humans (Cellier et al., 1995). DMT1 orthologues are highly hydrophobic integral
membrane proteins containing 11 to 12 transmembrane domains (TMD). Both the amino- and
carboxy- termini are predicted to reside within the cytoplasm (Gruenheid et al., 1995).
Members of the DMT1 family share a conserved “consensus transport sequence” which is
involved in divalent metal ion translocation, as depicted in the sequence alignment in Figure
2.

The human DMT1 gene consists of 17 exons, spanning more than 36 kb and encoding two
proteins of 561 and 570 amino acids. The two alternatively spliced mRNA differ by a specific
sequence either containing or lacking an iron regulatory element (+1RE and —IRE respectively).
They encode two transporters with distinct carboxy- termini (Fleming et al., 1998; Lee et al.,
1998). The 3’ untranslated region (UTR) that contains an IRE has a stem-loop structure whose
stability is modulated by the intracellular Fe pool (Gunshin et al., 1997). In the —IRE form, 18
amino acids of the C terminus are replaced by a 25 amino acid segment predicted to be required
for an IRE-independent mode of metal regulation (Fleming et al., 1998). It is known that an
IRE is also present in the 3'-UTR of the TfR that mediates the transport of Fe (Gunshin et al.,
1997). This similarity suggests that DMT1 protein levels may be controlled by intracellular Fe
concentration.

DMT1 Localization

Within a cell, DMT1 is mainly localized at the membrane level. Although the two isoforms of
DMT1 produced by alternative splicing are both present at the plasma membrane, the difference
in the subcellular localization appears to be dependent upon cation needs. The +IRE isoform
is found mainly at the apical membrane of epithelial cells (Canonne-Hergaux et al., 1999;
Courville et al., 2006) and late endosomes and lysosomes within HEp-2 cells (Tabuchi et al.,
2000; Lam-Yuk-Tseung et al., 2005b). On the other hand, -IRE isoforms are found
predominantly in early and recycling endosomes (Gruenheid et al., 1999; Kannurpatti et al.,
2000; Touret et al., 2003). In addition, DMT1 also has been shown to colocalize with TfR,
both at the plasma membrane and in the recycling endosome (Gruenheid et al., 1999).

At the tissue level, DMTL1 is ubiquitously expressed, most notably in the proximal duodenum,
as compared to areas such as the kidney or the brain (Andrews, 1999; Gunshin et al., 1997;
Lee et al., 1998). Immunostaining studies suggest that DMT1 expression is strongest at the
brush border of the apical pole of the enterocytes, which is consistent with the role for DMT1
in luminal metal uptake (Canonne-Hergaux et al., 1999). Moreover, recent
immunohistochemical experiments revealed that DMT1 is also expressed in the lumen
microvilli and end-feet of the sustentacular cells of the olfactory epithelium, suggesting an
alternative route of metal exposure (Thompson et al., 2007). In macrophages, DMT1 is
restricted in the phagosomal membrane where red cells are engulfed. Using light and electron
microscopy, Wang et al. showed extensive DMT1 localization within glial cell bodies of the
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neocortex, the subcortical white matter and the hippocampus of monkeys (Wang et al.,
2001). In the basal ganglia, immunocytochemical experiments indicate dense DMT1 staining
in the caudate nucleus, the putamen and the substantia nigra pars reticulata (Huang et al.,
2004). This suggests a higher expression of DMT1 within certain areas of the basal ganglia,
which may explain the sensitivity of this region to Mn toxicity and the overlap in motor deficits
observed in patients suffering from PD and manganism. In rats, DMT1 expression is highest
in astrocytes and endothelial cells within the striatum, granule and Purkinje cells of the
cerebellum, in neurons within the thalamus and in ependymal cells lining the third ventricle
(Burdoetal., 2001; Tandy et al., 2000), with moderate staining in the substantia nigra (Gunshin
etal., 1997).

Based on the existing knowledge on the localization of DMT1, the proposed pathway for Mn
uptake by the gastrointestinal tract and its transport into the blood stream and across the BBB
is depicted in Figure 3.

Function of DMT1

DMT1 is important in maintaining the stable homeostasis of essential elements in the brain's
extracellular fluids for optimal brain function. The biological function of DMT1 was first
determined through phenotypic analysis of two types of animal species that display a
spontaneous mutation in the transporter: microcytic (mk) mice and Belgrade (b/b) rats. These
animals have naturally occurring mutations that result in substitutions from glycine to arginine
atresidue 185 (G185R) in the TMD 4 of the DMT1 gene (Su et al., 1998). Both animal species
exhibit severe microcytic anemia that is associated with an impairment of Fe transport as well
as an alteration in Mn homeostasis. Similarly, humans with DMT1 mutations at different intron
or exon sites, such as an E399D substitution (Mims et al., 2005; Lam-Yuk-Tseung et al.,
2005a; Priwitzerova et al., 2005), a R416C substitution (lolascon et al., 2006; Lam-Y uk-
Tseung et al., 2006) or a G212V substitution (Beaumont et al., 2006) exhibited hypochromic
microcytic anemia, proposing a possible commonality in DMT1 function amongst various
mammalian species.

Currently, there are two theories that explain the mechanism of DMT1 functioning: 1) a TfR
independent pathway and 2) a TfR dependent pathway. In the TfR independent pathway, it is
hypothesized that DMT1 can act as a symporter that couples the pumping of a proton when
metal ions are taken up (Garrick et al., 2003; Gunshin et al., 1997). Electrophyiological studies
in Xenopus oocytes suggest that at neutral membrane potential and pH, DMT1isina1:1 proton:
metal ion transport state (Sacher et al., 2001). An increase in the driving force for metal ion
uptake can be achieved by a reduction in pH or a decrease in membrane potential known as
the metal-ion dependent proton slip. This tight regulation protects cells against environments
containing excessive metals or acidic conditions (Nevo, 2007). Alternatively, the co-
localization of DMT1 and TfR suggests that there exists an Mn uptake pathway by DMT1 that
is regulated by TfR. When a metal, such as Fe or Mn, binds to the Tf-TfR complex, it causes
internalization of the complex from the plasma membrane into the cellular endosomes. V-
ATPase is then being recruited and causes the metal-containing endosome to acidify and the
metal to dissociate. This will, in turn, activate the DMT1 that is situated at the endosomal
membrane to co-transport the metal ion along with a proton into the cytosol as shown in Figure
1 (Gruenheid et al., 1999).

Manganese and DMT1

As mentioned above, the transport of cations via DMT1 is not metal specific. The most direct
measure on whether DMT1 plays a role in Mn transport is by the evaluation of changes in

DMT1 expression in the presence of excess Mn. An in vivo study by Garcia et al. showed that
DMT1 expression increases by ~35% in the brains of rat pups nurtured by dams fed with high
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Mn diet. This elevation in DMT1 expression is not region-specific; nonetheless, the data
directly relate the effect of an enhanced Mn diet with augmentation in DMT1 expression
(Garcia et al., 2006). In addition, this correlation is supported by in vitro data where exposure
to Mn for 24 and 48 hours has been shown to increase DMT1 expression in the immortalized
choroidal epithelial Z310 cell line by 45% and 78% respectively (Wang et al., 2006).

DMT1 transport of Mn in Saccharomyces cerevisiae

The understanding of the network involved in the Mn uptake mechanism has also greatly
benefited from molecular studies of the simple eukaryotic organism, the baker's yeast,
Saccharomyces cerevisiae (S. cerevisiae). There are three known DMT1 orthologues expressed
in yeast cells: Smflp, Smf2p and Smf3p, which are encoded by SMF1, SMF2 and SMF3
respectively. Overall, the three Smf proteins exhibit ~26% identity to human NRAMP2 and
~48% identity to each other at the amino acid level (Cellier et al., 1995; Portnoy et al., 2000;
West et al., 1992). In contrast to vertebrate DMT1, no typical IRE is found in any of the SMF
genes, and the poor sequence conservation of the C-termini is not predictive of a possible
correspondence between the vertebrate —IRE/+IRE and the Smflp/2p/3p. These three yeast
orthologues are predicted to contain 11 TMDs instead of 12. However, they exhibit a well
conserved “consensus transport sequence” which is a signature for the DMT1 family (Figure
2). This sequence conservation implies a functional similarity between human DMT1 and yeast
Smfps. Genetic screens first identified the Smflp transporting Mn across the plasma membrane
of yeast cells (Supek et al., 1996). Subsequently, Smflp was found to be a non-specific metal
ion transporter capable of delivering a broader spectrum of essential metal ions such as
Mn2*, Zn2* Cu2*, Fe2* and Cd%* (Eide, 1998; Nelson, 1999; Supek et al., 1996). Later, it was
shown that the yeast genome encodes two additional orthologous proteins, Smf2p and Smf3p,
which might also be involved in metal ion transport, but display distinct substrate specificity
from Smflp, implying partially distinct functions for the yeast Smf proteins. This was
confirmed in a study by Nelson et al. in 2000, which showed that only cells overexpressing
Smflp or Smf2p, but not Smf3p, in the triple null mutants lacking SMF1, SMF2 and SMF3
can restore the uptake activity of Mn comparable to the wild type level (Cohen et al., 2000).

The specificity in function of the three Smf proteins may be related to the difference in the
subcellular localization of the three proteins. In animals, the transporter can be located both at
the cell surface and in intracellular organelles (Nelson, 1999), whereas in S. cerevisiae, the
different isoforms are situated at distinct cellular sites: Smflp at the cell surface, Smf2p in the
intracellular vesicles and Smf3p at the vacuolar membrane (Portnoy et al., 2002; Portnoy et
al., 2000; Supek et al., 1996).

Although these three proteins share a high resemblance in amino acid sequence and topology,
their roles in metal homeostasis are unique. Under physiological conditions, i.e. when cells
have a sufficient amount of MnZ* ions, Smf1p appears to contribute little to cellular Mn levels.
This was corroborated in mutants that lack SMF1 where Mn accumulation was
indistinguishable from wild type controls (Supek et al., 1996). Yeasts containing a deletion of
the SMF2 gene lose the ability to acquire normal levels of the metal (Luk et al., 2001; Pinner
etal., 1997). SMF3 mutants do not show any impairment in the uptake and homeostasis of Mn;
rather, Smfp3 is mainly responsible for trafficking Fe. The SMF3 promoter contains a
recognition sequence for the Fe-sensing transcription factor Aftlp which is responsible for its
transcriptional regulation by Fe, whereas Smflp and Smf2p levels are unaffected by Fe
concentration (Portnoy et al., 2002; Portnoy et al., 2000). Since no significant staining of Smf2p
or Smf3p was observed at the plasma membrane, and SMF1 mutants do not show changes
compared to wild type, it has been hypothesized that some extracellular metal transporter(s)
other than the three Smfs is responsible for Mn uptake under physiological conditions.

Neurotoxicology. Author manuscript; available in PMC 2009 July 1.
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However, the localization of Smflp and Smf2p, but not Smf3p, can change, depending upon
the surrounding environment. A study by Liu et al. demonstrated that when yeast cells are
supplied with excess amounts of Mn, the bulk of Smflp transporter is targeted to the vacuole
for degradation to inhibit further uptake of the metal ion, whereas, in conditions of Mn
deficiency, Smflp undergoes a conformational change that prevents it from entering the
vacuole, and the transporter is targeted to the plasma membrane to facilitate the uptake of Mn
(Jensen et al., 2003; Liu et al., 1999a, b). This relocation phenomenon also holds true in the
case of Smf2p. Under metal replete conditions, there is an intense staining pattern within the
lumen of the vacuole, since the majority of the protein is being degraded by vacuolar proteases.
In the Mn depleted state, Smf2p is restricted to intracellular punctuate bodies for mobilizing
any Mn that is delivered by Smflp from the extracellular space into the cytosol and
subsequently to the necessary organelles (Portnoy et al., 2000). In contrast, Smf3p is present
and stable at the vacuolar membrane independent of the metal availability in the surroundings
(Portnoy et al., 2002; Portnoy et al., 2000). The three scenarios are summarized and represented
in Figure 4.

DMT1 transport of Mn in the mammalian system

Although the use of S. cerevisiae provides a promising tool for the discovery of the role of
DMT1 in the cellular uptake of Mn, it is believed that the exact mechanism for Mn regulation
in the mammalian system involves a more extensive and sophisticated network. One of the
earlier models that researchers used to study the metal delivery function of DMT1 in mammals
was the b/b rat, which exhibits microcytic hypochromic anemia and systemic iron deficiency
due to the disruption of DMTL1. Hence, the functional consequences of this mutation in the b/
b rat has been examined extensively in relation to Fe homeostasis. Since previous studies
showed that both Fe and Mn bind to the TfR during intestinal absorption (Rossander-Hulten
etal., 1991; Thomson et al., 1971), it was hypothesized that Mn and Fe may also compete for
transport through DMT1. Hence, the b/b rat is considered currently the perfect mammalian
model for studying Mn uptake.

Current research on the significance of DMT1 in Mn trafficking is both limited and
controversial. Earlier studies have emphasized the possible function of DMTL1 in Mn transport
using b/b rats. In 1997, Chua and Morgan examined Mn metabolism as a function of uptake
by reticulocytes and several organs, together with absorption from the duodenum and plasma
clearance in control Wistar rats (+/+), heterozygous (+/b) rats and homozygous b/b rats. In
general, Mn uptake by reticulocytes and in some organs, such as the kidney, brain and femurs,
along with absorption from the duodenum, is significantly reduced in b/b rats as compared to
+/b or +/+ rats. Furthermore, plasma clearance of Mn is much faster than that of Fe (Chua et
al., 1997). These results suggest that b/b rats display impaired Mn metabolism due to a defect
in Mn uptake and transport caused by a mutation in DMT1. Similar findings supported by
Knopfel and Garrick present a direct link between DMT1 and a dysfunction in activity that
accounts for the uptake and the transport of Mn ions into the small-intestinal membrane vesicle
(Knopfel et al., 2005). The G185R mutation in b/b rats causes a complete disruption of DMT1
transport activity of Mn across the small-intestinal tissue, which was not observed in
heterozygous +/b rats or Wistar rats. Both of these studies reveal the importance of functional
DMT1, which is mandatory for the proper transport of Mn. Additionally, this theory was proven
valid in olfactory Mn uptake. A study examining the contribution of olfactory DMT1 in Mn
uptake showed that nasal absorption of Mn is significantly reduced in b/b rats and the protein
levels of olfactory DMT1 were elevated in iron-deficient rats, suggesting the importance of
DMTL in olfactory Mn absorption that is dependent upon the iron status (Thompson et al.,
2007).

Neurotoxicology. Author manuscript; available in PMC 2009 July 1.
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However, the absolute requirement of DMT1 in Mn uptake has been contradicted by
Crossgrove and Yokel in an in situ brain perfusion study which shows that, despite the
hematological parameters and spleen/body weight variation among b/b, +/b, and +/+ rats, brain
Mn uptake is not significantly different among these three rat strains. The authors suggest that
Mn is distributed across the BBB into the brain by processes that are independent of DMT1
(Crossgrove et al., 2004). However, one has to take into account that there is a potential for
high adaptation and compensation due to the DMT1 deficiency. To support this theory, further
research is warranted.

Possible DMT1 transport of Mn in other systems

The use of molecular biology gave rise to the idea that other model organisms, such as
Drosophila, honeybees and C. elegans may have some similar functional DMT1 homologues.
The DMT1 orthologues of the fruit fly and nematode contain 12 TMD and share the same
“consensus transport sequence” as the vertebrate DMT1, though the —IRE/+IRE system
appears specific to vertebrates (Figure 2). In 1995, a screening for genes that influence
responsiveness to stimuli discovered the Drosophila homologue of mammalian NRAMP,
known as malvolio (mvl), and sequence homology indicated a 65% identity with human
NRAMP (Rodrigues et al., 1995). Mutation in mvl showed reduced responsiveness to sucrose,
which can be fully recovered by supplementation with Mn (Orgad et al., 1998) or expression
of human NRAMP proteins (D'Souza et al., 1999). This suggests that the MVL protein is
involved in taste perception in Drosophila and acts as a cation transporter similar to DMT1.
Evidence also showed that this taste behavior holds true for honeybees, Apis mellifera. An
increase in brain mvl expression leads to an elevation in Mn transport, sucrose responsiveness
and, ultimately, division of labor within the colonies (Ben-Shahar et al., 2004).

In the nematode, C. elegans, there are three DMT1 isoforms: SMF-1, SMF-2 and SMF-3.
Although none of the isoforms is fully characterized, expressions of C. elegans' smf-1 or
smf-3 appear to rescue the hypersensitivity to EGTA in yeast smf-1/smf-2 mutants, implying
that they both encode cation transporters with overlapping, if not identical, substrate specificity
(Labrousse et al., 2000). Recently, a high-throughput in vivo analysis using green fluorescent
protein (GFP) fusions generating spatial and temporal tissue expression profiles found that
smf-3 is expressed in the intestine, suggesting that a likely route of Mn absorption in this species
is via ingestion (Hunt-Newbury et al., 2007).

Conclusions

In summary, we have just begun to scratch the surface in examining how various types of living
organisms effectively cope with metals that are both toxic and essential for growth. For each
metal that enters the cell, a complex system of transport pathways is activated, and the exact
machinery involved is determined by the organism's requirement in relation to its environment.
The findings presented in this review provide some insight into the means that cells, yeast,
rodents and possibly humans use to accumulate Mn via DMT1. The use of simple organisms
such as Drosophila, honeybees and C.elegans that possess homologues of DMT1 has recently
drawn increasing interest for discovering and defining the exact pathway involved in Mn uptake
that may be common to human beings.

Future Perspectives

Due to some of the contradictions regarding the contribution of DMT1 in the trafficking of
Mn, additional research is necessary to further investigate the precise route of Mn uptake and
the defined mechanism through which DMT1 facilitates this process. Listed below are four
main points that need to be addressed. First, due to the selective vulnerability of certain areas
of the brain, it is imperative to explore the reason for the specific localization of DMT1 within
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the brain and the functional consequences for this specificity. Second, although it is logical to
hypothesize that sites at which Mn is accumulated are areas of injury, accumulation does not
necessarily confer toxicity. Therefore, further research is required to investigate the direct link
of between Mn accumulation and its downstream target(s), as well as the associated clinical
manifestations. Thirdly, one should also consider possible compensatory Mn export
mechanisms during excessive accumulation that may alleviate tissue Mn burdens and Mn's
toxic effect. These may include rescue pathways that are only specific to certain areas of the
brain in order to overcome the negative effects of Mn overexposure. To date, there are no
studies on mechanisms associated with the extrusion of Mn, and it remains unknown whether
Mn shares common transporters with Fe in exiting cells. Lastly, it is essential to acknowledge
the absence of research on the functional role of DMT1 in specific organs. Better understanding
on the exact transport mechanism of DMT1 will be beneficial for studying the consequences
of Mn toxicity. Although itis well established that DMT1 transports metals along with a proton,
a transporter can function as a channel, a pump or a carrier. Thus, studying the 3D structure of
DMT1 under various conditions (close and open states) using crystallography will undoubtedly
facilitate resolutions to some of these issues.
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Figure 1. Molecular mechanisms of Mn uptake across the membrane at the blood-brain barrier

(BBB)

DMT1 is asymporter energized by the proton-motive force generated by the Vacuolar-ATPase
(V-ATPase) which extrudes protons from the cell. The uptake of protons from the extracellular
space provides the energy for the transport of Mn2* cations into the cell. The V-ATPase-
generated proton gradient is also responsible for the acidification of endocytic vesicles. Upon
acidification, Mn3* ions released by the transferrin-transferrin receptor system are converted
to Mn?* ions available for transport by DMT1. Transporters such as the voltage-gated and
store-operated calcium channels, the glutamate ionotropic receptor and the solute carrier 39
family member ZIP8, are suggested to play a role in Mn uptake at the BBB.
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Figure 2. Multiple alignments of DMT1 orthologues in various model organisms
Two splice variants of DMT1 (-IRE and +IRE) are expressed in vertebrates (H. sapiens, R.
norvegicus, M. musculus) differing for the very last 18 or 25 amino acids. Only the —IRE is
reported here for the rat and the mouse isoforms. DMT1 orthologues are also encoded by the
genomes of the fly, D. melanogaster (Malvolio), the nematode, C. elegans (SMF-1, -2, -3) and
the baker's yeast, S. cerevisiae (Smflp, 2p, 3p). All orthologues share the same topology with
12 conserved transmembrane domains (TMD, black and gray boxes) except for the yeast
variants, which only contain 11 predicted TMD. All of them also contain a consensus transport
sequence between TMD8 and TMD? (red box).
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Figure 3. Mn uptake via DMT1 in vertebrates
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DMT1 is present at the plasma membrane where it is responsible for Mn cellular uptake. Mn
is primarily taken up by entorocytes via DMT1 before reaching the adjacent tissues and the

blood. Part of it is then excreted in the bile after absorption by the liver, while some accumulates
in the brain after crossing the BBB via DMT1 expressed in glial cells and neurons. Mn uptake

mechanisms independent of DMT1 are not represented here.
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Figure 4. Localization of DMT1 isoforms in yeast upon environmental Mn concentration changes
The yeast genome expresses three DMT1 isoforms: Smflp, Smf2p and Smf3p. Smflp is the
only form localized at the plasma membrane and is probably responsible for most of the Mn
uptake from the environment. Smf2p is localized in intracellular compartments but
undetectable at the plasma membrane or at the vacuolar membrane. Smf3p is stably localized
at the vacuole. Smflp and Smf2p levels increase with Mn depletion, whereas in replete
conditions, both Smflp and Smf2p are targeted to the vacuole for degradation. In contrast,
neither SMF3 expression levels nor Smf3p seem affected upon Mn concentration changes
although they are sensitive to Fe levels. Knockout mutants of the three SMF genes are still able
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to take up Mn, suggesting the existence of an alternative transporter for Mn uptake from the
environment. This figure is modified from Portnoy et al., 2000 and 2002.
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