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General introduction  

 

1. GENERAL INTRODUCTION 

Magnesium (Mg) plays several crucial roles in eukaryotic cells and in the whole organism. In 
mitochondria it is a key factor of the adenosine triphosphate (ATP)-synthesizing machinery and 
its “deficit” or defects in its transport impairs cellular functions, e. g. proliferation rate, which can 
be reversed by magnesium supplementation. 
Therefore it is not surprising that Mg deficiency and/or a change in the intracellular Mg 
homeostasis (IMH) might lead to a multitude of serious ailments, such as neurodegenerative 
disorders (Parkinson’s disease (PD) and Alzheimer’s disease (AD)), stroke, diabetes and 
cardiovascular diseases (1).  
The intracellular free Mg2+ concentration is in the order of 0.5 mM and it is maintained below the 
concentration predicted from the transmembrane electrochemical potential. This control is 
achieved through a balance of Mg2+ uptake, intracellular Mg2+ storage and Mg2+ efflux; clearly, 
specific magnesium transporters exist for each step and impairment in their function can lead to 
altered intracellular magnesium levels or magnesium homeostasis. In the last decades, roughly 
a dozen of candidate genes have been proposed to encode for proteins regulating Mg2+ 
transport in eukaryotic cells, but only few of them have been well characterized as Mg2+ 
transporters. The first mammalian Mg2+ transporter to be identified at the molecular level was 
Mrs2 of the inner mitochondrial membrane (2). Other well characterized channels and 
transporters are TRPM6/7, MagT1, and SLC41A1 (3). Importantly, SLC41A1 has been identified 
and characterized as the main Mg2+ efflux mechanism in the plasma membrane (4, 5) by 
members of the supervising team at the Institute of Veterinary Physiology, Berlin, and as 
Na+/Mg2+ exchanger overexpressed in pre-eclamptic women (6). 
Several other genes have been described as magnesium responsive genes (MRG) and 
meanwhile molecularly characterized, but their role in the cellular physiology has long remained 
uncovered. For example, CNNM2 and SLC41A3 are both listed among the MRG, indeed their 
mRNA levels rise in mouse distal convoluted tubule cells (MDCT) grown in nominally Mg2+-free 
medium (7, 8), but data about their cellular localization and their role in magnesium transport are 
missing. 
Thus this thesis has focused on the further investigation of Mg2+ efflux mediated by SLC41A1 
and its impact on human aliments such as PD and diabetes and on the functional and molecular 
characterization of SLC41A3 and CNNM2 in order to have a complete frame of the magnesium 
transport and mobilization in the cells and eventually to better understand the importance of 
these processes in the cell and in the whole body physiology. This study reveals that a 
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misbalanced Mg2+ influx/efflux, as consequence of an altered magnesium transport function, 
may represent the trigger for some common human diseases. 
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2. LITERATURE REVIEW 

2.1. Magnesium and its importance in the human body 

Magnesium is the fourth most abundant cation in the body and the second most abundant 
divalent cation in eukaryotic cells (9). Total body magnesium content in the average 70 kg 
human adult is approximately 25 g (10), of which 50-60% resides in bone (11, 12), 46% in 
skeletal muscle and soft tissues (11), and less than 1% is found in serum and red blood cells 
(RBC) (13-15).  
In normal adults, the total serum magnesium concentration ranges between 0.65 and 1 mM (16); 
approximately one third is bound to proteins, primarily albumin and the rest to globulins (17, 18), 
61% exists in the free or ionized state and about 5% is complexed with other ions, such as 
phosphate and citrate (10). The reference range for the concentration of ionized magnesium in 
human serum (0.54–0.67 mM) is narrower than that for calcium (10, 19). Plasma magnesium 
concentration in healthy individuals is similar to serum concentration ranging from 0.7 to 1.0 mM 
(20), while magnesium concentration in RBC is higher (1.65–2.65 mM) (16, 20). 
Total intracellular magnesium concentration varies from 14 to 20 mM in different mammalian 
cells (21). The majority of cellular Mg2+ is bound to proteins, phospholipids, nucleic acids and 
especially ATP (22) or it is sequestered within mitochondria and endoplasmic reticulum, while 
free ionized Mg2+ represents only a small amount, ≈0.2–1 mM (23, 24), approximately 5% of the 
total cellular Mg. Free intracellular magnesium is maintained within this narrow range by Mg2+-
regulatory systems (Mg2+-homeostatic factors and Mg2+ transporters), but in extreme situations, 
such as hypoxia or prolonged magnesium depletion, it may undergo changes. Similar to Ca2+, 
the free ion is physiologically active in the body (25).. 
Serum Mg2+ is maintained in a relatively tight range only slightly higher than the intracellular free 
Mg2+; this makes the reversal potential for Mg2+ close to zero. Because the plasma membrane 
potential is negative, the electrochemical gradient for Mg2+ promotes the entrance of Mg2+ into 
the cells. The cellular distribution of magnesium is heterogeneous, with lower concentrations in 
the peripheral regions of the cytoplasm than in the perinuclear region (26).  
The role of Mg2+ in the body is manifold, it contributes to the mineralization and growth of bones 
(27) and it regulates the vascular tone and cardiac rhythm. It is an essential cofactor for more 
than 300 enzymes (28) and signal-transduction proteins; it is required for transcellular ion 
transport, neuromuscular transmission, synthesis of carbohydrates, proteins, lipids and nucleic 
acids, and finally for energy generation and glycolysis, either indirectly as a part of the Mg2+-ATP 
complex or directly as an enzyme activator (29). It plays also a crucial role in cellular proliferation 
and division because replicating cells need to synthesize DNA and RNA and the presence of 
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magnesium is crucial for maintaining an adequate supply of purine and pyrimidine nucleotides 
(30, 31) and for the correct functioning of DNA polymerases (32). Finally magnesium has an 
anti-apoptotic effect in the mitochondrial permeability transition (33) and by acting as calcium 
antagonist it blocks the calcium-induced death cascade (34). 
It is evident that adequate magnesium stores are vitally important for life; decreased Mg2+ levels 
have been linked to various adverse health outcomes (35, 36), including cardiovascular 
diseases (37-40), hemicranias (41), osteoporosis (42), pre-eclampsia/eclampsia (43, 44), 
diabetes (45) and neurodegeneration (46). Much evidence has demonstrated the benefits of 
Mg2+ supplementation to improve the magnesium balance and for the treatment of the 
pathologies listed above (37-46). 
While hypomagnesaemia is frequently observed in hospitalized individuals and is associated 
with many pathologic conditions, hypermagnesaemia is less frequent (25) because the kidneys 
of healthy patients have a large capacity for Mg2+ excretion. When the renal threshold for 
reabsorption is exceeded, most of the excess Mg2+ is excreted into the urine. Thus 
hypermagnesaemia generally occurs in patients consuming an excessive amount of Mg2+ or 
patients with kidney failure. In such instances, reducing the Mg2+ intake is enough to restore 
normal Mg2+ levels in the body. Only in severe case of hypermagnesaemia, it is necessary to 
intervene with hemodialysis or diuretics. 

2.2. Magnesium transport into the cell and between intracellular stores 

Although the gradient of free Mg2+ across the plasma membrane is modest, it may vary and 
consequently influence many cellular activities.  
The main factors influencing the levels of cytosolic free magnesium are the activity of transport 
systems in the plasma membrane and mitochondria and the concentration of nucleotides, 
because ATP, for example, binds Mg2+ with a high dissociation constant (~30μM) (47). The 
amount of intracellular free magnesium can therefore undergo some fluctuations as a 
consequence of changes in the ATP concentration and mitochondrial or plasma membrane 
transport activity; for example, it would increase in a poor energy state (48) or in anoxia (49).  
Magnesium transport into or out of the cell requires the presence of channels and/or carrier-
mediated transport systems (50, 51). Taking into account that the membrane potential typically 
ranges from –40 mV to –80 mV (negative on the cytoplasmic side) and that the extracellular 
concentration of magnesium is higher than its intracellular concentration (28, 52-55), uptake of 
Mg2+ into the cell can be mediated by channels or channel-like mechanisms. On the contrary, 
outward transport of Mg2+ takes place against the electrochemical gradient, therefore, Mg2+ 
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extrusion must be accomplished by an ATP-dependent transporter or by a secondary active 
transport mechanism. 
Although the role of Mg2+ has been extensively established for numerous biochemical 
processes, details on the transport mechanisms mediating uptake of Mg2+ into vertebrate cells, 
the subsequent storage and its distribution between organelles remain obscure. In the last 
decade, several proteins have been suggested to be directly involved in Mg2+ transport or to act 
as Mg2+ homeostatic factors. In many cases, their biophysical and physiological characterization 
is still rudimentary but their coordinated functions determine the vertebrate cellular Mg2+ 
homeostasis (Fig. 1).  

 

Figure 1. Various proposed Mg2+ transporters and their predicted transport mechanisms in vertebrate cells 

(56): Mrs2, a mitochondrial Mg2+ uptake system that transports Mg2+ with mitochondrial membrane potential (channel 

transport mechanism based on similarity with yeast Alr family); TRPM7/6 channel kinase (channel transport 

mechanism); MagT1 thought to be a plasma membrane Mg2+ transporter with an ion channel transport mechanism; 

SLC41A1 identified as the Na+/Mg2+ exchanger (5) represents an exchange mechanism which mediates Mg2+ efflux in 

vertebrate cells; SLC41A2 has been suggested as the responsible Mg2+ transporter in Golgi but its mode of operation 

is still uncovered. Mg2+ transport into both the endoplasmic reticulum and nucleus are very poorly characterized and 

hence are pictured simply as passive exchange mechanisms. (104 modified after the latest finding of Kolisek et al (5)) 

It was recently suggested that Mg2+ uptake in mammalian cells occurs via the channel kinases 
TRPM7 (57) and TRPM6 (58, 59). In particular TRPM7 is ubiquitously expressed and it is 
important to ensure a rapid Mg2+ entry during G1 phase of the cell cycle and its activity is 
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regulated by intracellular Mg2+ through a negative feedback mechanism (60). It is considered a 
master regulator of cellular Mg2+ homeostasis.  
A recent study shows that in the situation of TRPM7 deficiency, eukaryotic DT40 B cells (chicken 
B-cell line) increase the expression level of the Mg2+ transporter MagT1, indicating that MagT1 
might compensate for the lack of TRPM7 (61). A further study (62) characterizes MagT1 and 
TUSC3 as major mechanisms of Mg2+ influx, because a knockdown of either MagT1 or TUSC3 
significantly lowers the total and free intracellular Mg2+ concentrations in mammalian cell lines. 
While TRPM7 is equally distributed in human tissues and organs, the expression of TRPM6 is 
restricted to kidney and colon where it represents the key protein in the transcellular pathway of 
intestinal Mg2+ absorption and renal reabsorption. When mutated, it causes recessive 
hypomagnesaemia with secondary hypocalcemia (58, 59). It has been convincingly 
demonstrated that TRPM6 is responsible for the apical entry pathway of Mg2+ in the renal distal 
convoluted tubule (DCT), but the basolateral extrusion mechanism had not been molecularly 
characterized. The finding that the renal CNNM2 (cyclin M2) is predominantly localized on the 
basolateral side of the thick ascending limb of Henle’s loop (TAL) and DCT (63) makes this 
protein a putative candidate for basolateral Mg2+ extrusion. Furthermore experimental evidences 
associate two mutations of CNNM2 to dominant hypomagnesaemia and the same study shows 
that the protein mediates Mg2+-sensitive Na+ currents that are blocked when extracellular Mg2+ is 
increased and diminished when the protein is mutated (63). 
The effect of mutations found in CNNM2, its sensitivity to extracellular Mg2+ and its basolateral 
localization suggest a critical role for CNNM2 in epithelial Mg2+ transport. It remains still 
uncertain whether CNNM2 transports Mg2+ itself or contributes to a Mg2+-sensing mechanism via 
the tandem pair of cystathionine-beta-synthase (CBS) domains in the ancient conserved domain 
(ACD) region. This latter hypothesis is in line with the new data presented in this work, showing 
that CNNM2 does not mediate any Mg2+ efflux or influx but it might represent the first Mg2+ 

homeostatic factor with no transport activity which is instead involved in the coordination of other 
Mg2+ transporters. 
With the identification and characterization of TRPM6/7, the claudin family, MagT1 and other 
transport systems, the picture of mechanisms mediating uptake of Mg2+ into vertebrate cells has 
become more and more comprehensive. However, to regulate the cellular Mg2+ homeostasis, 
mechanisms mediating extrusion of the ion are required as well and the knowledge about these 
pathways is still rudimentary.  
Two mechanisms were postulated to mediate Mg2+ extrusion. The first mechanism uses the Na+ 
concentration gradient as the sole energy input for the extrusion of Mg2+ and the mechanism 
was therefore named Na+-dependent exchanger. The second mechanism is Na+ independent 
and different cations (e.g. Ca2+ or Mn2+) and anions (e.g. Cl-, HCO3

+) are suspected to act as 
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counter-transported and cotransported ions in this process, respectively. Both mechanisms were 
demonstrated experimentally, however, only the Na+-dependent mechanism has been 
molecularly identified as being the solute carrier family 41 member A1 (SLC41A1), also called 
Na+/ Mg2+ exchanger because it extrudes 1 Mg2+ in exchange for 2 Na+ (5). 
The intracellular magnesium content depends also on the Mg2+ transport between the 
intracellular stores, in particular mitochondria. Mitochondrial Mg2+ is involved in many processes 
like modulation of anion channels, H+ gradients and the membrane potential across the 
mitochondrial membrane (64). Furthermore it has a protective role in the so-called ‘mitochondrial 
permeability transition’, a dysfunction characterized by the opening of a multi-protein complex 
localized in the inner mitochondrial  membrane (65), because adequate Mg2+ levels reduce the 
probability of an irreversible pore opening (66).  
Therefore, it is really crucial to keep the Mg2+ concentration in a tight range since even minimal 
variations may affect mitochondrial functions and the fate of the whole cell. While the plasma 
membrane importers control the amount of Mg2+ imported into the cells, the maintenance of an 
appropriate cytosolic Mg2+ concentration further depends on storage of Mg2+ in organelles, such 
as the vacuole, which provides a ‘buffer’ function in addition to chelators (e.g., ATP).  
On top of these controls, the importers and exporters in the mitochondria work together 
cooperatively to well regulate the mitochondrial Mg2+ levels; therefore altered expression of the 
mitochondrial transporters may shift the Mg2+ balance. Under Mg2+-deficient states, mitochondria 
might supply some Mg2+ to the cytosol and try to restore the general intracellular Mg2+ 
homeostasis, but this ultimately may compromise their own functions (67). 
Mitochondrial Mg2+ influx is stimulated by inorganic phosphorus (68). The only known transporter 
in eukaryotic cells responsible for Mg2+ uptake into mitochondria is MRS2 (69, 70). Free 
magnesium in the mitochondrial matrix varies with the cellular metabolic state: it decreases in 
the presence of inorganic phosphate and ATP, and increases when ATP is converted into ADP 
(71).  
The pathways involved in Mg2+ release from mitochondria are uncovered, but mitochondrial 
magnesium efflux seems to be stimulated by the increase of free magnesium in the 
mitochondrial matrix.  
Considering that mitochondria act as intracellular Ca2+ stores as well and that a Na+-dependent 
(Na+/Ca2+ exchanger) and a Na+-independent efflux mechanism exist for Ca2+ (72), it seems 
reasonable to suspect that similar mechanisms may mediate extrusion of Mg2+ from 
mitochondrial stores.  
The molecular identity of a mitochondrial efflux system has remained undiscovered for many 
years, but the present work has revealed SLC41A3, a member of the SLC superfamily, as a 
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strong candidate for being the first molecularly identified intracellular Mg2+ exchanger, with 
location on the mitochondrial membrane. 

2.3. Hormonal regulation of intracellular magnesium 

Clinical and experimental data demonstrate that magnesium transport in mammalian cells is 
influenced by hormonal and pharmacological factors including β-agonists, growth factors, and 
insulin (50, 51, 73). It has been suggested that a hormonally regulated magnesium uptake 
system controls the intracellular magnesium concentration in cellular compartments. Many 
hormones affect Mg2+ transport, including calcitonin (74), parathormone (75), adrenaline and 
noradrenaline which stimulate magnesium uptake by fat cells while they reduce magnesium 
uptake by cardiac muscle cells (11). It appears likely, however, the hormonal modulation 
concerns especially the efflux system because it is energy-dependent. The modulation is usually 
mediated via intracellular messengers, such as cytosolic free calcium or cAMP, which seem to 
have a stimulating effect on magnesium efflux in ascites cells (76). 
Insulin has also been suggested as a regulatory hormone of magnesium homeostasis. In vivo 
studies conducted on the cortical portion of the thick ascending limb in mouse and rat kidney 
demonstrated that insulin, acting on the loop of Henle, reduces magnesium extrusion across the 
basolateral membrane (26). In vitro studies on human platelets show that insulin can increase 
the cellular magnesium uptake in a dose- and time-dependent way (73).  
A further study indicates that insulin can modulate the cellular Mg2+ content in cardiac cells by 
limiting the Mg2+ extrusion induced by β-adrenoreceptor stimulation and by favoring a Mg2+ 
accumulation in the cell (77). Indeed the administration of β-adrenergic agonists to cardiac cells 
elicits a remarkable extrusion of cellular Mg2+ across the sarcolemma (51, 78) via an increase of 
cAMP and the activation of a Na+/Mg2+ exchanger (53, 79).  
Intracellular cAMP can directly inhibit Mg2+ uptake and/or transiently increases the concentration 
of cytosolic Mg2+ and therefore its efflux through redistribution of magnesium from internal pools. 
It has been shown that the addition of nanomolar concentrations of cAMP to permeabilized 
hepatocytes or to isolated liver mitochondria (80) induces the mobilization of large amounts of 
Mg2+ from the mitochondrial pool. Large Mg2+ fluxes may lead to a significant redistribution of 
Mg2+ across the cells and cell compartments, which will affect many cellular functions and 
metabolic pathways.  
The role of insulin on magnesium homeostasis has been broadly examined in this project and 
the results obtained confirm the beneficial effect of insulin on hypomagnesaemia often observed 
in diabetes patients. Insulin is known to bind the insulin receptor and activate a downstream 
cascade which leads to the inhibition of PKA (protein kinase A) and therefore to the inhibition of 
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SLC41A1, which is activated via cAMP-dependent PKA-mediated phosphorylation. It is shown in 
the present study that insulin, by inhibiting PKA, reduces the Mg2+ extrusion via SLC41A1; on the 
contrary an increased production of cAMP might result in the activation of SLC41A1 and 
therefore in an enhanced Mg2+ efflux (81).  
The above considerations may have particular importance in diabetes, a condition in which 
insulin signaling as well as Mg2+ homeostasis are markedly impaired. Therefore, a further 
characterization of SLC41A1 appears necessary in order to achieve a better understanding of 
Mg2+ homeostasis in some disease states and to link the mechanisms of Mg2+ mobilization 
across the plasma membrane or between intracellular compartments to mitochondrial 
dysfunction and hypomagnesaemia-related disorders. 

2.4. SLC41 family 

The SLC41 family of vertebrate magnesium transporters was first identified and characterized in 
2003 (82) and comprises three members – SLC41A1, SLC41A2 and SLC41A3. The three 
members have been found in all eukaryotes and they display distant homology to the prokaryotic 
MgtE family of Mg2+ transporters (83-85) (Fig. 2). They are characterized by two “MgtE-like 
domains” denoted D1 (consensus sequence: PX6GN) and D2 (consensus sequence: 
P(D/A)X4PX6D) (82). 
The examination of the SLC41 topology suggests the presence of two five-transmembrane (TM) 
span MgtE domains, connected by a linker helix; therefore the SLC41 family seems to possess 
the structural features of prokaryotic MgtE transporters, which are characterized by a Mg2+-
selective pore created via homodimerization (84). 

 

Figure 2. Structural overview of the prokaryotic MgtE transporters: A, Crystal structure of magnesium transporter 

MgtE (83); B, The MgtE dimer is viewed in the plane of the membrane, highlighting the N domain, CBS domains 

(green), connecting helix (grey), and transmembrane (TM) domain (red) in one subunit. The transmembrane helices 

of the subunit are numbered. 
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Using the two-electrode oocyte voltage-clamp model, it has been shown that the three members 

of the SLC41 family transport Mg2+ within its physiological concentration range when 

heterologously expressed in Xenopus laevis oocytes (7, 86, 87). However, electrogenic Mg2+ 

transport by SLC41 family members could not be confirmed in mammalian or avian cellular 

systems transfected with the human gene (4, 5). 

SLC41A1 is the only member which has been well characterized at the molecular and 

physiological level. From the experimental evidences, A1 is clearly Mg2+ transporter and the 

primary Mg2+ efflux system working as a Na+/Mg2+ exchanger (5) and not as a cation channel, as 

it was assumed by Goytain and Quamme (86).  

Furthermore, similar to the large N-terminal domains of the prokaryotic MgtE proteins, which are 

implicated in the regulation of Mg2+ transport, the short N-terminal cytoplasmic domain of 

SLC41A1 has recently been implicated in the regulation of SLC41A1 function (83, 88). Indeed 

the intracellular N-terminus is involved in Mg2+ sensing and it contains several phosphorylation 

hotspots for PKA and PKC (4). 

Finally data are available about SLC41A1 cellular localization, complex-forming ability, spectrum 

of binding partners (89) and its link to human disorders (90). On the contrary, there is little known 

on the molecular biology, cellular localization and membrane topology of SLC41A2 and 

SLC41A3, and there is no information available about their expression across human tissues 

and organs in peer-reviewed papers. Their exact function in the context of intracellular Mg2+ 

homeostasis is still uncertain as well, but based on the homology with SLC41A1 it can be 

speculated that both SLC41A2 and SLC41A3 also function as Mg2+ carriers. 

2.4.1. SLC41A1 as Na+/Mg2+ exchanger 

SLC41A1 represents the long-searched Na+/Mg2+ exchanger of the plasma membrane. It has 

been first identified by Wabakken et al. (82) and characterized as the first eukaryotic protein with 

homology to the prokaryotic MgtE family of Mg2+ transporters. In particular, the N-terminal region 

of SLC41A1, named D1, has the highest similarity to the prokaryotic MgtE consensus sequence, 

whereas the C-terminus, named D2, is less similar. In both, D1 and D2, Wabakken and 

colleagues identified two conserved motifs which are found in all MgtE-like proteins of 

eubacteria, archaea and eukaryota. 

The human gene has been mapped to chromosome 1q31-32 and computational analysis 

(TMHMM1.0 program and WHAT program) of the protein predicted SLC41A1 to have 10 

putative transmembrane spanning domains with both N- and C-termini, putatively located 
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intracellularly (82, 86) (Fig. 3) and therefore to be an integral protein of the plasma membrane 

with a predicted molecular mass of 56 kDa (4, 82). 

 

Figure 3. Computer model of hSLC41A1 (56kDa): the most probable computer predicted model of SLC41A1 

membrane topology, with 10TM domains (green) and both N- and C-termini located intracellularly (82, 86). 

The localization data were confirmed by confocal immunofluorescence, showing that 
overexpressed FLAG-hSLC41A1 in HEK293 cells is targeted to the plasma membrane (4). 
Although the most probable model, which has been computer-predicted, exhibits 10 TM spans 
with both termini being oriented intracellularly, a structure-function analysis of heterologous 
SLC41A1 expression later demonstrated that SLC41A1 has 11 TM domains (Fig. 4). The protein 
therefore exhibits the same plasma membrane orientation as the homologous bacterial MgtE 
proteins with an N-terminal flanking region located in the cytosol, which is suspected to be 
important for the regulation of the Mg2+ transport function (88). However, controversy remains 
about the orientation of the C-terminus, which has lately been proposed to be extracellular in 
peer-reviewed bibliography (88). 
Consequently, a split-ubiquitin functional assay was performed with transgenic SLC41A1 fused 
N- or C-terminally to a Cub-LexA-VP16 reporter cassette in order to clarify the orientation of the 
C-terminus. The assay revealed a cytosolic orientation of the C-terminus and therefore 
confirmed the 10 TM model of SLC41A1 topology, with both termini being oriented intracellularly, 
as the strongly preferred in silico analyses have proposed (91) (Fig. 4). 
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Figure 4. Computer model of hSLC41A1 (56kDa): The two membrane topology models of SLC41A1 constructed 

according to the available peer-reviewed bibliography; A, 10 TM  domains model (82, 91);  B, 11 TM domains model 

by Mandt et al. (88). 

Finally, some recent studies conducted on SLC41A1 showed that its transcript is upregulated in 
the renal cortex of hypomagnesemic mice and that it mediates electrogenic transport of Mg2+ in 
Xenopus oocytes expressing the heterologous protein, thus suggesting that it acts as a channel 
or channel-like Mg2+ uptake system (86). These data could not be confirmed in mammalian 
HEK293 cells, where SLC41A1 rather mediated Mg2+ extrusion. 
Final evidence for the nature of SLC41A1 function came from mag-fura 2-assisted 
measurements of the free intracellular Mg2+ concentration ([Mg2+]i): HEK293 cells 
overexpressing SLC41A1 exhibited a significant decrease of [Mg2+]i when transferred from a 
high Mg2+-containing buffer (10 mM) to completely Mg2+-free buffer (4). The efflux capacity of 
SLC41A1 was strongly dependent on extracellular Na+. These findings strongly argue for 
SLC41A1 to act as Na+/Mg2+ exchanger, thereby, representing the main Mg2+ extrusion system 
in mammalian cells. 
hSLC41A1 is ubiquitously expressed suggesting its important role in cell, tissue, and organ 
physiology, but the highest levels were found in heart, testis, adrenal and thyroid glands, 
prostate and ovaries, and lower expression levels were observed in all other tested tissues (82).  
Since several lines of evidence point to an involvement of a disturbed Mg2+ status in many 
human disorders and because SLC41A1 is the only known mechanism responsible for Mg2+ 
extrusion from eukaryotic cells, the here-presented studies aimed at a further characterization of 
SLC41A1 in order to achieve a better understanding of the molecular basis of 
hypomagnesaemia observed in some disease states.  
Currently, several experimental evidences suggest that a disturbed Mg2+ status might contribute 
to the development of preeclampsia. Because a recently published study shows that a lowered 
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Mg2+ intake in mice leads to the overexpression of genes involved in Mg2+ transport or 
homeostasis (7), the expression profile of magnesium responsive genes (MRGs) has been 
examined in placentas of normoevolutive and preeclamptic women, as preeclampsia is often 
associated to hypomagnaesemia (6). Among all the tested MRGs, only SLC41A1 was found to 
be significantly overexpressed in several preeclamptic placentas and therefore it might be the 
cause of the hypomagnesaemia and the increased local sodium concentration often observed in 
preeclamptic women (6). This implies that Mg2+ might represent an effective treatment of 
preeclampsia but also that a change in Mg2+ homeostasis may contribute to the development of 
the disease. 
The deficiency of magnesium and/or altered IMH have been associated with neurodegenerative, 
neurological and psychiatric disorders like AD (92), PD (93, 94), stroke (95), aggressive behavior 
(96) and hyperactivity (97). In particular, there are clinical evidences showing that a low Mg2+ 
intake increases the risk of idiopathic PD (98) and that PD patients have a decreased 
concentration of free cytosolic Mg2+ in the occipital lobes compared with healthy subjects (99). 
Although Mg2+ intake seems to have beneficial effects in the prevention of PD and/or the 
deceleration of PD progression, the molecular link between Mg2+ and PD pathophysiology has 
remained obscure until the recent discovery that the Na+/ Mg2+ exchanger SLC41A1 is localized 
in the newly identified PD locus PARK 16 (100-103). Because the amino acid substitution 
p.A350V of SLC41A1 has been found in one PD patient of Caucasian origin (103), one of the 
questions of this study has been whether the mutation has an effect on the protein function and 
therefore a clinical relevance. The results characterized the mutation as a gain-of-function 
mutation, responsible for an enhanced Mg2+ efflux compared with wild type SLC41A1, which 
might eventually lead to a chronic intracellular Mg2+-deficiency, a condition found in various brain 
regions of PD patients (90). 
Finally magnesium is essential for insulin production, its release and also for insulin signalling 
(1). Intracellular- and extracellular magnesium deficiency is known as a common complication of 
chronic stable, mild type 2 diabetes (104). 
It was already well known that the main mechanism responsible for the Mg2+ efflux from the cells 
is the Na+/Mg2+ exchanger (NME) SLC41A1, which is activated via cAMP-dependent PKA-
mediated phosphorylation (89), and that insulin activates a downstream cascade (IR-PI3K-
PDE3b pathway) which eventually leads to the inhibition of PKA. Therefore, a second question 
of the project regarding SLC41A1 was whether insulin and various inhibitors, acting on the 
downstream cascade of the insulin receptor, might have an effect on SLC41A1 activity in vitro. 
From the obtained results it has been established that the Na+-dependent Mg2+ efflux conducted 
by SLC41A1 is modulated by insulin which causes a decrease of PKA activity and a subsequent 
decrease of SLC41A1-mediated Mg2+ efflux. However, when the downstream pathway of insulin 
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signaling is blocked, SLC41A1 efflux ability is not affected. Therefore, it can be speculated that 
insulin acts as an essential regulator of intracellular magnesium homeostasis. By blocking the 
Mg2+ efflux, it might protect cells from an excessive Mg2+ loss and therefore from 
hypomagnesaemia often observed in diabetes patients.  
Taken together, these results support the importance of a balanced Mg2+ intake and Mg2+ 
supplementation in several human ailments and the experimental data of this thesis suggest 
SLC41A1 as a new molecular target to focus on for the prevention of the consequences of 
disease-associated hypomagnesaemia.  

2.4.2. SLC41A3 

Member A3 of the SLC41 family has been initially characterized as a rather unspecific Mg2+ 
transporter. Human SLC41A3 (also called FLJ20473, SLC41A1-L2, SLC41A1-like 2) has been 
mapped to chromosome 3q21.2-q21.3 and 7 isoforms are predicted to be produced by 
alternative splicing. The full-length protein (isoform 1) encodes a 507 aa protein with a molecular 
weight of 54.7 kDa. A significantly high similarity of 71% is found between the most conserved 
sequence stretch (amino-acid residues138–499) of SLC41A1 and SLC41A3 (82). SLC41A3 has 
never been investigated in detail, but a structural comparison with the other SLC41 family 
members has suggested that it consists of eleven TM domains (88), two MgtE-like regions (105–
240 and 318–456), one phosphorylation site in position 275, one peroxidase active-site 
signature (426–437) and one poly-Leu region (378–381).  
Two-electrode voltage clamp experiments revealed Mg2+-evoked currents in Xenopus laevis 
oocytes heterologously overexpressing SLC41A3. The SLC41A3-mediated Mg2+ currents were 
saturable and the affinity was calculated to be 1.5 mM (7). Although the protein is also 
permeable to other divalent cations, indicating low substrate specificity (Quamme, unpublished 
data), it seems to be primarily a Mg2+ transporter, because it mediates Mg2+ flux in the 
concentration range normally found in extracellular and intracellular fluids, as reflected by the Km 
value. 
Recently SLC41A1 has been extensively characterized as Na+/ Mg2+ exchanger in the plasma 
membrane; therefore, it is likely that the highly homologous protein SLC41A3 could have a 
similar function. Since SLC41A1 and SLC41A2 are not differentially regulated in the DCT, de 
Baaij et al, (105) proposed SLC41A3 as being a DCT-specific Mg2+ extrusion mechanism. 
Indeed by comparing distal convolute tubule expression profiles of mice fed high or low Mg2+-
containing diets, they identified SLC41A3 as Mg2+-sensitive DCT gene (105). Furthermore, a 
study using real-time quantitative PCR showed that the level of SLC41A3 mRNA expression in 
mice increases with decreasing [Mg2+]i (7).  
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There are no peer-reviewed publications reporting data on the expression pattern of SLC41A3 in 
different tissues, but according to the Human Protein Atlas (www.proteinatlas.org), the 
expression pattern of SLC41A3 is quite different from the other two members of the SLC41 
family. SLC41A1 and A2 are equally distributed in most tissues and organs; instead, SLC41A3 
expression seems to be restricted to certain tissues and cell types. The highest levels are found 
throughout the central nervous system, in particular neuronal cells of the cerebral cortex, the 
hippocampus, lateral ventricle, as well as most cell types of the cerebellum; moderate levels are 
found in most cell types of the digestive tract and the male reproductive system; weak or absent 
expression was detected in skin, soft tissues and tissues of the immune system (except for 
hematopoietic cells of the bone marrow which showed high levels of SLC41A3).  
The high expression levels in the central nervous system are in line with the observations in a 
conditional SLC41A3 knockout mouse line (Slc41a3tm1a(KOMP)Wtsi) created by the International 
Knockout Mouse Consortium, which exhibits exclusively neurological/behavioral abnormalities, 
in particular abnormal locomotor coordination including ataxia.  
Finally computational analysis predicted SLC41A3 to be primarily targeted to the cytoplasmic 
membrane (7); however, the present thesis has evaluated the cellular localization of SLC41A3 
and shows that it is mainly a mitochondrial protein responsible for the Mg2+ extrusion from 
mitochondria and that the mitochondrial Mg2+ efflux is Na+-dependent or, at least, regulated by 
Na+. 
The computer-predicted model (TMpred) proposes 11 TM domains for SLC41A3 with an 
extracellular N-terminus and a cytoplasmic C-terminus (106) (Fig. 5). However, so far there is no 
experimental evidence about the number of TM domains and the orientation of N- and C-termini. 
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Figure 5. Computer-predicted model (TMpred) of SLC41A3 topology (106): the most probable computer predicted 

model of SLC41A3 membrane topology, with 11 TM and an extracellular N-terminus and cytoplasmic C-terminus 

2.5. CNNM2 

CNNM2 has been mapped to chromosome 10q24.32. It is ubiquitously expressed, but the 
highest levels are found in the brain, placenta and renal TAL and DCT, which are the kidney 
regions where most of the Mg2+ is reabsorbed (8). Originally called ACDP2 (ancient conserved 
domain protein 2), the protein has later been termed CNNM2 because of its sequence homology 
and structural similarity with the cyclins, although in vivo it doesn’t have any cyclin function. 
The gene encodes a protein with molecular weight of approximately 97 kDa (phosphosite.org). 
Computer predictions suggested the presence of 4 or 5 transmembrane helices with an 
extracellular C-terminus (107). Various splicing variants have been identified (3), among them 
variant 1 and 2 (I1 and I2), which are highly similar and they both contain 2 CBS domains 
(InterPro 000644), which seem to be essential for intramolecular dimerization (108). However, in 
complementation tests in Salmonella enterica sv. Typhimurium (strain MM281), the two variants 
demonstrated functional disparity: only the I1 was capable of transporting Mg2+, therefore, 
complementing the Mg2+-deficient phenotype of strain MM281 (3). Goytain and Quamme (8) 
demonstrated that only the transient overexpression of I1 in Xenopus oocytes was responsible 
for an electrogenic transport of Mg2+. Interestingly, CNNM2-related Mg2+ transport, seen in a 
heterologous expression system (8), was not confirmed in a homologous expression system 
(63). 

 
16



Isoform1 represents the full-length protein (875aa), while I2 lacks the exon 6, which might be 
crucial for Mg2+ binding, for the Mg2+ binding site assembly or for the determination of the 
operation mode.  
Recently mutations and sequence variants of CNNM2 have been associated to various 
pathological conditions. In particular, some sequence variations increase the risk of 
hypertension and alter the serum Mg2+ levels (109). A genome-wide association study 
established a link between CNNM2 and susceptibility to ischemic stroke and coronary artery 
disease (110). In addition, the single nucleotide polymorphism (SNP) rs7914558 localized in one 
CNNM2 intron has been characterized as schizophrenia risk variant (111, 112). 
Finally, two mutations in CNNM2 were found in individuals of two unrelated families affected by 
dominant hypomagnesaemia (63). In detail, a frame-shift mutation which leads to a truncated 
protein and a missense mutation which causes the substitution p.T568I in a region called ACD 
(ancient conserved domain), where the CBS domains are located (Fig. 6). This missense 
mutation impairs the protein function because it alters ATP binding to the CBS domains, but it 
doesn’t induce any change in the protein localization on the kidney basolateral membrane 
according to Stuiver et al (63) (Fig. 6). 

 

Figure 6. Localization of the mutations in the predicted secondary structure of CNNM2: The predicted 

transmembrane domains are indicated in red and the CBS domains in pink. The ancient conserved domain is boxed 

and the mutations associated to hypomagnesaemia are indicated with a yellow cross. (63) 

From these data it can be extrapolated that CNNM2 plays a crucial role in the intracellular Mg2+ 

homeostasis, mediating the epithelial transport and the renal reabsorption. Originally CNNM2 
was proposed to be a Mg2+ transporter (3, 8) and it was found to be overexpressed in mice fed 
with a low-Mg2+ diet (8), but Stuiver and colleagues (63) speculated that CNNM2 senses the 
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intracellular Mg2+ concentration and regulates the activity of other transporters rather than being 
a Mg2+ transporter itself. 
Recently De Baaij et al. (113) examined the pathways of CNNM2 maturation and post-
translational modification, proposing that a peptidase cleaves a 64 amino acid N-terminal signal 
peptide in the endoplasmic reticulum. According to this model, the mature protein possesses 
three TM helices with an extracellular N-terminus and intracellular C-terminus. Further in silico 
analysis of the protein sequence showed that the second TM domain is the shortest and less 
hydrophobic and it might represent a reentrant loop (Fig. 7). 

 

Figure 7. Schematic model of the structure of CNNM2 after endoplasmic processing: The model illustrates the 

structure of the CNNM2 protein at the plasma membrane and shows the signal peptide cleavage in the endoplasmic 

reticulum. Crosses represent the locations of the two mutations found in individuals with hypomagnesaemia. The TM 

are represented in red, the CBS domains are represented in the pink box and the binding ATP is illustrated as the 

yellow circle (113) 

The data obtained during the present study support the hypothesis of De Baaij et al., who 
proposed the cleavage of the N-terminal flanking region and the first transmembrane helix (113). 
Indeed when Western blot was performed with an antibody directed against the Strep-tagged N-
terminus, only a faint signal corresponding to CNNM2 was detected and this can be explained 
only with the loss of the N-terminal region carrying the Strep-tag. 
Based on the above-mentioned evidence that links CNNM2 to impaired IMH, on the broad 
knowledge that magnesium significantly influences incidence, development, and course of 
diabetes mellitus type 2 and on a previous study (114) showing CNNM2 as being overexpressed 
in diabetic patients, a further question of the present thesis was whether the expression of 
CNNM2 is dependent on the extracellular Mg2+ concentrations. Its transcript levels have been 
therefore examined in vitro in JVM-13 (lymphoblasts) and Jurkatt (T-lymphocytes) cells after 48 
hours of Mg2+ starvation and resulted in overexpression in both cells lines tested. 
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Furthermore, the role of both CNNM2 variants was evaluated in Mg2+ transport and the results 
clearly revealed that I1 and I2 do not transport Mg2+ in an electrogenic nor in an electroneutral 
mode. This is in accordance with the observation that overexpression of both variants in 
HEK293 cells does not influence total magnesium in correlation with extracellular magnesium 
concentration.  
Based on these results and on the work of Stuiver (63), who associated a mutation in CNNM2 
with dominant hypomagnesaemia and suggested an involvement of CNNM2 in IMH, it can be 
assumed that CNNM2 in human cells is not a Mg2+ transporter per se but it might represent the 
first identified magnesium homeostatic factor. 
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3. AIMS AND OBJECTIVES OF THE THESIS 

Magnesium plays an essential role in all cells: it interacts with polyphosphate compounds such 
as ATP, DNA and RNA, it is required as cofactor for more than 300 enzymes which regulate 
central or crucial biochemical reactions in the body, including protein synthesis, muscle and 
nerve function and blood glucose control (115, 116). Furthermore, magnesium helps to build 
bones, it is essential for energy production, oxidative phosphorylation, glycolysis and calcium 
and potassium transport across cell membranes (115).  
It is widely known that low intakes of magnesium induce changes in biochemical pathways that 
can lead to disease conditions over time. A magnesium deficiency is for example associated 
with hypertension and cardiovascular disease, type 2 diabetes, osteoporosis and migraine. 
Over the last decades many studies have been published supporting magnesium’s benefits for 
health, indeed it has been shown to have therapeutic value in treating headaches, chronic pain, 
asthma, sleep disorders and in reducing the incidence of some conditions such as heart 
disease, hypertension and diabetes (117-119). 
The main goal of this work has been the molecular and physiological characterization of three 
MRGs, namely SLC41A1, SLC41A3 and CNNM2. By investigating the effects of insulin on 
SLC41A1-mediated Mg2+ efflux and the way of functioning of SLC41A3 and CNNM2, the present 
thesis provides a comprehensive approach on Mg2+ transport across the plasma membrane and 
between the internal stores in association with some common human ailments. 
The main objectives of this work were: 

1) To further investigate the role of SLC41A1 and Mg2+ efflux in relation to human ailments 
such as PD and diabetes, because this protein has been previously described by Kolisek 
et al as the only Mg2+ efflux system in eukaryotic cells (5) and has been related, from the 
same group, to pre-eclampsia, a common disorder of pregnancy (6). 

2) To describe the molecular and physiological role of SLC41A3. This protein shows high 
similarity to SLC41A1 and it is a distant homologue of the prokaryotic Mg2+ transporter 
MgtE. It has therefore been suggested to be involved in magnesium transport but so far 
no study has described its cellular role or localization.   

3) To better characterize CNNM2 because two mutations of this gene had been associated 
to dominant familial hypomagnesaemia (63) but its function in the cell and its involvement 
in the Mg2+ transport has not yet been elucidated. 
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Abstract

Parkinson’s disease (PD) is a complex multifactorial ailment predetermined by the interplay of various environmental and
genetic factors. Systemic and intracellular magnesium (Mg) deficiency has long been suspected to contribute to the
development and progress of PD and other neurodegenerative diseases. However, the molecular background is unknown.
Interestingly, gene SLC41A1 located in the novel PD locus PARK16 has recently been identified as being a Na+/Mg2+

exchanger (NME, Mg2+ efflux system), a key component of cellular magnesium homeostasis. Here, we demonstrate that the
substitution p.A350V potentially associated with PD is a gain-of-function mutation that enhances a core function of
SLC41A1, namely Na+-dependent Mg2+ efflux by 69610% under our experimental conditions (10-minute incubation in high-
Na+ (145 mM) and completely Mg2+-free medium). The increased efflux capacity is accompanied by an insensitivity of
mutant NME to cAMP stimulation suggesting disturbed hormonal regulation and leads to a reduced proliferation rate in
p.A350V compared with wt cells. We hypothesize that enhanced Mg2+-efflux conducted by SLC41A1 variant p.A350V might
result, in the long-term, in chronic intracellular Mg2+-deficiency, a condition that is found in various brain regions of PD
patients and that exacerbates processes triggering neuronal damage.
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Introduction

The crucial role of magnesium (Mg) in normal cellular

physiology has been described in many reports. Thus, unsurpris-

ingly, Mg2+ deficiency and/or changed intracellular Mg homeo-

stasis (IMH) has been associated with a multitude of serious

ailments among them neurodegenerative, neurological, and

psychiatric disorders such as Alzheimer’s disease (AD) [1], stroke

[2], aggressive behavior [3], increased stress sensitivity [4], and

hyperactivity [5]. In particular, several studies have suggested an

association between a disturbed IMH and the incidence of

Parkinsoǹs disease (PD) [6,7,8], a chronic, progressive, neurode-

generative disorder of the motor system mainly characterized by

the degeneration of neurons in the substantia nigra pars compacta and

the formation of Lewy bodies [9,10]. PD is estimated to affect

,1% of people over 60 years of age or ,0.3% of the entire

population in industrialized countries [11,12]. Oyanagi and

colleagues [13,14] have shown that continuous low Mg intake

for two generations induces exclusive loss of dopaminergic neurons

in rats. In agreement with previous data, the results of a study

conducted among the population of Guam [15] and of a more

recent case control study in Sweden [6] demonstrate that low Mg

intake is linked to an increased risk of idiopathic PD. By means of

phosphorus magnetic resonance spectroscopy (31P-MRS), Barbir-

oli and colleagues [16] have demonstrated a significantly increased

content of inorganic phosphate accompanied by a decreased

concentration of free cytosolic Mg2+ ([Mg2+]i) in the occipital lobes

of PD patients compared with healthy subjects. On the other

hand, Mg has been shown to decrease negative interactions

between environmental (herbicides) and molecular factors (a-

synuclein) that are known to be involved in PD pathophysiology

[17]. Moreover, Hashimoto and colleagues [18] have reported the

significant preventive effects of Mg against 1-methyl-4-phenylpyr-

idinium (MPP+) toxicity [19] to dopaminergic neurons.

Although these studies have demonstrated a beneficial effect of

sufficient Mg intake for PD prevention and/or the deceleration of

PD progression in patients, and despite an obvious link between

IMH and PD pathophysiology, the underlying mechanism(s) has

(have) remained elusive until now. However, the recent discovery

of SLC41A1 as a Na+/Mg2+ exchanger (NME; Mg2+-efflux
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system) [20] and its localization within the newly identified PD

locus PARK16 [21,22,23,24] makes this protein an interesting

candidate to explain the involvement of disturbed intracellular

Mg2+ homeostasis in PD pathophysiology.

Human SLC41A1 has been mapped to chromosome 1q31-32

and encodes a protein consisting of 513 amino acids having a

molecular mass of 56 kDa [25]. Its 5-kb transcript has been

detected in most of the tested tissues in humans and mice (notably

in heart, muscle, testis, thyroid gland, and kidney) [25,26].

SLC41A1 has been characterized as an integral protein that is

located in the cytoplasmic membrane [27] and that possesses 10

(strongly preferred computer-predicted model) or 11 transmem-

brane domains [28] with the N-terminus being oriented intracel-

lularly [27,28]. SLC41A1 has also been demonstrated to form

hetero-oligomeric complexes. However, the identities of its

binding partners and their relevance for the normal NME

function of SLC41A1 in vivo remain uncertain [27].

The evidence for NME being involved in PD etiology has

further been strengthened by the identification of PD-specific

SLC41A1 variants (c.436A.G resulting in p.K146E; c.1440A.G

resulting in p.P480P; and c.552+50G.A) in the Chinese

population [24] and of the variant of SLC41A1 carrying the

amino acid substitution p.A350V (c.1049C.T) in one PD patient

of Caucasian origin [23]. Noteworthy is also the fact that

SLC41A3, also a member of the SLC41 family, when knocked-

out in mice displayed abnormal locomotor coordination (www.

knockoutmouse.org; [29]).

Furthermore, the null mutation c.698G.T resulting in skipping

of exon 6 of SLC41A1 (an in-frame deletion of a transmembrane

helix) has been associated with a nephronophthisis-like phenotype

(NPHP), therefore, suggesting that the disturbed renal Mg2+

homeostasis may lead to tubular defects that result in a phenotype

similar to NPHP [30]. Also, SLC41A1 has been found to be over-

expressed in preeclamptic placental samples with an approxi-

mately five times higher frequency than in normoevolutive

placental samples [31].

In this study, we have mainly examined the effect of the

substitution p.A350V potentially related to PD on the perfor-

mance of the Na+/Mg2+ exchanger SLC41A1. Our findings show

that the substitution p.A350V in SLC41A1 is a gain-of-function

mutation leading to increased Mg2+ extrusion from the cell.

Materials and Methods

HEK293-derived cell lines/growth media and culture
conditions

Tetracycline-inducible HEK293-(HA-strep-SLC41A1) and

HEK293-(HA-strep-SLC41A1-p.A350V) were constructed in co-

operation with Dualsystems Biotech AG. Briefly, full-length

human wild-type (wt) and point-mutation-carrying SLC41A1

cDNA was cloned into pNTGSH vector (Dualsystems Biotech

AG) with an N-terminal HA-strep tag. Point mutation

c.1049C.T (p.A350V) was introduced by PCR-site-directed

mutagenesis [32]. Introduction of the mutation was confirmed

by bidirectional sequencing. The obtained pNTGSH-HA-strep-

SLC41A1 and pNTGSH-HA-strep-SLC41A1-c.1049C.T were sep-

arately electroporated into the Flp-InTM T-RExTM HEK293 cell

line (Invitrogen). Cells were placed under hygromycin selection;

hygromycin-resistant clones were screened for tet-inducible

expression of the wt or mutated (p.A350V) HA-strep-tagged

SLC41A1. Protein expression was induced by the addition of

tetracycline (1 mg.ml21) for 24 hours.

HEK293-(HA-strep-SLC41A1) and HEK293-(HA-strep-

SLC41A1-p.A350V) cells were cultured in Dulbecco’s modified

Eagle’s medium (PAN Biotech) containing 10% fetal bovine serum

(PAN Biotech), 4.5 g.l21 glucose (Sigma-Aldrich), 2 mM gluta-

mine (PAN Biotech), PenStrep (PAN Biotech), NormocinTM

(0.1 mg.ml21, Cayla), blasticidin (15 mg.ml21, Cayla), and hygro-

mycin (0.1 mg.ml21, Cayla).

The preparation (cloning protocol) and culture conditions of

tetracycline-inducible HEK293-(flag-SLC41A1) were as previous-

ly described [20,27].

Cell survival assay
HEK293 cells inducibly over-expressing wt or the p.A350V

variant were grown to approximately 80% confluency, rinsed

twice with PBS (PAN Biotech) and provided with fresh culture

medium. Cell viability was determined, with a TC10 automated

cell counter (BioRad), at 0 h and 24 h from the beginning of the

induction.

Quantitative real time PCR
To determine the transcription activity of both transgenic

variants of SLC41A1, namely wt and c.1049C.T, by the

quantitative real time PCR (q-RT-PCR) method in induced

(+tet) and non-induced (-tet) cells, we used the following primers:

hSLC41A1fw, 59-TTGGACGCTCGCCTTGCCTG-39 and

hSLC41A1rev, 59-TGGTGTGGAACACCTGCGCC-39. Expres-

sion activities of SLC41A2 and SLC41A3 were determined with

following primer pairs: hSLC41A2fw, 59-TGGTTATAAGTAG-

CATTGGGGGCCT-39 and hSLC41A2rev, 59-

TCCTGCTAGCCTGAATGGCCA -39; hSLC41A3fw, 59-CA-

CAAAGATAGTCGGTATCTGACG-39and hSLC41A3rev, 59-

GACCATGGCCAGGATGATT-39. Total RNA isolation, the

determination of its integrity, purity, and quantity, cDNA

synthesis, and q-RT-PCR were performed as described by Kolisek

and colleagues [20]. Data were evaluated with software applica-

tion FK-Wolf-01, developed by Katharina Wolf (FU Berlin).

Statistical evaluation was performed with data sets acquired from

three biological preparations for each condition loaded in

triplicate.

Protein detection in tet-inducible HEK293 cell lines
HEK293 cells, over-expressing flag- or HA-strep-tagged wt or

p.A350V, and the respective uninduced controls were lysed with

RIPA buffer for 30 min. Centrifugation was performed to pellet

unsolubilized material (14000 rpm, 30 min, 4uC). The total

protein concentration was determined with the Bradford protein

assay (Biorad). For the flag-tagged wt variant, samples containing

10 mg total protein and, for the HA-strep-tagged wild-type variant

and the p.A350V mutant, 30 mg total protein were run on a 10%

SDS-polyacrylamide gel and transferred to a polyvinylidene

difluoride (PVDF) membrane. Immunoblotting was performed in

TBS-TWEEN plus 2.5% dry milk with antibodies against the flag-

tag (HRP-conjugated anti-flag M2, Sigma-Aldrich) and the strep-

tag (Qiagen). Anti-mouse IgG linked to horseradish peroxidase

(HRP; Cell Signaling Technology) was used as the secondary

antibody for the anti-strep antibody. The antibody against RPL19

(Abnova), together with the anti-mouse secondary antibody stated

above, was used to detect the loading control. Proteins were

visualized by use of the SuperSignalTM West Dura system (Pierce).

Image J software (http://rsb.info.nih.gov/ij/) was used for the

densitometric analyses.

Membrane protein enrichment
The ProteoExtractTM native membrane protein extraction kit

(Calbiochem) was used to extract and enrich membrane proteins
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from HEK293 cell lines over-expressing wt or p.A350V according

to the manufacturer’s protocol. Proteins (25 mg) were separated on

a 10% SDS-polyacrylamide gel. Immunoblotting was performed

as previously described. The soluble protein RPL19 was used to

control the specificity of the separation between soluble and

membrane proteins.

Subcellular fractionation of proteins
For fractionation of proteins according to their subcellular

localization, we used the Qproteome cell compartment kit

(Qiagen). Wt or p.A350V cells were induced or left untreated.

Cells (46106) were processed according to the manufacturer’s

protocol. The obtained fractions (cytosolic, membrane, nuclear,

and cytoskeletal) were electroseparated on an 8.5% SDS-

polyacrylamide gel, and SLC41A1 variants were immuno-

detected as described previously. As a control for the specificity

of the fractionation, parallel blots were run and probed with

antibodies against RPL19 (cytosolic fraction), PMCA4 (membrane

fraction; Sigma-Aldrich), or Lamin A (nuclear fraction; Sigma-

Aldrich). Mouse secondary antibody conjugated to HRP (Cell

Signaling Technology) was used for RPL19 and PMCA4, and an

HRP-coupled rabbit antibody was used for Lamin A (Cell

Signaling Technology).

Determination of the phosphorylation status of wt and
p.A350V variant

The PhosphoProtein Purification Kit (Qiagen) was used

according to the manufacturer’s instructions. 1.56107 cells of

the stably transfected HEK293 cell lines expressing strep- or flag-

tagged wt or strep-tagged variant p.A350V (HA-Strep-tagged)

were used as starting material. 2.5 mg of total protein was used for

the affinity purification of phosphorylated proteins. Flow through

(unphosphorylated proteins) and elution fractions (phosphorylated

proteins) were precipitated with 8% (weight/volume) trichloroa-

cetic acid and washed once with acetone. The pellets were

dissolved in 0.1 M Tris.HCl buffer containing 2 M urea. Proteins

were separated on a 10% SDS-polyacrylamide gel, transferred to a

PVDF membrane and immunostained with a primary anti-strep

antibody and a secondary HRP-coupled mouse antibody. For the

flag-tagged cell line M2 antibody was used. To detect the

phosphorylated form of Akt, the phospho-akt (Ser473) primary

antibody (Cell Signaling Technology) and the secondary mouse

antibody were used. Images were acquired with the BioRad

ChemiDocTM MP System (BioRad).

Blue native electrophoresis and Western blot analysis of
SLC41A1- and SLC41A1 p.A350V-protein complexes

Samples containing 10 and 20 mg of strep-affinity purified

proteins (IBA & Qiagen) were loaded onto a native 5–18%

polyacrylamide gradient gel, and blue native electrophoresis was

performed according to Schägger and Jagow [33]. Electrosepa-

rated proteins were transferred to a PVDF membrane. Wt and

p.A350V protein complexes were immuno-detected as described

previously. NativeMarkTM unstained protein standard (Invitrogen)

was used as size marker.

Confocal Microscopy
Specimens were prepared according to Kolisek and coworkers

[27] except that, for fixation and permeabilization, we used

methanol-acetone, and blocking was performed with 10% goat

serum. For detection of strep-tagged wt and p.A350V, we used a

primary anti-strep antibody (diluted 1:500; Qiagen). The Alexa

Fluor-647-conjugated WGA (Invitrogen) was used as a cell

membrane marker. Processed samples were mounted with

Fluoroshield-DAPI (abcam). Confocal images were taken with a

Confocal Laser Scanning Microscope LSM 510 META (Carl

Zeiss) equipped with a 63x oil-immersion objective. For the

excitation of Alexa-488, Alexa-647, and DAPI, an argon-ion laser

(488 nm), helium-neon laser (647 nm), and blue diode laser

(405 nm) were used respectively. Image J software (http://rsb.info.

nih.gov/ij/) was used for the image merging and correction, as

well as to quantify the percentage of co-localization.

Determination of free intracellular Mg2+ by mag-fura 2
FF-Spectrofluorometry

The -tet and +tet wt and p.A350V cells were rinsed twice with

ice-cold, completely divalent-free, Dulbecco’s phosphate-buffered

saline (DPBS), detached by HyQtase, centrifuged, washed twice in

completely Ca2+- and Mg2+-free Hank’s balanced solution (CMF-

HBS) supplemented with 10 mM HEPES and 1.36 mM L-

glutamine (CMF-HBS+), and finally resuspended in the same

solution. Then, the cells were loaded with 7.5 mM mag-fura 2-AM

(30 min, 37uC) in the presence of the loading-facilitator Pluronic

F-127 (both from Life Technologies/Molecular Probes). After

being washed in CMF-HBS+, cells were incubated for a further

30 min at 37uC to allow for the complete de-esterification of the

fluorescence probe, washed twice in CMF-HBS+ to remove

extracellular mag-fura 2 and stored in CMF-HBS supplemented

with 10 mM HEPES, 5 mM glucose, and 0.4 mM Mg2+ until the

start of the experiments. Directly before measurements, all cells

were Mg2+-loaded by a 20-min pre-incubation in CMF-HBS+
supplemented with 10 mM Mg2+ (influx conditions; [Mg2+]e ..

[Mg2+]i). Then, after the remaining extracellular Mg2+ had been

washed out by rinses in CMF-HBS+, the [Mg2+]i of cells was

continuously determined for 10 min in CMF-HBS+ (efflux

conditions in which [Mg2+]i .. [Mg2+]e = 0 mM; [Na+]i ,,

[Na+]e = 145 mM); CMF-HBS+ supplemented with 5 mM Mg2+;

or CMF-HBS+ supplemented with 10 mM Mg2+. Differentiation

of NME from other transport components was performed by

means of the NME inhibitor imipramine (250 mM) [20] or the

NME stimulator dB-cAMP (100 mM) [20,34].

Measurements were performed at 37uC in 3 ml cuvettes

containing 2 ml cell suspension (cytocrit: 10%) while being stirred

in a spectrofluorometer LS50-B (PerkinElmer) [20,27]. [Mg2+]i

values were calculated from the 340 to 380 nm ratio according to

the formula of Grynkiewicz et al. [35] and as described in Kolisek

et al. [20,27]. SLC41A1-dependent Mg2+ extrusion from induced

SLC41A1 (wt) and p.A350V cells was determined from the

[Mg2+]i changes observed in Mg2+-loaded cells during recovery in

CMF-HBS+ solution and calculated by subtracting the respective

values of uninduced cells.

If not otherwise stated, data are presented as means 6 SE. All

statistical calculations were performed with Sigma-Stat (Jandel

Scientific). Significance was determined by Student’s t-test or

Mann-Whitney rank sum test as appropriate; P#0.05 was

considered to be significant.

Impedance-based measurement of cell adhesion and
proliferation

The xCELLigence system (RTCA-SP, ACEA Biosciences Inc.)

was used according to the manufacturer’s instructions for the

continuous real-time monitoring of cell adhesion and proliferation

by cell-electrode impedance [36] displayed as the dimensionless

Cell Index (CI). By using the RTCA Analyser, electrical

impedance changes were measured across interdigitated micro-

electrodes integrated on the bottom of a specialised 96-well plate
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(E-Plate 96) and sent to the RTCA Control Subunit. The latter

used the RTCA Software (version 2.0) for CI calculation from the

frequency-dependent electrode resistances and real-time display of

data.

Background impedance of E-Plate 96 wells was determined with

50 ml culture medium only or culture medium containing

respective concentrations of tetracycline, imipramine, or dB-

cAMP. Subsequently, per well, 56105 wt or p.A350V cells were

plated in a final volume of 100 ml culture medium and half of the

samples were induced with tetracycline. Then, localized on the

RTCA SP Station the E-Plate 96 was placed into the CO2-

incubator, and the CI was monitored every 15 minutes over a

period of 48 hours. After about 24 h in culture, cells were either

treated with medium or with compounds known to inhibit

(imipramine, 250 mM) or activate (dB-cAMP, 100 mM)

SLC41A1-dependent Mg2+ efflux.

Results

Characterization of tet-induced over-expression of
SLC41A1 wt and p.A350V variants in HEK293 cells

Functional examination of both variants was performed in the

newly generated HEK293 cell lines with tet-regulated expression

of stably transfected HA-strep-SLC41A1 (HEK293-(HA-strep-

SLC41A1); referred to further only as wt cells) and HA-strep-

SLC41A1-p.A350V (HEK293-(HA-strep-SLC41A1-p.A350V);

referred to further only as p.A350V cells). Thus, the basic

characteristics of each cell line were acquired before the

physiological characterization of the potentially PD-associated

variant of SLC41A1, p.A350V, was performed.

Previously, we had observed that longer tet-induction (20–

24 hours) of flag-SLC41A1 in HEK293 cells (clone 17) led to

increased death rates of the cells [20]. Therefore, we examined

whether a 24-h over-expression of SLC41A1 wt (further only wt)

and SLC41A1 p.A350V (further only p.A350V) variants would be

tolerated, or whether it would also result in increased death rates.

After tet-induction (+tet), we determined 93% to 100% viability of

the cells over-expressing either wt or p.A350V. Viability of

uninduced (-tet) wt or -tet p.A350V cells ranged after 24 h

between 95% and 100%, and therefore, we concluded that a 24-h

tet-induced over-expression of the wt or p.A350V variant had no

significant effect on cell viability. Weaker expression of wt and

p.A350V was also demonstrated by the finding that we had to load

a 3-fold greater amount of the protein onto the gel to be able to

obtain a SLC41A1 signal equally strong as that in clone 17

(Fig. 1C) [20].

Next, we quantified the transcriptional activity of both

transgenic SLC41A1 variants after 24 h of tet-induction and in -

tet cells. A significantly higher amount of ,11.25-fold (+tet wt

ddCt mean 123.7267.42/-tet wt ddCt mean 11.060.48; P = .89e-

09) of the wt SLC41A1 transcript and a significantly higher amount

of ,14.25 fold (+tet c.1049C.T ddCt mean 144.9634.62/-tet

c.1049C.T ddCt mean 10.1760.79; P = 1.84e-08) of the

SLC41A1-c.1049C.T transcript was detected, when compared

with -tet cells (Fig. 1A and 1B). Therefore, we concluded that both

wt and p.A350V cells produced similar amounts of transcript after

24 h of tet-induction. We also wished to know whether the over-

expression of wt SLC41A1 or c.1049C.T mutant could influence

the expression of SLC41A2 and/or SLC41A3 in +tet and -tet wt

and p.A350V cells, respectively. Indeed, we did not detect any

significant influence of wt or p.A350V over-expression on the

expression of SLC41A2 and SLC41A3 (data not shown). This also

confirmed the specificity of the hSLC41A1fw and hSLC41A1rev

primers.

Leaky expression of the gene of interest can often complicate

functional studies [27,37]. Therefore, we tested whether wt and

p.A350V over-expressing cell lines exhibited considerable levels of

leaky expression of the wt and p.A350V variants. As a control, we

used clone 17 of HEK293-(flag-SLC41A1) cells as previously

characterized by Kolisek et al. [20,27]. Western blot analysis

revealed bands specific for the wt and p.A350V variants (both

,56 kDa) almost exclusively in +tet cells (Fig. 1C). These data

confirmed that both tested cell lines exhibited a negligible leaky

expression of the transgenic SLC41A1 variants and, therefore,

were suitable for downstream experimentation. Next, we deter-

mined whether wt and p.A350V cells expressed comparable

amounts of SLC41A1 protein. With densitometric analyses

performed on three blots with equal amounts of protein isolates

from wt and p.A350V cells, we calculated that the density of

p.A350V-specific bands was ,1% lower compared with that of

wt-specific bands. Therefore, we concluded that both wt and

p.A350V cells produced nearly identical amounts of the respective

SLC41A1 variants after 24 h of tet-induction. These data further

underlined the suitability of both cell lines for further functional

experimentation.

SLC41A1 p.A350V localizes within the cytoplasmic
membrane

Next, by performing Western blot analysis of the soluble

protein- and membrane-protein-enriched cellular fractions (SF,

MF) and of subcellular protein fractions (cytosolic, membrane,

nuclear, and cytoskeletal), we examined whether the potentially

PD-associated variant p.A350V of SLC41A1 was properly

targeted into the cytoplasmic membrane, as demonstrated for wt

SLC41A1 [20,27]. Figure 1D shows a Western blot analysis of MF

and SF isolated from -tet and +tet wt and p.A350V cells. The

,56 kDa bands corresponding to wt and p.A350V were

predominantly detected in the MF, with markedly lower

abundance in SF of +tet cells. Flag-hSLC41A1 was used as a

positive control [27]. Cytosolic protein RPL19 was used to control

the specificity of the membrane fraction enrichment and, as

expected, was detected only in the soluble protein fraction. We

also performed subcellular protein fractionation with HEK293

cells over-expressing wt or p.A350V (Fig. 1E). Probing of the

electroseparated fractions with an antibody against the strep-

epitope resulted in the almost exclusive detection of both the wt

and the p.A350V variants in the fraction enriched in plasma

membrane proteins. The specificity of the fractionation was

controlled by running and probing parallel blots with antibodies

against PMCA4 (membrane fraction; positive control; Fig. 1E),

against RPL19 (cytosolic fraction, data not shown), or against

Lamin A (nuclear fraction; data not shown). These results were in

accordance with our confocal microscopy data, which revealed

that both wt and p.A350V SLC41A1 variants were predominantly

localized in the plasma membrane. This was shown by co-

localization of the green fluorescent signal of immunolabeled

SLC41A1 variants (anti-strep:GAM-Alexa-488), with the red

fluorescent signal of wheat germ agglutinin conjugated to Alexa-

647 (Fig. 2). Colocalization correlation analysis between Alexa-

488- and Alexa-647-specific signals in wt and p.A350V variants

revealed a 94.561.8% (N = 6) and 9262.3% (N = 7) overlap of the

green and red pixels, respectively. In contrast, no wt- or p.A350V-

specific fluorescence was seen in -tet cells (Figure S1). Taken

together, these data demonstrated the plasma membrane locali-

zation of the potentially PD-related p.A350V variant of SLC41A1.

Thus, we conclude that the mutation p.A350V does not affect the

intracellular localization of SLC41A1.
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p.A350V exhibits identical complex-forming abilities as
SLC41A1 wt in HEK293 cells

SLC41A1 forms transient multimeric complexes in vivo [27].

Therefore, we wondered whether the mutation p.A350V could

affect the complex-forming characteristics of SLC41A1. Figure 3

shows Western blot analysis performed on strep-affinity purified

native protein isolations separated with blue native electrophoresis

[27,33]. Wt and p.A350V variants showed identical separation

patterns (Fig. 3), both forming two identical complexes with

molecular masses between 242 and 480 kDa. This leads us to the

assumption that the mutation p.A350V has no obvious effect on

the complex-forming abilities of the SLC41A1 protein.

Amino acid substitution p.A350V in human SLC41A1
induces increased Mg2+ efflux

As in our previous study [20], -tet and +tet wt and p.A350V

cells were Mg2+-loaded by a 20-min pre-incubation in solutions

containing 10 mM Mg2+, and subsequently, the [Mg2+]i was

measured over a 10–min period in completely Mg2+-free solutions

containing 145 mM Na+ (efflux conditions). [Mg2+]i values

determined at the end of each period are shown in Table 1.

Uninduced wt cells and p.A350V cells regulate their [Mg2+]i at

stable levels of 0.3660.01 mM. Compared with -tet controls, the

[Mg2+]i of +tet cells was increased by 25% (wt) and 33%

(p.A350V) when incubated in 10 mM Mg2+ solution. After

resuspension in absolutely Mg2+-free solutions, loaded +tet cells

normalized their [Mg2+]i to values no longer different from those

of -tet cells (Table 1).

The [Mg2+]i decrease observed in +tet cells was previously

shown to reflect the SLC41A1-dependent Mg2+ efflux [20]. The

results for +tet wt and +tet p.A350V cells are summarized in

figure 4 showing a significantly stronger Mg2+ extrusion of

81.264.7 mM/10 min (Np.A350V = 113) in p.A350V cells com-

pared with 48.267.0 mM/10 min (Nwt = 82) in the wt cells used

as control. These data clearly demonstrate an increased efflux

capacity of p.A350V cells.

However, if the measurements were performed in solutions

containing 5 or 10 mM Mg2+, thereby lowering the inside-out

Mg2+ gradient, no Mg2+ extrusion occurred from Mg2+-loaded

+tet wt and +tet p.A350V cells. Instead, as can be seen in

figure 4, the [Mg2+]i increased by 41.1615.0 mM/10 min and

83.5622.3 mM/10 min in wt cells (Nwt; [Mg
2+

]e (5 mM) = 14 &

Figure 1. (A) Quantitative real time PCR analysis of SLC41A1 (wt) expression in -tet and +tet cells. The ddCt values of three independent
+tet samples and three independent -tet samples are shown. Each biological sample was loaded in triplicate. IRC indicates inter-run control. (B)
Quantitative real time PCR analysis of SLC41A1-(c.1049C.T) expression in -tet and +tet cells. The ddCt values of three independent +tet samples and
three independent -tet samples are given. Each biological sample was loaded in triplicate. IRC indicates inter-run control. (C) Immunodetection of
recombinant HA-strep-SLC41A1(wt) and HA-strep-SLC41A1-p.A350V in total protein isolate from -tet and +tet (24 h) cells. Strep-tagged wt and
p.A350V were detected only in tet-induced cells. Positive control: flag-tagged SLC41A1 isolated from HEK293 cells, clone 17, which was extensively
characterized in [20,27]. Loading was controlled by immunodetection of RPL19 protein. (D) Immunodetection of recombinant HA-strep-SLC41A1(wt)
and HA-strep-SLC41A1-p.A350V in soluble and membrane-protein-enriched fractions isolated from -tet and +tet (24 h) cells. Strep-tagged wt and
p.A350V were detected almost exclusively in tet-induced cells and predominantly in membrane (M) protein fractions and in much lower quantities in
soluble (S) protein fractions. Positive control: flag-tagged SLC41A1 isolated from HEK293 cells (clone 17). Soluble RPL19 was used to control the
specificity of the separation between soluble and membrane proteins. (E) Immunodetection of recombinant HA-strep-SLC41A1(wt) and HA-strep-
SLC41A1-p.A350V in subcellular protein fractions isolated from +tet (24 h) cells. Wt and p.A350V were predominantly detected in membrane (M)
protein fractions with much lower quantities in cytosolic (C) protein fractions and also for p.A350V in traces in the nuclear (N) protein fraction.
Transgenic variants were not detected in cytoskeletal (S) fractions. Specificity of the fractionation was controlled on a parallel blot by
immunodetection of PMCA4 (M).
doi:10.1371/journal.pone.0071096.g001
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Nwt; [Mg
2+

]e (10 mM) = 14) and by 73.6616.4 mM/10 min and

103.2621.5 mM/10 min in p.A350V cells (Np.A350V; [Mg
2+

]e (5

mM) = 13 & Np.A350V; [Mg
2+

]e (10 mM) = 13) incubated in 5 or

10 mM Mg2+, respectively, during the measurements.

Effects of imipramine and of dB-cAMP on SLC41A1-
related Mg2+ efflux from +tet wt and p.A350V cells

In both wt- and p.A350V-over-expressing cells, the observed

[Mg2+]i decrease (260.569.2 mM/10 min, Nwt = 21; and

101.769.2 mM/10 min, Np.A350V = 26) was nearly completely

abolished (20.7613.5 mM/10 min, Nwt = 21; and 8.769.1 mM/

10 min, Np.A350V = 26) by the tricyclic antidepressant imipra-

mine (Fig. 5A) known to inhibit the NME function of SLC41A1

[20].

In our previous study [20], we have demonstrated that

phosphorylation, postulated to be a mechanism for the activation

of Mg2+ extrusion [20,34], regulates NME activity of SLC41A1

and that wt is being detectable in the phosphoprotein-specific

fraction (P). To this end we performed Western blot analysis on

fractionated protein lysates of induced +tet flag-wt, strep-wt, and

strep-p.A350V. Figure 6 demonstrates that the ,56 kDa bands

corresponding to wt and p.A350V were detected in the P

fractions. The specificity of the fractionation was controlled with

an antibody exclusively recognizing phosphorylated Akt.

We also tested whether the SLC41A1-dependent Mg2+ efflux

from +tet wt and p.A350V cells could be further stimulated by the

application of dibutyryl-cAMP (dB-cAMP), a membrane-perme-

ant cAMP analog that activates the holoenzyme complex of

protein kinase A (PKA) [20]. No additional effects on Mg2+

extrusion from p.A350V cells were observed after the application

of 100 mM dB-cAMP (Np.A350V = 15; Fig. 5B). However, as

shown in figure 5B, dB-cAMP increased Mg2+ release by 77620%

(Nwt = 15) in wt controls.

Figure 2. Confocal immunolocalization of HA-strep-SLC41A1 (wt) and HA-strep-SLC41A1-p.A350V in +tet (24 h) cells. Strep-tagged wt
and p.A350V were immunolabeled with primary mouse anti-strep and secondary GAM Alexa-488 antibodies (green signal). Plasma membranes were
fluorescently contrasted with wheat germ agglutinin (WGA) conjugated to Alexa-647 (red signal). Nuclei were stained with DAPI (blue signal). The
merged images show that both Alexa-488 and Alexa-647 signals co-localize in +tet cells. Scale bar indicates 10 mm.
doi:10.1371/journal.pone.0071096.g002

Figure 3. Gradient blue native PAG electroseparation (5–18%)
and Western blot analysis of SLC41A1(wt) and p.A350V (M)
complexes. Both wt and p.A350V variants form identical complexes
(two; labeled with arrows) with molecular masses between 242 and
480 kDa.
doi:10.1371/journal.pone.0071096.g003
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Amino acid substitution p.A350V in human SLC41A1
effects cell growth

The 48-h growth curves of +tet p.A350V cells and wt cells

obtained under control conditions and with imipramine or dB-

cAMP in the culture medium are displayed in figure 5C.

Compared with +tet wt cells, the normalized CI (nCI) of +tet

p.A350V cells was reduced (2.0360.03 vs. 2.2660.08; P,0.001)

after 48 h in culture (Fig. 5C). Application (24 h after seeding) of

imipramine and of dB-cAMP in parallel to its effects on NME

activity decreases and increases the 48-h nCI of +tet wt and

p.A350V cells compared with control values (Fig. 5C). After

imipramine application, the 48-h nCI amounted to 0.1860.17 in

wt and to 0.2660.40 in p.A350V cells, thus showing a strong

reduction in both groups. However, the dB-cAMP-induced

increase of the 48-h nCI was much stronger in +tet wt cells

compared with +tet p.A350V cells (2.8160.08 vs. 2.5560.08;

P,0.001).

Discussion

Most PD cases are sporadic with unclear multifactorial etiologies

(idiopathic PD). Only approximately 3% to 5% among all sporadic

PD cases are attributable to defects in seven PD-associated genes:

SNCA (autosomal dominant pattern of inheritance; (ADPI)), LRRK2

(ADPI), EIF4G1 (ADPI), VPS35 (ADPI), parkin/PARK2 (autosomal

recessive pattern of inheritance; (ARPI)), DJ-1/PARK7 (ARPI), and

PINK1 (ARPI) [38,39]. However, changes in several other genes

have been suggested as causes for recessive neurological/neurode-

generative disorders that may include PD: hereditary ataxias

(ATXN2/3, FMR1), frontotemporal dementia (e.g. MAPT) and

others (e.g. ATP13A2, PLA2G6, FBXO7) [39].

RAB7L1, and SLC41A1 have been identified within the newly

revealed PD-susceptibility locus PARK16 at chromosome 1q32

[21,22,23,24]. SLC41A1 has been shown by our group to be a

cell-membrane-localized Mg2+ carrier, conducting the exchange of

intracellular Mg2+ for extracellular Na+ (NME) [20,27]. NME has

been shown to be functionally active in nearly all investigated cells

and tissues including neurons [34,40,41,42,43]. It has also been

shown to be responsible for the maintenance of an optimal [Mg2+]i

for a variety of processes critical for the cell such as bioenergetics

[44], the regulation of cellular pH, volume, and the total ion

balance, [45,46], and cell proliferation and differentiation [47,48].

Recently, in one PD patient, Tucci and colleagues [23] have

found a coding variant of SLC41A1, carrying substitution

p.A350V. Here, we have investigated if this potentially PD-

associated mutation affects the molecular and/or functional

properties of SLC41A1. Our experiments have revealed no

changes regarding the cellular localization, phosphorylation status,

or complex-forming ability of the p.A350V variant when

compared with the wt protein. However, we have demonstrated

that +tet p.A350V cells are able to perform Mg2+-efflux more

efficiently than +tet wt cells. Under our experimental conditions,

short-term, 10-min Mg2+ release is increased by 69610%

(P,0.001) after the induction of p.A350V over-expression

compared with cells over-expressing wt. Moreover, as a conse-

quence of an enhanced NME activity, we found a reduced

proliferation rate in p.A350V compared to wt cells. As the growth

experiments were performed for long periods (48 h) and with cells

incubated in complete culture media containing 1.2 mM Mg2+,

the effects of the p.A350V mutation seem to be of relevance also

under physiological conditions.

In both cell lines, Mg2+ extrusion is blocked by .90% after

imipramine application, clearly showing that it results from

SLC41A1-mediated NME activity [42]. Imipramine, which

besides quinidine, is the current pharmacological choice for

NME inhibition [20,49], is known to act on the extracellular Na+-

binding site of the NME, and competition between these two

compounds slows Mg2+ efflux. In agreement with this, the

Table 1. [Mg2+]i (mM) of uninduced (-tet) and induced (+tet) HEK293-(HA-strep-SLC41A1), and HEK293-(HA-strep-SLC41A1-
p.A350V) cells.

[Mg2+]e mM HEK293-(HA-strep-SLC41A1) (control) HEK293-(HA-strep-SLC41A1p.A350V)

-tet (N=82) +tet (N=82) -tet (N=113 ) +tet (N=113)

10 0.3660.01 0.4560.01** 0.3660.01 0.4860.01**

0 0.3660.01 0.4060.01a 0.3760.01 0.4060.01a

[Mg2+]i values for cells successively incubated for 20 min in solutions containing 10 mM Mg2+ (loading conditions) and for 10 min in completely Mg-free media (efflux
conditions) are given. Data are presented as means6 SE. N is being indicated. **P,0.001 vs. control (-tet cells); aP,0.001 vs. loaded +tet HEK293-(HA-strep-SLC41A1) or
HEK293-(HA-strep-SLC41A1-p.A350V) cells.
doi:10.1371/journal.pone.0071096.t001

Figure 4. SLC41A1-related Mg2+ efflux in p.A350V cells
compared with wt cells. Before measurements, cells were pre-
loaded with Mg2+ as described in Material and Methods ([Mg2+]e
= 10 mM). The [Mg2+]i change obtained after 10 min in media
containing 145 mM Na+ is given for the following conditions: (1)
completely Mg2+-free media (Np.A350V = 113 & Nwt = 82); (2) media
supplemented with 5 mM Mg2+ (Np.A350V = 13 & Nwt = 14); and (3)
media supplemented with 10 mM Mg2+ (Np.A350V = 13 & Nwt = 14).
Values have been corrected for [Mg2+]i changes in -tet cells and are
given as means 6 SE; **P,0.001.
doi:10.1371/journal.pone.0071096.g004
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inhibitory effect of imipramine is in the order of that of sodium

withdrawal, which amounts to 91% in our previous study with

SLC41A1-over-expressing HEK293 cells [20].

Another characteristic feature of NME is its activation by PKA-

dependent phosphorylation [20,34]. Elevation of the intracellular

cAMP concentration specifically stimulates Na+-dependent efflux

either directly via an increased affinity of the transporter for

intracellular Mg2+ [34,50] or by Mg2+ mobilization from

intracellular organelles, e.g. from mitochondria [51]. Interestingly,

the application of dB-cAMP (a cell-membrane-permeant cAMP-

analog) increased (77620%) Mg2+ efflux only in +tet wt cells,

whereas no effect has been seen in p.A350V cells. This insensitivity

of mutant NME to cAMP stimulation might be of pathophysio-

logical importance as under normal conditions various hormones

or mediators, e.g., adrenergic substances, prostaglandin E2, and

angiotensin II, use this pathway to induce a transient [Mg2+]i

decrease that directly or indirectly influences cellular transport

mechanisms and physiological functions [49,51,52]. For example,

in this study, the growth-promoting effect of dB-cAMP is reduced

in p.A350V-over-expressing cells compared with wt cells. The

inability further to increase p.A350V-related NME function via

cAMP also suggests maximum or near-maximum activation of the

transporter and is in accordance with the observation of enhanced

Mg2+ efflux in mutants compared with wt cells. The [Mg2+]i, a

main determinant of NME activity [53], is similar

(0.4460.01 mM) between wt and p.A350V cells. Therefore, one

can speculate that the p.A350V mutation augments the affinity of

the transport protein for intracellular Mg2+, changes the Mg2+-

carrier-complex formation, or dysregulates transporter gating to

facilitate the Mg2+ transport rate.

In the long-term, the increased activity of the NME might

contribute to the development of intracellular Mg2+ deficiency

[43], if not compensated for by Mg2+ influx. Mg deprivation,

whether by gene defects such as p.A350, toxins (rotenone, MPTP),

or restricted Mg intake, induces and/or exacerbates processes such

as oxidative stress accompanied by an increase in NO and free

Figure 5. Effect of imipramine and of cAMP-dependent PKA phosphorylation on SLC41A1-related [Mg2+]i changes, cell adhesion,
and cell proliferation in +tet p.A350V cells and wt cells. A: Summary of [Mg2+]i changes after resuspension of Mg2+-loaded +tet p.A350V cells
and wt cells in completely Mg2+-free Na+-containing solutions with or without (control) the Na+/Mg2+ exchanger inhibitor imipramine (250 mM).
Values have been corrected for [Mg2+]i changes in -tet cells and given as means 6 SE; Np.A350V = 26 & Nwt = 21 single experiments per condition;
*P = 0.03; **P,0.005. B: Summary of [Mg2+]i changes after resuspension of Mg2+-loaded +tet p.A350V cells and wt cells in completely Mg2+-free Na+-
containing media with or without (control) the Na+/Mg2+ exchanger activator dB-cAMP (100 mM). Values have been corrected for [Mg2+]i changes in -
tet cells and are means6 SE; Np.A350V = 15 & Nwt = 15 single experiments per condition; **P = 0.01. C: Original growth curves of +tet p.A350V cells
and wt cells under control conditions and after application of 250 mM imipramine and of 100 mM dB-cAMP. Cells were seeded at a density of 106105

per well, induced with tetracycline, and allowed to attach and proliferate for 24 h prior to treatment with the compounds (indicated by the arrow).
The Cell Index, a dimensionless parameter reflecting cell adherence and number, was normalized (nCI) to the time just before modulator application.
Values are means 6 SD; N = 6 single experiments per condition; **P,0.001.
doi:10.1371/journal.pone.0071096.g005
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radicals [54,55], dysfunction of mitochondria and the endoplasmic

reticulum [56,57], impairment of Ca2+ homeostasis [58], iron

accumulation [59], alterations in the autophagy-lysosome path-

ways, protein mishandling, and inflammatory responses [58], all of

which are known to trigger neuronal damage in neurodegener-

ative diseases including PD [56,60,61]. In accordance, Oyanagi

and colleagues [14] have been able to induce the severe loss of

dopaminergic neurons in rats fed for one year with an Mg-

restricted diet containing only one-fifth of the normal Mg content.

Furthermore, a lower concentration of Mg in various brain regions

and in the cerebrospinal fluid of PD patients has been found

[16,62,63]. On the other hand, a high extracellular [Mg] of $1.2

mM has been demonstrated to protect dopaminergic neurons of

the substantia nigra from MPP+ toxicity [18] and, because of its

Ca2+-antagonizing effects, to reduce neuroinflammation [64].

Moreover, spontaneous and Fe2+-induced accelerated aggregation

of a-synuclein can be inhibited by 0.8 mM Mg2+ [65]. In this

study, by using an extracellular [Mg] of 5 and 10 mM, we have

been able to block SLC41A1-related Mg2+ efflux in both wt and

p.A350V cells. Increasing the extracellular Mg2+ concentration

will reduce the driving force for an electroneutral Mg2+ efflux and

suggests that the exchanger switches to the reverse mode, thereby

performing Mg2+ uptake [27,42]. Thus, Mg supplementation

might be useful for preventing a loss of intracellular Mg2+, a loss

that is detrimental to neurons.

Under physiological conditions, an adequate Mg intake should

be seen as an important positive environmental factor protecting

neurons against accelerated ageing caused by slowly acting

deleterious environmental factors (e.g. toxins) and/or genetic risk

factors. With regard to the latter, Mg2+ is an essential co-factor in

almost all enzymatic systems involved in DNA processing and in

nucleotide excision repair, base excision repair, and mismatch

repair [66]. Furthermore, PD-relevant genes with a recessive

pattern of inheritance (parkin/PARK2, PINK1, and DJ-1/PARK7)

are all related to mitochondria dysfunction and oxidative stress

making it possible that defects in these genes and disturbances of

IMH intervene in these pathways to induce nigral mitochondrial

cytopathy [67].

Conclusions

Magnesium deficiency (both systemic and intracellular) has long

been suspected to be involved in various human disease complexes

such as metabolic syndrome and neurodegeneration in general

including PD. An obvious molecular link between disturbed IMH

and PD is however missing. In this study, we have examined the

functional properties of a recently identified potentially PD-

associated coding variant of the NME SLC41A1, p.A350V. We

have demonstrated that p.A350V is able to perform Mg2+-

extrusion more efficiently than wt NME and shows insensitivity to

cAMP stimulation and have found a reduced proliferation rate in

p.A350V compared with wt cells. Our data therefore indicate that

the rare conservative substitution p.A350V is a gain-of-function

mutation leading to an increased Mg2+ efflux capacity with likely a

long-term consequence in systemic deterioration, particularly

under conditions of low extracellular Mg2+ concentration. By

extrapolation, our data are in agreement with the findings of

epidemiological and case-control studies and suggest that the

chronic loss of Mg2+ from brain tissue and, thus, latent

intracellular hypomagnesemia, contributes to neurodegeneration.

Na+/Mg2+ exchange in neurons and SLC41A1 per se might

therefore represent a PD-relevant therapeutic target, with Mg2+

supplementation of PD patients possibly being beneficial.

Supporting Information

Figure S1 Confocal immunolocalization of HA-strep-SLC41A1

(wt) and HA-strep-SLC41A1-p.A350V in -tet (24 h) cells. Strep-

tagged wt and p.A350V were immunolabeled with primary mouse

anti-strep and secondary GAM Alexa-488 antibodies (green

signal). Plasma membranes were fluorescently contrasted with

wheat germ agglutinin (WGA) conjugated to Alexa-647 (red

signal). Nuclei were stained with DAPI (blue signal). Scale bar

indicates 10 mm.
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Parkinsoǹs disease. Nat Genet 41: 1303–1307.

22. Simón-Sánchez J, Schulte C, Bras JM, Sharma M, Gibbs JR, et al. (2009),

Genome-wide association study reveals genetic risk underlying Parkinson’s

disease. Nat Genet 41: 1308–1312.

23. Tucci A, Nalls MA, Houlden H, Revesz T, Singleton AB, et al. (2010) Genetic

variability at the PARK16 locus. Eur J Hum Genet 18: 1356–1359.

24. Yan Y, Tian J, Mo X, Zhao G, Yin X, et al. (2011) Genetic variants in the

RAB7L1 and SLC41A1 genes of the PARK16 locus in Chinese Parkinson’s

disease patients. Int J Neurosci 121: 632–636.

25. Wabakken T, Rian E, Kveine M, Aasheim HC (2003) The human solute carrier

SLC41A1 belongs to a novel eukaryotic subfamily with homology to prokaryotic

MgtE Mg2+ transporters. Biochem Biophys Res Commun 306: 718–724.

26. Goytain A, Quamme GA (2005) Functional characterization of hu-

manSLC41A1, a Mg2+ transporter with similarity to prokaryotic MgtE Mg2+

transporters. Physiol Genomics 21: 337–342.

27. Kolisek M, Launay P, Beck A, Sponder G, Serafini N, et al. (2008) SLC41A1 is a

novel mammalian Mg2+ carrier. J Biol Chem 283: 16235–16247.

28. Mandt T, Song Y, Scharenberg AM, Sahni J (2011) SLC41A1 Mg2+ transport is

regulated via Mg2+-dependent endosomal recycling trough its N-terminal

cytoplasmic domain. Biochem J 439: 129–139.

29. Gerdin A (2010) The Sanger Mouse Genetics Programme: high throughput

characterisation of knockout mice. Acta Opthalmologica 88:0. Doi:10.1111/

j.1755-3768.2010.4142.x.

30. Hurd TW, Otto EA, Mishima E, Gee HY, Inoue H, et al. (2013) Mutation of the

Mg2+ Transporter SLC41A1 Results in a Nephronophthisis-Like Phenotype.

J Amer Soc of Nephrol, ahead of print.

31. Kolisek M, Galaviz-Hernández C, Vázquez-Alaniz F, Sponder G, Javaid S, et

al. (2013) SLC41A1 is the only magnesium responsive gene significantly

overexpressed in placentas of preeclamptic women. Hypertens Pregnancy,

accepted for publication.

32. Reikofski J, Tao BY (1992) Polymerase chain reaction (PCR) techniques for site-

directed mutagenesis. Biotechnol Adv 10: 535–547.
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53. Büttner S, Günther T, Schäfer A, Vormann J (1998) Magnesium metabolism in

erythrocytes of various species. Magnesium-Bulletin 20 : 101–109.

54. Bussiere FI, Gueux E, Rock E, Girardeau JP, Tridon A, et al. (2002) Increased
phagocytosis and production of reactive oxygen species by neutrophils during

magnesium deficiency in rats and inhibition by high magnesium concentration.

Br J Nutr 87: 107–113.

55. Regan RF, Jasper E, Guo Y, Panter SS (1998) The effect of magnesium on

oxidative neuronal injury in vitro. J Neurochem 70: 77–85.

56. Hattingen E, Magerkurth J, Pilatus U, Mozer A, Seifried C, et al. (2009)

Phosphorus and proton magnetic resonance spectroscopy demonstrates

mitochondrial dysfunction in early and advanced Parkinsoǹs disease. Brain
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Solute carrier 41A3 encodes for a 
mitochondrial Mg2+ efflux system
Lucia Mastrototaro1, Alina Smorodchenko2, Jörg R. Aschenbach1, Martin Kolisek1 & 
Gerhard Sponder1

The important role of magnesium (Mg2+) in normal cellular physiology requires flexible, yet tightly 
regulated, intracellular Mg2+ homeostasis (IMH). However, only little is known about Mg2+ transporters 
of subcellular compartments such as mitochondria, despite their obvious importance for the deposition 
and reposition of intracellular Mg2+ pools. In particular, knowledge about mechanisms responsible 
for extrusion of Mg2+ from mitochondria is lacking. Based on circumstantial evidence, two possible 
mechanisms of Mg2+ release from mitochondria were predicted: (1) Mg2+ efflux coupled to ATP 
translocation via the ATP-Mg/Pi carrier, and (2) Mg2+ efflux via a H+/Mg2+ exchanger. Regardless, the 
identity of the H+-coupled Mg2+ efflux system is unknown. We demonstrate here that member A3 
of solute carrier (SLC) family 41 is a mitochondrial Mg2+ efflux system. Mitochondria of HEK293 cells 
overexpressing SLC41A3 exhibit a 60% increase in the extrusion of Mg2+ compared with control cells. 
This efflux mechanism is Na+-dependent and temperature sensitive. Our data identify SLC41A3 as 
the first mammalian mitochondrial Mg2+ efflux system, which greatly enhances our understanding of 
intracellular Mg2+ homeostasis.

The key role of magnesium (Mg2+) in a plethora of biochemical processes requires the tight regulation of intracel-
lular Mg2+ homeostasis (IMH). The intracellular Mg2+ concentration [Mg2+]i is regulated by the modulation of 
cellular uptake and efflux and by intracellular storage1. Several channels or transporters have been characterized 
as mediating the uptake of Mg2+ (e.g., TRPM6/7, MagT1, or NIPA1) or its extrusion (SLC41A1) across the cyto-
plasmic membrane2–5.

Member A1 of the solute carrier family 41 (SLC41A1; further referred to as A1) has been characterized as 
being a ubiquitous Na+-dependent Mg2+ efflux system integral to the plasma membrane6,5. Whereas the charac-
terization of plasma membrane-localised Mg2+ transporters is improving, the transporters for intracellular Mg2+ 
are largely unexplored. To date, the mitochondrial channel Mrs27,8 and Golgi-localised MMgt1/29 are the only 
known Mg2+ transport systems integral to membranes of subcellular compartments. Their discovery supports an 
earlier assumption that mitochondria, the endoplasmic reticulum (ER), and the Golgi apparatus serve as intra-
cellular Mg2+ stores10,11.

Kubota and colleagues have documented the release of Mg2+ from mitochondria upon their depolarization 
in PC12 cells10. Furthermore, long-chain fatty acids induce the rapid release of Mg2+ from rat liver mitochondria 
in alkaline media, presumably via an Mg2+/Me+ or an Mg2+/H+ exchanger12. Despite the increasing evidence in 
favour of such a mitochondrial exchanger (Mg2+ efflux system), its molecular identity in mammalian cells is as 
yet unknown. Recently, Cui et al. have characterized the protein Ymr166c/Mme1 (mitochondrial magnesium 
exporter 1) as the first known Mg2+ exporter in yeast mitochondria. Reconstitution experiments in proteoli-
posomes have shown that this transport activity is dependent on the presence of ATP, although ATP hydrolysis 
is not required. The authors therefore speculate that Mme1 acts as ATP/ATP-Mg exchanger13. In a subsequent 
study, the same group has identified the gene CG3476 as a Drosophila melanogaster orthologue of Mme1. The 
heterologous expression of CG3476 in yeast significantly reduces their mitochondrial Mg2+ levels. Knock-down 
or overexpression of the gene both reduces the viability of Drosophila. However, the precise mode of function of 
Ymr166c/Mme1 remains to be elucidated14.

The present study was based on the hypothesis that SLC41A3 can carry out Mg2+ export in eukaryotic cells, 
similarly to that of SLC41A1. Like the two other members of solute carrier family 41 (SLC41A1 and A2) SLC41A3 
contains two “MgtE-like domains” displaying homology to the prokaryotic Mg2+ transporter MgtE15,16. Human 
SLC41A3 has been mapped to chromosome 3q21.2–q21.3, and seven alternative splice variants are predicted to 
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be produced. The full-length protein consists of 507 amino acids with a molecular weight of 54.7 kDa. SLC41A3 
transcripts have been detected in various murine tissues, with the highest levels occurring in the central nervous 
system (in particular, in the neuronal cells of the cerebral cortex, the hippocampus, and lateral ventricle and in 
most cell types of the cerebellum)17. The anticipated importance of SLC41A3 (further referred to as A3) in CNS is 
further supported by the detection of neurological and behavioural abnormalities and, in particular, the abnormal 
locomotor coordination with ataxia, in the conditional knock-out mouse line Slc41a3tm1a(KOMP)Wtsi (http://www.
mousephenotype.org/). Furthermore, the expression of A3 is significantly increased in mice fed a Mg2+-deficient 
diet suggesting the importance of A3 for IMH18,19. The heterologous overexpression of A3 in Xenopus oocytes 
is associated with electrogenic Mg2+ conductance. These currents are saturable with a Km of 1.5 mM. Moreover, 
other ions have been identified as being transported via A3, a finding suggesting that A3 is an unspecific cat-
ion channel with a broad permeation profile20. The A3-specific electrogenic Mg2+ conductance seen in Xenopus 
oocytes has not been detected in mammalian cells. Sahni and colleagues have reported that A3 overexpressed in 
TRPM7-deficient B lymphocytes fails to restore normal Mg2+ homeostasis in these cells15.

We have therefore examined the cellular localisation of A3 and its ability to transport Mg2+. The presented 
data provide convincing evidence that SLC41A3 encodes a mitochondrial Mg2+ transporter responsible for the 
Na+-dependent efflux of the ion.

Results
Creation of tet-inducible HEK293 cell lines overexpressing SLC41A3. To study the function and 
cellular localisation of A3, a tet-inducible stably transfected cell line was newly generated expressing the protein 
with an N-terminal HA-Strep tag (A3st). At 24 hours after the addition of tetracycline, efficient inducible expres-
sion was detected by Western blot analysis with an antibody against the Strep tag (Fig. 1a, A3st). Furthermore, 
a HEK293 cell line stably expressing the tetracycline repressor (tetR) was constructed that served as a host for 
the regulated transient expression of A3. Wild-type HEK293 cells were transfected with the linearized plasmid 
pcDNA6/TR and cultured under blasticidin selection. Clones that stably expressed the tet repressor were subse-
quently transfected with the pcDNA5/TO-SLC41A3 construct and tested for their ability to down-regulate the 
expression of A3 in the absence of tetracycline. Amongst all transiently A3-expressing cell lines, “Clone2” (Cl2) 
exhibited the lowest level of A3 expression in the absence of tetracycline and abundant expression after induction 
and was therefore used for further experimentation (Fig. 1a). In contrast to Cl2, protein expression in HEK293 
wild-type cells transiently transfected with pcDNA5/TO-SLC41A3 (HEK WT) was independent of the presence 
of tetracycline due to the absence of the tet repressor (Fig. 1a). We furthermore sought to compare the expression 
levels of native and overexpressed A3. In parallel to the detection of overexpressed A3, the same samples were 
analysed on a parallel blot with an antibody directed against native A3 (Fig. 1b). Specificity of this antibody was 
confirmed in a blocking peptide competition assay (Supplemental Fig. S1). Immunodetection with the A3 anti-
body yielded two different signals, one for the monomeric form of untagged and one for the monomeric form of 
Strep-tagged A3. The apparent size difference is due to the HA-Strep tag which increases the molecular weight 
of SLC41A3 by approx. 4,3 kDa (Fig. 1b). Both antibodies furthermore detected high molecular weight signals 
between 100 and 250 kDa (Fig. 1a,b). These signals might arise from A3-containing, protein complexes that are 

Figure 1. Comparison of SLC41A3 protein levels in various HEK293 cell lines. HEK293 WT cells (HEK 
WT) or the HEK293 cell line with stably integrated Tet-repressor (Cl2) were transiently transfected with 
pcDNA5TO-SLC41A3 (−  and + ) or the empty vector control (E). Protein expression in the transiently 
transfected cell lines (HEK WT and Cl2) and in the stably transfected cell line (A3st) was induced by addition 
of tetracycline to a final concentration of 1 μ g/ml (+ ). Uninduced control cells remained untreated (− ). Cells 
were harvested after 24 hours of induction and lysed in RIPA buffer. Total protein extracts were analyzed on an 
8.5% PAA-SDS gel and immunodetection of SLC41A3 (55 kDa) was either performed with an antibody directed 
against the Strep-tag (a) or against the native protein (b). The signals for the monomeric forms of native and 
Strep-tagged SLC41A3 are indicated. The ribosomal protein RPL19 (23 kDa) served as loading control and was 
detected by reprobing the membranes with the respective antibody.
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not readily dissolved in sample loading buffer. Alternatively, these signals might be A3 aggregates resulting from 
the strong overexpression of the protein.

SLC41A3 does not mediate Mg2+ transport across the plasma membrane but leads to an 
increase in the free cytoplasmic [Mg2+] when overexpressed. Member A1 of solute carrier family 41 
has been extensively characterized as the major Mg2+-extrusion system in the plasma membrane6,5,21. The amino 
acid sequences of A1 and A3 display 56.3% sequence identity and 72.7% sequence similarity (calculated with 
EMBOSS 6.3.1:matcher, http://mobyle.pasteur.fr/cgi-bin/portal.py?#forms::matcher), respectively. According to 
the prediction program PSORTII (http://psort.hgc.jp/), the probability for the plasma membrane localisation 
of A3 is 78.3%, and only 21.7% for its localisation in the endoplasmic reticulum. Based on these data, a func-
tional similarity to the well-characterized plasma membrane Na+/Mg2+ exchanger A1 was assumed. To examine 
the anticipated function of A3, we investigated the effect of A3 overexpression on Mg2+ fluxes in intact cells. 
By using the Mg2+-sensitive fluorescent dye mag-fura 2, we first examined the ability of SLC41A3 to mediate 
Mg2+ extrusion (efflux condition). Cells were loaded with mag-fura 2 and subsequently incubated in a buffer 
solution containing 10 mM MgCl2 for 20 min. Thereafter, the Mg2+-fluxes were measured over a time period of 
1,200 s in nominally Mg2+-free buffer solution containing 145 mM NaCl. Surprisingly, induced cells of the stable 
cell line (A3st + tet) and of the transiently transfected cells (Cl2/A3 + tet) did not exhibit Mg2+ extrusion but 
rather an increase in [Mg2+]i of 0.26 ±  0.04 and 0.20 ±  0.05 mM/1,200 s (Fig. 2a,b), respectively. In contrast, unin-
duced A3st (A3st −tet; 0.11 ±  0.02 mM/1,000 s), transiently transfected uninduced Cl2/A3 cells (Cl2/A3 −tet;  
0.10 ±  0.02 mM/1,000 s), and wild-type HEK293 cells (HEK WT; 0.05 ±  0.04 mM/1,000 s) exhibited significantly 
lower changes of [Mg2+]i (P <  0.05). These data indicate that the increase in [Mg2+]i in induced cells was A3 
related. Given that the experiments were carried out in completely Mg2+-free buffer solution, the increase in the 
cytoplasmic free Mg2+ concentration in SLC41A3-overexpressing cells could not have been caused by Mg2+ influx 
across the plasma membrane.

Figure 2. Effect of the expression of SLC41A3 on the change of the intracellular free magnesium 
concentration (Δ[Mg2+]i) in HEK293 cells. (a) Tetracycline-induced (+ tet) and uninduced (− tet) cells of 
the SLC41A3 overexpressing cell lines A3st (stable A3 expression) and Clone2 (transient A3 expression) were 
loaded with Mg2+, and changes of [Mg2+]i after 1,200 s in completely Mg2+-free solution were determined. 
Wild-type HEK293 cells (HEK WT) served as a control. Values are given as means ±  SEM. Number of 
measurements: NA3 −tet =  17; NA3 +tet =  12; NCl2/A3 −tet =  10; NCl2/A3 +tet =  10; NHEK WT =  6. a,bColumns with 
different letters differ significantly in pairwise comparisons. (P <  0.05). (b) Representative original recordings of 
[Mg2+]i changes of Mg2+ -preloaded cells measured in completely Mg2+-free external buffer solution.
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To substantiate the inability of SLC41A3 to mediate flux of Mg2+ across the plasma membrane, Mg2+ influx 
experiments were performed. A3st cells were induced with tetracycline for 24 hours or left untreated and loaded 
with mag-fura 2. Subsequently, [Mg2+]i was measured over a period of 400 s in which Mg2+ was added stepwise 
to final extracellular concentrations of 1, 3 and 5 mM. The shorter duration of 400 s was chosen to minimize the 
release of Mg2+ from intracellular stores. Representative curves for HEK293 cells overexpressing SLC41A3 and 
for uninduced control cells are shown in Fig. 3a. As expected, in the presence of an inwardly directed Mg2+ gra-
dient, −tet and + tet A3st cells exhibited the uptake of the ion into the cell. However, the overexpression of the 
protein did not result in a significantly different uptake capacity (Fig. 3b), implying that SLC41A3 did not medi-
ate the influx of Mg2+ across the plasma membrane under our experimental conditions. Thus, the only logical 
explanation is that, in response to the overexpression of SLC41A3, Mg2+ stored in organelles is released, thereby 
increasing the cytoplasmic Mg2+ concentration.

SLC41A3 is a mitochondrial protein. Next, we performed subcellular fractionation using the Qproteome 
cell compartment kit (Qiagen) to assess the localisation of SLC41A3 within the cell. In uninduced A3st cells 
(−tet) a band of ~55 kDa corresponding to A3 was almost exclusively detected in the membrane fraction when 
using an antibody recognizing native A3 (M; Fig. 4). In induced A3st cells (+ tet) detection with the native anti-
body yielded two signals, one for native A3 and one for the overexpressed Strep-tagged protein. In addition, a 
weak signal was detected in the fraction containing soluble proteins (C); this signal might have been caused by 
minor contamination during the sequential isolation of the various fractions. No signal for SLC41A3 was detected 
in the fractions enriched for nuclear (N) or cytoskeletal proteins (fraction S; Fig. 4). The specificity of the frac-
tionation process was controlled by probing parallel blots with antibodies against the cytosolic ribosomal protein 
(RP)L19 (fraction S) and the plasma membrane protein PMCA4 (membrane fraction, M). The cytosolic protein 
RPL19 was detected only in the soluble protein fraction, and the plasma membrane Ca2+ ATPase PMCA4 was 
found, as expected, in the membrane fraction. These data clearly characterize SLC41A3 as being a membrane 
protein.

As mentioned above, SLC41A3 is predicted to be most likely targeted to the plasma membrane and less prob-
ably to the ER. To clarify further the subcellular localisation of SLC41A3 and to exclude potential targeting to the 
ER, we used an ER isolation kit (Fig. 5a). Various organelle marker proteins were used to control the specificity of 
the isolation process: Golgin-97 as a Golgi marker, ERp72 for the ER, and COX IV for mitochondria. Most impor-
tantly, the experiment was performed with wild-type HEK293 cells, and only endogenous levels of SLC41A3 
were detected with an antibody directed against the native protein. As shown in Fig. 5a, various fractions were 
collected during the differential centrifugation process. SLC41A3 was predominantly detected in fraction M, 
which mainly contained mitochondrial membranes as verified by the strong signal for COX IV in this fraction. A 
signal for SLC41A3 was also observed in fraction P1, which contained unbroken cells and plasma membrane. The 
highly pure ER fraction did not contain SLC41A3. Golgi vesicles were mainly found in fraction SN, which also 
did not overlap with the signal for native SLC41A3. Taken together, these data clearly argue for the localisation 
of SLC41A3 in mitochondria and exclude that the protein is targeted to the ER under physiological expression 
levels.

Next, we sought to confirm the cellular distribution of A3 by fluorescence microscopy. To this end, we per-
formed double-stain immunofluorescence with an antibody directed against the native protein together with 
an antibody against the mitochondrial marker protein COX IV. Induced and uninduced A3st cells were used to 

Figure 3. Overexpression of SLC41A3 does not alter the Mg2+ uptake capacity across the plasma 
membrane in HEK293 cells. (a) Tetracycline-induced (+ tet) or uninduced (− tet) A3st cells were loaded with 
mag-fura 2, and measurements were carried out in completely Mg2+-free buffer solution to which Mg2+ was 
added after 100 s (1 mM), 200 s (3 mM), and 300 s (5 mM final concentration). (b) Changes in the intracellular 
Mg2+ concentration (∆  [Mg2+]I), calculated from averaged concentrations of the first and the last 50 s of the 
measurement, were 0.34 mM ±  0.03 for uninduced control cells and 0.30 ±  0.03 mM for induced cells. (n.s., not 
significant).
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detect potential mistargeting and any aberrant localisation within the cell attributable to the overexpression of the 
protein (Fig. 6). Strong colocalisation of the two signals was observed in A3st + tet and notably also in A3st −tet 
cells. These data confirm our previous observations and again suggest that A3 is targeted to mitochondria, both 
when overexpressed and when under the control of its endogenous promoter. Furthermore, we performed 

Figure 4. Immunodetection of SLC41A3 after subcellular fractionation. Cytosolic (C), membrane (M), 
nuclear (N), and cytoskeletal (S) protein-enriched fractions were isolated from −tet and + tet A3st cells and 
analysed by Western blot. Immunodetection was performed with an antibody directed against native SLC41A3. 
Immunosignals were detected exclusively in the membrane protein fraction (M) in −tet cells as a single band 
corresponding to the native protein and, in + tet cells, as two bands corresponding to native and Strep-tagged 
SLC41A3, respectively. To confirm the specificity of the fractionation, PMCA4 was used as a control for the 
membrane fraction (M) and RPL19 for the cytoplasmic protein fraction (C).

Figure 5. SLC41A3 is primarily localised in mitochondria. (a) Western blot analysis of the total protein 
fraction (T) and the various fractions (pellet 1, P1; supernatant, SN; mitochondrial pellet, M; endoplasmic 
reticulum, ER) obtained by using an ER isolation kit and differential centrifugation. SLC41A3 was detected 
with an antibody recognizing the native protein. Golgin-97 served as a Golgi marker, ERp72 as a marker for 
the ER, and COX IV for mitochondria. (b) A mitochondria isolation kit (Sigma-Aldrich) was used to isolate 
mitochondria-enriched fractions of wild-type HEK293 cells (HEK WT) and of tetracycline-induced A3st (A3st 
+ tet) cells. The total protein fraction (T) was obtained by solubilizing intact cells. The second fraction and third 
fractions (ML and MH) were enriched in mitochondria. The more purified “heavy” fraction MH was obtained 
by low-speed centrifugation (3,500 g), whereas the light ML fraction was isolated by high-speed centrifugation 
(11,000 g). The antibody recognizing native SLC41A3 was used to detect the protein in fractions obtained from 
HEK WT cells. An anti-Strep antibody was used for the detection of overexpressed SLC41A3 in fractions of 
A3st + tet cells. Respiratory chain complex IV (COX IV) served as a mitochondrial loading control and the 
soluble protein RPL19 for the total protein fraction.
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double-stain immunofluorescence in uninduced and induced A3st cells with the anti-Strep antibody in combina-
tion with either the mitochondrial marker COX IV, ERp72 for the endoplasmic reticulum or Glogin-97 as Golgi 
marker. These results are summarized in Supplemental Figs S2–S4. Similar to the results obtained with the native 
antibody, significant colocalisation was only observed with the mitochondrial protein COX IV (Supplemental 
Fig. S2).

Finally, we directly isolated mitochondria from HEK WT and A3st + tet cells. After the homogenization step, 
the obtained suspension was first centrifuged at low speed (3,500 rpm) to obtain a more purified fraction of 
“heavy” mitochondria. The remaining supernatant was then centrifuged at high speed (10,000 rpm) to yield a 
fraction enriched in “light” mitochondria. Both fractions were analysed by Western blot, together with the total 
protein extract. The inner mitochondrial membrane protein COX IV was used as a marker protein to control the 
specificity of the fractionation process. In the fractions obtained from HEK WT cells, A3 was detected in the two 
mitochondrial fractions with the antibody recognizing the native protein and was clearly enriched, in particular, 
in the purer “heavy” mitochondrial fraction compared with the total protein extract (Fig. 5b). In A3st + tet cells, 
overexpressed A3 was detected with the anti-Strep antibody. The fact that Strep-tagged A3 is enriched particu-
larly in the “heavy” mitochondrial fraction confirmed that also the overexpressed protein is efficiently target to 
mitochondria.

Overexpression of SLC41A3 increases the efflux of Mg2+ from mitochondria. The above presented 
data clearly argue for the mitochondrial localisation of SLC41A3 and open up the possibility that the protein 
functions as a Mg2+ extrusion system in the inner mitochondrial membrane. To test this hypothesis, we estab-
lished a “Mg2+-loading” protocol for isolated, respiring mitochondria similar to that used successfully to study the 
function of SLC41A1 in whole cells6,5. Mitochondrial Mg2+ loading takes advantage of the strong inside-negative 
membrane potential of − 150 to − 180 mV that is the major driving force for the high capacity Mg2+ uptake 
system, the Mg2+-selective channel Mrs2. Incubation of isolated respiring mitochondria in Mg2+-containing 
buffer solutions results in the rapid regulated uptake of the ion. Accordingly, we made use of the observation 
that isolated mitochondria can be efficiently “loaded” with Mg2+ 7 and investigated the effect of overexpression of 
SLC41A3 on the Mg2+ efflux capacity out of the organelle (Fig. 7a,b). Isolated mitochondria were first loaded with 
the membrane-permeable acetoxymethyl ester (AM) of mag-fura 2 in the presence of 10 mM MgCl2, followed 
by an activation/loading step. During the latter step, the dye was activated by intra-organellar esterases in the 
presence of MgCl2. The intramitochondrial free Mg2+-concentration [Mg2+]m was then determined over a time 

Figure 6. Fluorescence visualization of mitochondrial SLC41A3 localisation. Triple-staining with 
anti-SLC41A3 antibody (red), anti-COX IV antibody (green) and DAPI (Blue, ony shown in merged) was 
performed. The merged picture shows that immunosignals for SLC41A3 and COX IV colocalised in uninduced 
(A3st − tet) and induced (A3st + tet) cells with a stronger intensity upon tetracycline induction.
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period of 1,000 s in nominally Mg2+-free buffer solution. After the 1,000 s efflux period, Mg2+ was added to give 
a final concentration of 5 mM in order to demonstrate that the mitochondria maintained their vitality and were 
able to rapidly increase their free [Mg2+]m upon external Mg2+ exposure. Figure 7b shows representative curves 
for mitochondria isolated from overexpressing cells and control cells, whereas Fig. 7a shows summarized data for 
Δ [Mg2+]m over the efflux period. Overexpression of SLC41A3 significantly (P <  0.01) increased the efflux capac-
ity by ~55% compared with control cells (− 0.43 ±  0.07 mM/1,000 s vs. − 0.18 ±  0.08 mM/1,000 s). Moreover, the 
higher rate of Mg2+ efflux was also reflected by the lower free [Mg2+]m at the start of each efflux measurement. 
The starting [Mg2+]m (value calculated as the average of the first 50 s of each measurement) of mitochondria 
isolated from SLC41A3 overexpressing cells was significantly (P <  0.05) reduced by 21.2% compared with that 
of uninduced control cells. This indicates that the mitochondria of SLC41A3 overexpressing cells are loaded less 
effectively with Mg2+ because of a stronger activity of the extrusion system.

Mg2+ efflux from mitochondria overexpressing SLC41A3 is dependent on the presence of Na+.  
Interestingly, the SLC41A3-dependent increase in the efflux capacity was only observed when 10 mM NaCl was 
present in the external buffer solution. In NaCl-free buffer solution, the efflux capacity of mitochondria isolated 
from induced cells (− 0.15 ±  0.11 mM/1,000 s) was reduced to levels comparable with that of uninduced control 
mitochondria (Fig. 7). To investigate further the role of Na+ in Mg2+ extrusion, we performed efflux measure-
ments in the presence of various NaCl concentrations (Fig. 8). Increasing the Na+ concentration in the meas-
urement buffer solution to 20 and 40 mM resulted in higher Mg2+ extrusion rates compared with measurements 
performed in the presence of 10 mM NaCl (Fig. 8b). As shown in Fig. 8a, when Mg2+ efflux in the presence of 
10 mM NaCl was set at 100%, the presence of 20 mM or 40 mM NaCl in the buffer solution increased the efflux 
capacity to 177 ±  21% and 246 ±  45%, respectively (P <  0.01). Next, we investigated the effect of replacing Na+ in 
the measurement solution with N-methyl-D-glucamine (NMDG). The presence of 10 mM NMDG-Cl instead of 
10 mM NaCl almost abolished the Mg2+ efflux capacity of mitochondria (34.5 ±  7.9%).

SLC41A3-mediated Mg2+ efflux is temperature-sensitive but not affected by imipramine. We 
furthermore investigated whether imipramine, a known inhibitor of Na+/Mg2+ exchange mediated via SLC41A15, 

Figure 7. Effect of the overexpression of SLC41A3 on the mitochondrial free magnesium concentration 
([Mg2+]m) in HEK293 cells. (a) Mitochondria of tetracycline-induced (+ tet) and uninduced (− tet) cells of 
the SLC41A3 stable cell line A3st were loaded with Mg2+, and changes of [Mg2+]m during 1,000 s in completely 
Mg2+-free solution were determined. All solutions contained 10 mM NaCl, except solution + tet without NaCl. 
The imipramine concentration was 250 μ M. Values are given as means ±  SEM. Number of measurements: NA3 

−tet (10 mM NaCl) =  12; NA3 +tet+imip =  6; NA3 +tet (without NaCl) =  5; NA3 −tet =  13; a,bColumns with different letters differ 
significantly in pairwise comparisons (P <  0.01). (b) Representative original recordings of [Mg2+]m changes of 
isolated mitochondria in completely Mg2+-free medium with or without Na+ in the external buffer solution. 
Before the measurements, mitochondria were loaded with Mg2+ by incubating them in Mg2+-containing buffer 
solution (10 mM) for 20 min. Imipramine (imip) was added to the buffer solution directly before measurements 
were recorded. After 1,000 s, MgCl2 was added to give a final concentration of 5 mM, resulting in a steep 
increase of the mitochondrial [Mg2+].
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affected Mg2+ extrusion from mitochondria isolated from cells overexpressing SLC41A3. Under our experimental 
conditions, the application of 250 μ M imipramine did not reduce the efflux capacity (Fig. 7). Finally, we tested 
whether the observed Mg2+ efflux was sensitive to changes in incubation temperature. At the lower temperature 
of 16 °C, Mg2+ efflux from mitochondria was almost completely abolished and was similar to that of mitochondria 
incubated in the absence of Na+ (Fig. 8).

The effect of SLC41A3 overexpression on cellular ATP levels under Mg2+ starvation conditions.  
To get a first insight into the physiological role of SLC41A3 we investigated the effect of A3 overexpression in 
complete medium and under conditions of reduced Mg2+ availability on the total levels of cellular ATP. As cells 
under culture conditions usually exhibit a high glycolytic activity, thereby masking a potential mitochondrial 
dysfunction, cells were forced to switch to mitochondrial respiration by replacing glucose/glutamine by galactose/
glutamine. A3st cells were seeded and grown for 24 h in DMEM/Gal medium. Thereafter, expression of A3 was 
induced by addition of tetracycline for another 24 h. The DMEM/Gal medium was then exchanged either for 
HBSS medium with 0.8 mM MgSO4 or for HBSS medium without MgSO4. Control cells remained in DMEM/Gal 
medium. After an incubation period of 8 h a luminescence based assay was performed to determine cellular ATP 

Figure 8. SLC41A3-mediated efflux of Mg2+ is dependent on the Na+ concentration in the external buffer 
solution and is temperature-sensitive. (a) Mitochondria of tetracycline-induced (+ tet) cells of the SLC41A3 
stable cell line were loaded with mag-fura2 and Mg2+, and the changes of [Mg2+]m during 1,000 s in completely 
Mg2+-free solution were determined. The external buffer solution contained various concentrations of NaCl. 
Values obtained with 10 mM NaCl were set as 100% efflux activity. The efflux capacity increased with increasing 
NaCl concentrations in the measurement solution. Mitochondria measured at 16 °C exhibited a strongly 
reduced efflux of Mg2+. Similarly, replacement of NaCl with NMDG significantly reduced Mg2+ extrusion to 
approx. 34% of the standard efflux activity. Values are given as means ±  SEM. Number of measurements: N10 mM 

NaCl =  9; N20 mM NaCl =  7; N40 mM NaCl =  7; N10 mM NMDG =  5; N10 mM NaCl (RT) 5. a,b,c,dColumns with different letters differ 
significantly in pairwise comparisons (P <  0.01). (b) Representative original recordings of [Mg2+]m changes of 
isolated mitochondria in completely Mg2+-free medium with various concentrations of NaCl in the external 
measurement medium. N-Methyl-D-glucamine (NMDG) was used to replace sodium in the measurement 
buffer.

81

www.nature.com/scientificreports/



9Scientific RepoRts | 6:27999 | DOI: 10.1038/srep27999

levels. As shown in Supplemental Fig. S5, relative ATP levels of A3st cells continuously grown in DMEM/Gal or 
incubated for 8 h in Mg2+-containing HBSS medium were unaffected by the expression level of A3. In contrast, 
cells overexpressing A3 exhibited lower cellular ATP levels than uninduced cells if cultured under Mg limiting 
conditions. However, due to the high inter-assay variability in luminescence counts the observed reduction in 
cellular ATP was statistically not significant. Nevertheless, these data imply that overexpression of A3 has a strong 
tendency to impair mitochondrial ATP production by reducing the Mg2+ availability in mitochondria.

Discussion
Magnesium is vital for normal cellular bioenergetics. In mitochondria, Mg2+ not only chelates and stabilizes 
ATP, but also serves as a cofactor of enzymes involved in cellular respiration and energy production22. Moreover, 
isolated, energized mitochondria are able to accumulate Mg2+ up to concentrations that are 3 to 5 times higher 
than those in cytoplasm7. Mg2+ has been demonstrated to permeate into the mitochondrial matrix via the 
high-conductance channel Mrs2, which is powered by a steep negative membrane potential on the inner mito-
chondrial membrane7.

The demonstration that Mrs2 constitutes a major mitochondrial Mg2+ influx system adds the desired molec-
ular ratio to the formerly proposed hypothesis that mitochondria represent the major intracellular Mg2+ storage 
compartment7,8,10,23. Mitochondria must therefore be a dynamic, tightly regulated, open system able not only to 
accumulate, but also to release Mg2+. Salvi et al. demonstrated that besides inducing mitochondrial permeability 
transition, gliotoxin activates a specific Mg2+ efflux system in brain mitochondria24. To date, two possible mech-
anisms of Mg2+ release from mitochondria have been suggested: (1) a Mg2+ transport (efflux) coupled to ATP 
translocation via an ATP-MgPi carrier (APC)25–27, and (2) a Mg2+ efflux system powered by H+ motive force23,28,29.

The H+ gradient perpetually building-up on the inner mitochondrial membrane represents the major motive 
force powering the transport of various solutes across the inner mitochondrial membrane. The Na+ contribution 
to the generation of the membrane potential on the inner mitochondrial membrane is thought to be only sec-
ondary. However, the role of Na+ in the transport physiology of mitochondria is indisputable. Na+ homeostasis 
in mitochondria is governed by transport mechanisms such as the Na+/H+ exchanger (mNHE, Na+ efflux mech-
anism30), Na+-HCO3

− symporter (mNHCO3 (SLC4A7), Na+ influx mechanism31), and the Na+/Ca2+ exchanger 
(mNCE, Na+ influx mechanism32). The paucity of data on the matrix Na+ homeostasis in respiring mitochondria 
leaves the field largely unexplored. Jung et al. have reported that, in isolated respiring mitochondria, the [Na+]m 
is approximately 1/8 of that in the cytosol30. However, the gradient might be less pronounced for mitochondria 
in situ33. Nevertheless, studies of permeabilized cardiac myocytes have confirmed that the matrix [Na+]m is lower 
than cytosolic [Na+]i in energized mitochondria30,34.

In metabolically inhibited, non-permeabilized MDCK cells, [Na+]m reaches striking 113 + /− 7 mM, which 
is approximately double the concentration of Na+ in the cytoplasm of the same cells35. The accumulated Na+ is 
then used to “fuel” the influx of Ca2+ via mNCE into the mitochondria35. This study has shown that mitochon-
dria possess a large potential to accumulate Na+ that can be used to support the transport of other solutes via 
Na+-dependent transport mechanisms under various physiological and pathophysiological situations.

Our data unequivocally demonstrate that SLC41A3 is a protein integral to the inner mitochondrial membrane 
and that it functions as an Mg2+ efflux system coupled with the influx of Na+. Based on its similarity with mem-
ber A1 of the same protein family, namely a Na+/Mg2+ exchanger integral to the cytoplasmic membrane, we can 
assume that the coupling between the Mg2+ efflux conducted via SLC41A3 and the Na+ influx is direct; however, 
further thorough experiments must be carried out to support this notion. Moreover, we observed a strong tem-
perature dependence of the Mg2+ extrusion process mediated by SLC41A3. Reducing the incubation tempera-
ture to 16 °C lowered the efflux capacity by ~85% compared with measurements performed at 37 °C. A similar 
reduction was also observed for the plasma membrane Na+/Mg2+ exchanger SLC41A16. In contrast, Mg2+ influx 
mediated by the high-conductance channel Mrs2 is entirely insensitive to a reduction of the temperature7. This 
is a further indication that the transport conducted by SLC41A3 is a carrier/exchange mechanism. Interestingly, 
application of the Na+/Mg2+ transport inhibitor imipramine had no effect on the SLC41A3-based Mg2+ efflux 
from mitochondria. This is surprising, since imipramine is a potent inhibitor of the plasma membrane localised 
Na+/Mg2+ exchanger SLC41A15. However, it can be explained either by stereochemical differences between the 
Na+-binding sites in SLC4A1 and in SLC41A3, or by indirect coupling of SLC41A3-mediated Mg2+ efflux to Na+ 
counter-transport. This issue will need further examination.

Many degenerative diseases are hallmarked by a deranged Mg homeostasis at both the cellular and organism 
levels36. In particular, diseases that belong to hereditary or age-related mitopathies have been demonstrated to 
be characterized by aberrant mitochondrial homeostasis and the consequent loss of control over cellular energy 
turnover (e.g., Alzheimer’s and Parkinson´s diseases, diabetes mellitus type 2, schizophrenia). Furthermore, 
these diseases are often associated with Mg deficiency36–42. To date, the mitochondrial Mg2+ channel Mrs2 is the 
only transport mechanism that might link Mg deficiency with disturbed mitochondrial homeostasis43. Indeed, 
Kuramoto et al. have found that the abrogation of Mrs2 function in the CNS of rats causes massive demyeli-
nation and have concluded that normal mitochondrial Mg2+ homeostasis is essential for the maintenance of 
myelin and, thus, CNS functions44. Mastrototaro et al. have recently suggested a role of the insulin signalling 
cascade in the regulation of cellular magnesium homeostasis via the Na+/Mg2+ exchanger SLC41A1 and also via 
an early onset of Mg2+ efflux from intracellular stores, such as mitochondria, the Golgi apparatus, and the endo-
plasmic reticulum45. However, no molecular mechanism could be proposed to explain the efflux of Mg2+ from 
mitochondria. The discovery of SLC41A3 as a mitochondrial Na+-dependent Mg2+-efflux system now offers the 
possibility to examine further the effect of insulin on the deposition and reposition of Mg2+ under normal and 
also pathological (diabetic) conditions. Further research on SLC41A3 will lead to the better understanding of 
the orchestration between extramitochondrial and intramitochondrial Mg homeostasis and their interrelation-
ship with the energy metabolism of the cell. The observation that under Mg2+ starvation conditions ATP levels 
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are reduced in SLC41A3 overexpressing cells, suggests an important role of SLC41A3 in mitochondrial energy 
metabolism. We hypothesise that the joint activity of the Mg2+ influx system Mrs2 and the Mg2+ efflux system 
SLC41A3 plays a central role for Mg2+ homeostasis in mitochondria. This might be of particular importance for 
improving the therapeutic strategies and management of age-related mitopathies with simple measures such as 
Mg supplementation.

Materials and Methods
Cell line generation, growth media, and cell culture. To study the localisation and function of 
SLC41A3, a tetracyclin-(tet)-inducible stably transfected cell line (A3st) was constructed in cooperation with 
DualSystems Biotech (Schlieren, Switzerland). Briefly, full-length human SLC41A3 cDNA was cloned into the 
pNTGSH expression vector with an N-terminal HA-Strep tag. The pNTGSH-HA-Strep-SLC41A3 was electropo-
rated into the Flp-In™  T-REx™  HEK293 cell line (Life Technologies, Darmstadt, Germany) and recombined into 
a defined genomic integration locus that was inserted into the host cell line. Cells were placed under hygromycin 
B (Hyg) and blasticidin S (Bla) selection in order to select for cells containing the integrated expression construct. 
Stable resistant clones were harvested and seeded in fresh medium containing Hyg and Bla and finally screened 
for tet-inducible expression of the HA-Strep-tagged SLC41A3.

The tet-inducible HEK293 cells with stably integrated SLC41A3 were grown at 37 °C under a 5% CO2 atmos-
phere in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS, 1% penicillin/streptomycin 
(Pen/Strep), 15 μ g/mL Bla, and 100 μ g/mL Hyg.

To confirm the results obtained in the genetically modified SLC41A3-HEK293 cells, a cell line transiently 
expressing SLC41A3 was constructed by using the pcDNA5/TO vector system (Life Technologies, Darmstadt, 
Germany), which allowed tet-inducible expression.

First, HEK293 cells were stably transfected with the plasmid pcDNA6/TR in order to generate a host cell 
line constitutively expressing the tet-repressor protein. This plasmid also included the Bla resistance gene under 
the control of the SV40 promoter; expression of this gene allowed the selection of cells stably transfected with 
the plasmids. We first determined the minimum Bla concentration necessary to kill wild-type HEK 293 cells 
within 20 days. The selective medium was replenished every 3 days for a time period of 20 days. The appropri-
ate Bla concentration for our HEK 293 cell line was determined to be 15 μ g/mL. In the next step, HEK 293 cells 
were transfected with pcDNA6/TR by using the transfection reagent polyethylenimine (PEI). At 48 hours after 
the transfection, the cells were serially diluted to obtain single clones able to grow in medium containing Bla  
(15 μ g/mL). Colonies formed under Bla selection integrated the vector stably into their genome and expressed the 
tet-repressor gene. Several cell foci were picked, further expanded, and tested for tet-inducible gene expression 
by transiently transfecting them with pcDNA5/TO-SLC41A3. The clone, termed “Clone 2 (Cl2/A3)”, showed the 
well-regulated expression of SLC41A3 (low background expression in the absence of tet and significant induction 
of expression upon tet addition).

Cl2/A3 cells were grown at 37 °C and under a 5% CO2 atmosphere in DMEM supplemented with 10% FBS, 
1% Pen/Strep, and 15 μ g/mL Bla.

Cloning of SLC41A3 into pcDNA™5/TO. The human gene SLC41A3 was synthetized with an 
N-terminal HA-Strep tag and cloned via 5′  KpnI and 3′  NotI into the expression vector pcDNA™ 5/TO under the 
control of a tet-inducible promoter.

Protein expression and Western blot. SLC41A3 protein expression was induced by the addition of  
1 μ g/mL tet for 24 hours. After induction, cells were harvested, washed twice in ice-cold phosphate-buffered 
saline (PBS) and resuspended in lysis buffer (50 mM Tris HCl pH 8.0, 150 mM sodium chloride, 1.2% Triton 
X-100, 0.1% SDS, 1 mM EDTA, and protease inhibitor cocktail (cOmplete mini, EDTA-free, Roche Diagnostics)). 
Lysis was performed for 20 min at 4 °C with gentle agitation followed by a clarifying spin (20 min, 14,000 rpm, 
4 °C). The supernatant was then resolved on a 10% polyacrylamide-gel (SDS-PAGE). Following electrophoresis, 
semi-dry blotting to a polyvinylidene difluoride (PVDF) membrane was performed. A primary mouse antibody 
directed against the Strep-tag (1:2,500, Qiagen, Hilden, Germany) or a rabbit antibody against the N-terminus of 
native SLC41A3 (Santa Cruz Biotechnology, Heidelberg, Germany) in combination with the respective horserad-
ish peroxidase (HRP)-conjugated secondary antibodies (anti-mouse, 1:1,000; anti-rabbit, 1:2,000; both from Cell 
Signaling Technology, Frankfurt, Germany) were used to detect SLC41A3. Proteins were visualized by use of the 
SuperSignalTM West Dura system (Pierce, Dreieich, Germany).

Blocking peptide competition assay with the antibody recognizing native SLC41A3. The 
SLC41A3-specific rabbit antibody was purchased from Santa Cruz Biotechnology (Heidelberg, Germany) 
together with the blocking peptide. To test the specificity of the antibody a competition assay was performed. 
Total protein samples (5 and 15 μ g) of HEK293 wild type cells and of induced A3st cells were separated in trip-
licate on two 8.5% SDS-PAA gels and blotted to a PVDF membrane. Each membrane was cut into three strips. 
The first strip was incubated with the SLC41A3-specific antibody at a concentration of 0.125 μ g/μ l in 2.5% milk/
TBS-T. The second strip was incubated in a mixture of anti-SLC41A3 antibody (0.125 μ g/ml) and blocking pep-
tide (0.25 μ g/μ l). The third membrane strip was incubated with a mixture of anti-SLC41A3 antibody and blocking 
peptide with the concentrations mentioned above together with anti-Strep antibody (0.8 μ g/μ l). After over-night 
incubation of the membranes with the primary antibody, one membrane was incubated with the anti-rabbit 
secondary antibody (dilution: 1:2,000, suitable for the anti-SLC41A3 antibody); the second membrane was incu-
bated with the secondary anti-mouse antibody (dilution 1:1,000, suitable for the primary anti-Strep antibody). 
Proteins were visualized by use of the Clarity™  Western ECL Blotting Substrate (Bio-Rad, Munich, Germany).
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Gross cell-compartment specific localisation of SLC41A3. The Qproteome Cell Compartment Kit 
(Qiagen) was used according to the manufacturer’s instructions to isolate sequentially the proteins associated 
with the cytosol, nucleus, cellular membranes, or cytoskeleton. The various fractions were analysed by Western 
blotting. For detection of SLC41A3, the above-described antibody recognizing the native protein was used. 
Specificity of the isolation was controlled with a mouse antibody against the cytosolic marker protein RPL19 
(cytosolic ribosomal protein (RP)L19, Abnova, Heidelberg, Germany) and a mouse antibody directed against the 
plasma membrane Ca2+-ATPase (PMCA4, Sigma-Aldrich, Munich, Germany). Secondary antibodies were the 
same as those mentioned above.

Isolation of various cellular membranes/organelles from HEK293 cells. The Endoplasmic 
Reticulum Isolation Kit (Sigma-Aldrich, Munich, Germany) was used for the isolation of intracellular organelles 
by differential centrifugation. The experiments were performed according to the manufacturer’s protocol. In brief, 
3 ×  108 wild-type HEK293 cells were collected and washed with PBS. Cells were first resuspended in hypotonic 
extraction buffer, incubated for 20 min at 4 °C, and centrifuged again. The pellet was resuspended in isotonic 
extraction buffer, and cells were homogenized by using a Dounce homogenizer. An aliquot of the homogenate 
was saved for Western blot analysis (total protein fraction in Fig. 5a). The homogenate was centrifuged at 1,000 g 
and 4 °C for 10 min. The post-nuclear supernatant was transferred to a new tube. An aliquot was stored for later 
analysis (fraction SN in Fig. 5a). The remaining supernatant was centrifuged at 12,000 g and 4 °C for 15 min. The 
supernatant represented the post-mitochondrial fraction, whereas the pellet contained the mitochondrial mem-
branes. The pellet was therefore stored for protein extraction and further analysis (fraction M in Fig. 5a). From 
the post-mitochondrial supernatant, ER-enriched microsomes were prepared by CaCl2 precipitation according 
to the protocol (fraction ER in Fig. 5a). For Western blot analysis, supernatant fractions were mixed with 4×  
SDS-sample buffer, and proteins from the pellet fractions were extracted with standard RIPA buffer. Proteins 
were resolved on 10% polyacrylamide-gels (SDS-PAGE) and blotted to polyvinylidene difluoride (PVDF) mem-
branes. The above-described rabbit antibody was used for detecting native SLC41A3. Antibodies for controlling 
the specificity of the fractionation were: Golgin-97 as a Golgi network marker, protein disulphide isomerase fam-
ily A member 4 (ERp72) as an ER marker, and cytochrome c oxidase (COX IV) for mitochondria (all from Cell 
Signaling Technology, Frankfurt, Germany). Secondary antibodies were used as mentioned above.

Isolation of mitochondria for protein analysis. For the small-scale isolation of an enriched mitochon-
drial fraction, the Mitoiso2 kit for cultured cells (Sigma-Aldrich, Taufkirchen, Germany) was used according to 
the manufacturer’s protocol. All experiments were performed according to the “homogenization” method. The 
first “heavy” mitochondrial fraction was obtained by centrifugation at 3,500 g, and the remaining supernatant was 
then centrifuged at 11,000 g, yielding the “light” mitochondrial fraction. The obtained fractions were analysed 
by Western blotting either with the antibody recognizing native SLC41A3 or with the antibody directed against 
the Strep tag as described previously. RPL19 (mouse anti-RPL19, Abnova, Heidelberg, Germany) was used as a 
cytosolic marker protein and cytochrome c oxidase (rabbit anti-CoxIV, Cell Signaling Technology, Frankfurt, 
Germany) as a mitochondrial marker. Secondary antibodies were the same as those mentioned above.

Fluorescence microscopy. Cells were grown on glass coverslips in 12-well plates. At 80% confluence, pro-
tein expression was induced by the addition of tetracycline. At 24 hours after induction, cells were treated 15 min-
utes with 4% paraformaldehyde and then washed 3 times in PBS. Blocking was performed with 10% normal goat 
serum (NGS) in PBS for 1 hour. The cells were then incubated for 1 hour with the primary antibody against native 
SLC41A3 diluted 1:500 in 1% NGS, washed three times in PBS and finally incubated 1 hour with a goat anti-rabbit 
secondary antibody labelled with Alexa red-fluorescent dye (excitation at 561 or 594 nm) at a dilution of 1:500 
in 1% NGS. Subsequently, the cells were incubated with a primary antibody against the mitochondrial protein 
COX IV diluted 1:200, washed three times in PBS and then incubated with a goat anti-mouse secondary antibody 
labelled with Alexa green-fluorescent dye (excitation at 488 nm) at a dilution of 1:500 in 1% NGS.

Double-stain immunofluorescence was performed also with the two primary antibodies anti-Strep (1:500) 
and anti-COX IV (1:1000) with the respective secondary antibodies conjugated to Alexa green-fluorescent and 
Alexa red-fluorescent dyes.

Another aliquot of cells were immunostained with a primary antibody against Strep-tagged SLC41A3 (1:500) 
and a secondary goat anti-mouse antibody (1:500), followed by an incubation with the primary antibody specific 
for the Golgi marker protein Golgin-97 (1:100) or the ER marker protein ERp72 (1:100) followed by a secondary 
goat anti-rabbit antibody (1:500).

Finally the cells were washed in PBS. The coverslips were mounted with the mounting medium Fluoroshield 
with DAPI (Sigma-Aldrich, Munich, Germany) to visualize cell nuclei and inverted onto glass slides suitable for 
microscopy. Digital images were acquired with an automated inverted microscope (Leica DMI 6000 B) and ana-
lysed with the microscope imaging software Las AF (Leica).

Quantification of intracellular Mg2+. In order to characterize the Mg2+ transport activity of SLC41A3, 
the Mg2+-sensitive fluorescent dye mag-fura 2 was used under influx or efflux conditions. [Mg2+]i was determined 
by measuring the fluorescence of the mag-fura-2-loaded cells in an LS55 spectrofluorometer (PerkinElmer) 
by using the fast filter application with alternating excitation at 340 nm and 380 nm and emission at 515 nm. 
SLC41A3-HEK cells (stably transfected) were grown to 80% confluence; protein expression was induced by the 
addition of tetracycline (tet, 1 μ g/mL) for 24 hours. Subsequently, cells were gently scraped, washed in Ca2+- and 
Mg2+-free HBSS (137 mM NaCl; 5.36 mM KCl; 0.34 mM Na2HPO4; 0.44 mM KH2HPO4; 5.55 mM glucose; 
4.17 mM NaHCO3, 20 mM Hepes) and then loaded for 20 min with mag-fura 2 AM (7.5 μ M) on a shaking plate 
at 37 °C. Following mag-fura 2 loading, the cells were incubated for another 20 min at 37 °C in HBSS to allow the 
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complete de-esterification of the fluorescent probe, washed twice with HBSS to remove extracellular mag-fura 
2, and resuspended in completely Mg2+- and Ca2+-free HBSS. Measurements of Mg2+ influx were performed at 
37 °C in 3-ml cuvettes containing 2 ml cell suspension that was constantly stirred. Extracellular Mg2+ was added 
stepwise at increasing concentrations, ranging from 1 to 5 mM, during the measurement. For the Mg2+ efflux 
experiments, the cells were incubated with 10 mM MgCl2 at 37 °C for 20 min after mag-fura 2 loading, washed 
twice in Mg2+- and Ca2+-free HBSS, and finally measured in Mg2+- and Ca2+-free HBSS at 37 °C in 3-ml cuvettes.

Large-scale isolation of mitochondria for mag-fura 2 measurements. Cells were harvested in 
ice-cold PBS, centrifuged, and washed in ice-cold isolation buffer (IB; 210 mM Mannitol, 70 mM sucrose, 5 mM 
Hepes-KOH pH 7.2, and 0.5% BSA). The cell pellet was resuspended (4 mL IB/g cells), and digitonin (10 mg/mL  
in DMSO) was added stepwise to permeabilise the cells. The permeabilisation efficiency was controlled by trypan 
blue staining. After sufficient permeabilisation was reached, 5 ml IB was added, and the suspension was centri-
fuged (3,000 g, 5 min, 4 °C). The pellet was resuspended in IB, and the suspension was homogenized by using a 
Dounce homogenizer. IB without BSA (3 times the volume of the homogenate) was added, and unbroken cells 
and cell debris were pelleted by centrifugation (1,200 g, 3 min, 4 °C). This clarifying step was repeated once before 
the suspension was finally centrifuged (10,000 g, 20 min, 4 °C) to pellet the mitochondria. The mitochondrial 
pellet was resuspended in 1 mL IB without BSA supplemented with 0.5 mM ATP, 0.2% succinate, and 0.01% 
pyruvate.

Quantification of free magnesium in mitochondria. Mitochondria were loaded with mag-fura 2 
AM (7.5 μ M) for 20 min on a shaking plate at 37 °C in IB without BSA+ S (S: supplemented with 0.5 mM ATP, 
0.2% succinate, and 0.01% pyruvate). Following mag-fura 2 loading, mitochondria were incubated in IB with-
out BSA+ S with 10 mM MgCl2 at 37 °C for 20 min (mag-fura 2 AM activation) and then washed twice in Mg2+ 
and Ca2+-free IB without BSA+ S. Finally, [Mg2+]i was determined in IB without BSA+ S supplemented with 
10 mM NaCl in an LS55 spectrofluorometer as described above. The osmolarity of the HBSS measurement buffer 
solutions with various NaCl concentrations or NMDG-Cl was controlled and maintained between 290 and 300 
mosmol/L. Imipramine was dissolved in water and added to give a final concentration of 250 μ M during the dye 
activation step and the measurements. Curves of representative recordings were smoothened with a “moving 
average” algorithm (Fs =  99; FL WinLab version 4.00.03).

Determination of relative cellular ATP levels. A luminescence ATP detection assay kit (Abcam, 
Cambridge, UK) was used to determine relative cellular ATP levels in uninduced and induced A3st cells under 
various growth conditions. Cells were seeded in duplicate in 24-well plates at a starting density of 8000 cells/well 
in glucose/glutamine-free DMEM medium (Biochrom, Berlin, Germany). The medium was supplemented with 
5 mM D-galactose, 6 mM L-glutamine, 1 mM sodium pyruvate, 10% dialyzed FBS, 15 μ g/mL Bla, and 100 μ g/mL 
Hyg. Cells were cultured for 24 hours, and then expression of A3 was induced by addition of tetracycline. Control 
cells were left untreated. After 24 hours the medium was exchanged either against Mg2+-free HBSS medium  
(1x HBSS salts, 5 mM D-galactose, 6 mM L-glutamine, 1 mM sodium pyruvate, 10% dialyzed FBS, 15 μ g/mL Bla, 
and 100 μ g/mL Hyg) or HBSS medium (same composition as above) but supplemented with 0.8 mM MgSO4. 
Control cells remained in the aforementioned DMEM medium. After another 6 hours of incubation the ATP 
assay was performed as follows. Two-hundred μ l of the supplied detergent solution was directly added to the 
medium and the plate was incubated for 5 min in an orbital shaker. Then 200 μ l of substrate solution was added 
to each well and the plate was incubated for another 5 min under constant shaking. The suspension of each well 
was then transferred to four wells of a 96 well plate (200 μ l each) and after 10 min of dark adaptation luminescence 
was measured with an EnSpire multimode plate reader (PerkinElmer). Results were blank corrected against wells 
without cells but containing medium, detergent and substrate solution. The experiment was performed two times.

Statistical analyses. (1) A two-tailed Student’s t-test was used to compare the differences between two 
means (i.e., influx in induced and uninduced cells, Fig. 3b). (2) A post hoc Holm-Sidak one-factor ANOVA (all 
pairwise multiple comparison) was used when three or more groups were compared (i.e., efflux experiments in 
induced and uninduced stable and transient cell lines in Fig. 2 or mitochondrial efflux, Fig. 7a). (3) A post hoc 
Dunn’s one-factor ANOVA (multiple comparisons versus control group) was used when three or more groups 
were compared with a control (i.e., mitochondria efflux under various NaCl concentrations or temperature con-
ditions, Fig. 8). (4) A post hoc Holm-Sidak two-factor ANOVA (all pairwise multiple comparison) was used to 
compare 2 factorial data sets (i.e., tet x different media for the determination of cellular ATP levels, Supplemental 
Fig. S5).

A Shapiro-Wilk normality test was used for (1), (2) and (3). Data are presented as means ±  SE. Differences of 
P <  0.05 were considered significant. Statistical analyses were executed by using SigmaPlot 11.0 (Systat Software, Inc.).
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Supplementary Figure S1–Blocking peptide competition assay to verify the specificity of 

the antibody recognizing native SLC41A3. 

Total protein extracts (left lane: 5 µg, right lane: 15 µg) of wild‐type HEK293 cells (HEK WT) 

or tet‐induced A3st cells (A3st + tet) were separated in triplicates on two 8.5% SDS‐PAA gels 

and blotted on PVDF membranes. Membrane strips were either incubated with the anti‐

rabbit SLC41A3 antibody (A3 Ab), with a mixture of A3 Ab and a SLC41A3‐specific blocking 

peptide (BP) or with a mixture of A3 Ab, the blocking peptide, and mouse anti‐Strep Ab. 

After the primary incubation step, the first membrane was incubated with a secondary anti‐

rabbit antibody, the second membrane with an anti‐mouse secondary antibody. Finally, 

proteins were visualized by chemiluminescence.  In HEK WT cells (left panel) the A3 Ab 

efficiently recognized native SLC41A3 only in the absence of the blocking peptide. In A3st + 

tet cells (right panel) the A3 antibody recognized native SLC41A3 and the overexpressed 

Strep‐tagged protein, no signal was detected in the presence of the blocking peptide. In 

contrary, the blocking peptide did not inhibit binding of the Strep‐antibody to Strep‐

SLC41A3. 
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Supplementary Figure S2 – Fluorescence visualization of Strep‐SLC41A3 and COX IV. 

Triple‐staining with anti‐SLC41A3 antibody (red), anti‐COX IV antibody (green), and DAPI 

(blue, only shown in merged) was performed in uninduced (A3st ‐tet) and induced (A3st 

+tet). 
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Supplementary Figure S3 – Fluorescence visualization of Strep‐SLC41A3 and ERp72. 

Triple‐staining with anti‐SLC41A3 antibody (red), anti‐ERp72 antibody (green), and DAPI 

(blue, only shown in merged) was performed in uninduced (A3st ‐tet) and induced (A3st 

+tet). 
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Supplementary Figure S4 – Fluorescence visualization of Strep‐SLC41A3 and Golgin‐97. 

Double‐staining with anti‐SLC41A3 antibody (red), anti‐Golgin‐97 antibody (green), and DAPI 

(blue, only shown in merged) was performed in uninduced (A3st ‐tet) and induced (A3st 

+tet). 
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Supplementary Figure S5 – Relative cellular ATP levels in uninduced and induced A3st cells 

under various culture conditions.  

ATP levels of uninduced (‐tet) cells continuously grown in DMEM/Gal medium served as a 

control (100%), all other experimental conditions are given as percentage relative to the 

control level. Overexpression of A3 (+tet) in DMEM/Gal medium did not reduce ATP levels. In 

both uninduced and induced cells, HBSS medium containing MgSO4 reduced cellular ATP by 

approximately 20%. A further reduction of cellular ATP was seen in Mg2+‐starvation medium 

which was more pronounced in A3 overexpressing cells.  
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5. DISCUSSION 

An increasing number of disorders in humans and animals seems to be associated with an 
imbalanced magnesium homeostasis. In the last decades, many Mg2+ transporters have been 
well characterized and mutations in their genes induce impairment in Mg2+ homeostasis and 
therefore represent the cause of many disorders. 
Recently SLC41A1 has been characterized as being a Na+/Mg2+ exchanger (NME) able to form 
protein complexes in vivo (4, 5). Localized in the plasma membrane, it has been proposed as an 
essential component of intracellular magnesium homeostasis and the major Mg2+ efflux system 
of the cell. 
In the present work SLC41A1 complex-forming ability was examined by using a split-ubiquitin 
yeast two hybrid (SU-YTH) assay; the proteins identified among the potential binding partners 
were mostly localized in the endoplasmic reticulum and Golgi apparatus but also in nucleus and 
plasma-membrane and were involved in translation, proper folding, and maturation 
(posttranslational modifications) of proteins. The most prominent interactor in the screen was 
EBP (emopamil binding protein), a protein involved in lipid and/or cholesterol biosynthesis, but 
further studies are necessary to establish any functional link between this protein and SLC41A1. 
Mass spectrometry-based analysis (MALDI-TOF-MS) revealed another interesting putative 
interactor, ACCA1, which was not identified as interactor in the functional SU-YTH assay. It is 
localized in ER and involved in lipid and/or cholesterol biosynthesis similar to EBP. Other 
members of the SLC superfamily and other solute transporters were identified as binding 
partners as well, but interactions between these proteins and SLC41A1 might be only transient 
and/or provoked by common pathways of their maturation in ER and/or GA and/or vesicular 
transport.  
The activity of SLC41A1 has been connected with many pathophysiological conditions over the 
years, including cardiovascular (myocardial infarction, ischemic heart disease, essential 
hypertension, preeclampsia / eclampsia) (6, 120-124), metabolic (diabetes mellitus type 2) (81, 
125), psychiatric (ADHD syndrome) (1) and neurodegenerative diseases (PD) (90). 
The majority of these disorders are associated with aging, unhealthy life style, reduced food 
intake and exposure to environmental factors which contribute to their etiology. Often their 
pathogenesis is multifactorial and not fully understood. A typical case is PD, where only a small 
number of cases show a hereditary pattern of genetic defects or a de novo mutation in one PD-
associated gene.  
The present work aimed to characterize the coding variant of SLC41A1 carrying the amino-acid 
substitution p.A350V (c.1049C>T), which was found in one Caucasian PD patient (103). This 
mutation seems to be associated with PD because the gene SLC41A1 is part of the PD 
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susceptibility locus PARK16. The results presented here have revealed no changes regarding 
the cellular localization, phosphorylation status, or complex-forming ability of the p.A350V variant 
when compared with the wild-type protein; however, HEK293 cells overexpressing this variant 
are able to perform Mg2+ efflux more efficiently compared with the wild-type cells. Therefore it 
constitutes a ‘gain of function’ mutation which increases the Mg2+ efflux ability of SLC41A1; the 
latter likely has long-term consequences on cellular functions, particularly under conditions of 
low extracellular Mg2+ concentration. From these experimental data, it can be speculated that 
the chronic loss of Mg2+ from the cells and the latent intracellular magnesium deficiency can 
represent an important molecular mechanism which contributes to the PD pathophysiology. 
Although a precise molecular link between disturbed IMH and PD is currently not known, Na+/ 
Mg2+ exchange mediated by SLC41A1 in neurons might represent a relevant therapeutic target 
for PD patients and a Mg2+ supplementation would be beneficial. 
Magnesium deficiency (both systemic and intracellular) has long been suspected to be involved 
in several human diseases other than neurodegeneration, such as preeclampsia, nephron 
phthisis and metabolic syndrome (91, 103, 126).  
Type 2 diabetes mellitus is often accompanied by alterations in the Mg status, and in particular 
DM2 patients show an increased prevalence of Mg2+ deficit. SLC41A1 represents the major 
mechanism responsible for the efflux of Mg2+ from cells and it is activated via cAMP-dependent 
PKA-mediated phosphorylation (127). Since intracellular cAMP levels are altered in response to 
hormonal stimuli, including insulin, the hypothesis was established that insulin may be the link 
between SLC41A1 and the pathophysiology of these ailments via the insulin receptor - 
phosphoinositide 3-kinase – Akt/protein kinase B (IR-PI3K-Akt/PKB) signaling pathway. 
Therefore, several series of experiments were conducted aiming at the characterization of 
SLC41A1 transport activity under insulin stimulation. 
The in vitro study presented here examined the effect of insulin signaling via the IR-PI3K-PDE3b 
cascade on SLC41A1 NME activity in transgenic HEK293 cells and showed a significant 
inhibitory effect of insulin on SLC41A1 performance and an earlier onset of Mg2+ release from 
intracellular stores (such as mitochondria, endoplasmic reticulum, and Golgi apparatus). 
So it can be speculated that insulin may be an essential regulator of intracellular magnesium 
homeostasis. Blocking the SLC41A1-mediated Mg2+ efflux might protect cells from an excessive 
loss of Mg2+ and thus protect from the consequences of hypomagnesaemia often observed in 
diabetes patients.  
Taken together, these results support the importance of insulin management and Mg2+ 
supplementation in diabetes patients and provide a new molecular target to focus on for the 
prevention of the consequences of diabetes-associated hypomagnesaemia.  
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Many metabolic diseases and ageing-related neurodegenerative disorders, like PD, AD, 
Huntington's disease (HD) and amyotrophic lateral sclerosis (ALS), have been associated with 
mitochondrial dysfunction. There is strong evidence coming from genetic, biochemical and 
morphological analyses revealing that mitochondrial dysfunction occurs in the early stage of the 
pathogenesis (128, 129). Given that mitochondria serve as intracellular Mg2+ stores, a 
mitochondrial dysfunction might affect cellular Mg2+ homeostasis (130, 131) and this could be 
one reason for the intracellular Mg2+ deficiency observed in diabetes, PD, hypertension, etc.  
The major Mg²+ influx system in mitochondria of yeast as well as higher eucaryotes is encoded 
by Mrs2. A recent study shows that dmy/dmy rats suffer from a mitochondrial disease and the 
molecular defect responsible for the demyelinating phenotype observed in adult rats is a “loss-
of-function” mutation in the Mrs2 gene (132). Therefore the authors concluded that Mg2+ 

homeostasis in central nervous system mitochondria is essential for the maintenance of myelin, 
even though the loss of the main mitochondrial Mg2+ influx system in rats is not lethal. 
Interestingly, Mrs2 silencing in HEK293 cells leads to a reduced capacity of mitochondrial Mg2+ 
uptake, loss of mitochondrial respiratory complex I, decreased mitochondrial membrane 
potential and eventually cell death (133). From these data it can be concluded that Mrs2 is the 
major transport protein for Mg2+ uptake into mitochondria and its expression is essential for the 
maintenance of respiratory complex I and cell viability. 
Because so far nothing was known about putative mitochondrial Mg2+ efflux systems, one of the 
studies of the project aimed at the molecular and physiological characterization of SLC41A3. 
Since SLC41A3 is characterized by two MgtE domains, it was speculated to have a transport 
activity for Mg2+ similar to SLC41A1. Therefore the ability and mode of Mg2+ transport mediated 
by SLC41A3 were assayed by measuring the intracellular Mg2+ concentration and its changes 
with fast-filter spectrofluorometry (FFS), using the Mg2+-sensitive fluorescent dye mag-fura 2. 
First the ability of SLC41A3 to mediate Mg2+ influx was evaluated. Under influx conditions Mg2+ 
uptake was observed when the extracellular Mg2+ concentration was increased stepwise from 1 
to 3 to 5 mM by adding MgCl2 to the cell suspension but there was no difference between cells 
overexpressing the protein and the uninduced control cells; the observed Mg2+ uptake was 
therefore most likely not SLC41A3-mediated. 
In the second step, the efflux ability of SLC41A3 was assessed and some differences were 
observed in regard of intracellular free Mg2+ in cells overexpressing SLC41A3 compared with the 
control, suggesting that SLC41A3 is somehow involved in Mg2+ transport. Surprisingly, 
overexpression of SLC41A3 led to an increase of the intracellular Mg2+ concentration. Given that 
the measurements were conducted in completely Mg2+-free buffer, the increase of intracellular 
Mg2+ observed under these conditions cannot be due to an uptake of Mg2+ from the external 
buffer but it can only be explained by Mg2+ mobilization from internal stores. 
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Since the main internal stores of Mg2+ are mitochondria, double-stain immunofluorescence was 
performed in order to find out whether SLC41A3 was localized on the plasma-membrane, as 
suggested by computer predictions, or on intracellular membranes and a co-localization of 
SLC41A3 and COX (mitochondrial cytochrome c oxidase) was found. To further substantiate 
that SLC41A3 may be a mitochondrial transporter, double-stain microscopy was performed 
using a cell-permeant MitoTracker probe for labelling mitochondria together with the antibody 
recognizing native SLC41A3. The two signals colocalized well, confirming a mitochondrial 
localization of SLC41A3. 
To further clarify the role of SLC41A3 in mitochondrial Mg2+ transport, efflux experiments were 
performed with intact mitochondria isolated from stably transfected cells overexpressing 
SLC41A3. The latter experiments showed that SLC41A3 is responsible for the extrusion of 
magnesium from mitochondria, and this transport is Na+-dependent because it requires a 
physiological cytosolic Na+ concentration (10 mM). Indeed it was reduced when the Na+ 
concentration was lowered to 5 mM, blocked when there was no extramitochondrial Na+ or when 
Na+ was replaced by N-methyl-D-glucamine (NMDG) and it doubled with extramitochondrial Na+ 

concentration of 40 mM. Finally SLC41A3 has been characterized as a mitochondrial Na+/Mg2+ 
exchanger and not as a channel because its activity was reduced or even blocked when the 
measurements were performed at 16oC. 
SLC41A3 can be assumed to be the link between altered internal Mg2+ mobilization and 
diabetes or neurodegeneration, because these diseases are characterized by aberrant 
mitochondrial homeostasis and the consequent loss of control over cellular energy turnover 
(134-137). Furthermore the results of this work support the hypothesis that insulin blocks Mg2+ 
efflux from the cells via SLC41A1 and promotes an early onset of Mg2+ release from internal 
stores likely activating SLC41A3 and therefore boosting a mitochondrial Mg2+ efflux. This opens 
up new treatment strategies to counterbalance the hypomagnesaemia often observed in age-
related mitopathies. 
Based on the knowledge that SLC41A1 and SLC41A3 represent molecular factors responsible 
for regulating cytosolic and mitochondrial Mg2+ homeostasis, a further magnesium-responsive 
gene involved in IMH was characterized, named CNNM2. It has previously been associated with 
regulation of serum magnesium concentrations (109) and its functional impairment in humans is 
associated with severe hypomagnesaemia (63), a condition which is typical for many brain 
diseases, neurodegenerative diseases and metabolic diseases as well.  
A previous study of Kurth et al (114) showed CNNM2 transcripts to be overexpressed in a 
subpopulation of tested diabetic patients, but among them only one showed hypomagnesaemia 
with a plasma Mg2+ concentration below 0.72 mM. The other patients did not exhibit any 
correlation between CNNM2 expression levels and plasma Mg2+ concentration. Therefore, it 
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seemed interesting to test the expression of CNNM2 and other MRGs in vitro in Jurkat and JVM-
13 cells, respectively T lymphocytes and lymphoblasts, after a severe Mg2+ starvation, because 
these cells are normally exposed to changes in [Mg2+] in blood. Respective data are 
controversial compared to the previous data obtained in leucocytes, as the present study clearly 
showed upregulation of CNNM2 upon Mg2+ starvation in both cell models. However, it might be 
that in vitro CNNM2 is upregulated in response to the intracellular Mg2+ deficiency or because of 
the existence of other diabetes-specific factors that may activate its overexpression. In vivo the 
correlation between CNNM2 levels and hypomagnesaemia may be missing because the body 
might activate other mechanisms to compensate for the magnesium deficiency. 
It has recently been proposed that magnesium concentrations are tightly regulated by the 
transporters but there are also some homeostatic factors which indirectly influence Mg2+ 
transport. The present data showed that the overexpression of I1 and I2 of CNNM2 does not 
influence Mg2+ transport and total magnesium and therefore it can be speculated that CNNM2 
may likely be the first magnesium homeostatic factor with no transport function.  
Many transporters associate in homo- or hetero-oligomeric complexes in order to be functional 
(138). The molecular characterization of CNNM2 in the present studies revealed that both 
variants form protein complexes of higher order which might represent the functional form of the 
protein.  
However, N-terminally tagged Strep-I1 and Strep-I2 have a different pattern of distribution, 
indeed I1 is mainly periplasmic/plasmalemmal while I2 is nuclear and perinuclear. It can be 
speculated that either the maturation and sorting of I1 and I2 in ER are different or that 
unprocessed I1 and I2 are targeted towards different compartments because of the missing 
exon 6 in I2 which might be crucial for the different localization and function of I1 and I2 in the 
cell. This data is in accordance with the split-ubiquitin results, which revealed a different 
spectrum of binding partners for the two variants. Indeed only 6 candidate interactors have been 
identified for I1, while the spectrum of potential interactors identified for I2 is much larger (around 
50 proteins). The only common interactor is spectrin β chain (Brain) 1 (SPTBN1; UniProt ID 
Q01082). SPTBN1 is an integral component of β-amyloid plaques in AD (139) which, interacting 
with CNNM2, can stabilize the protein in cellular membranes in a way similar to α-synuclein. 
Besides SPTBN1, other candidate interactors include PARK7/DJ1 for I1, PINK1, MPC1 and 
AMBRA1 for I2, which are all proteins associated with neurodegenerative disorders.  
The identification of PARK7/DJ1 (PD-associated protein) and SPTBN1 (relevant in AD) as 
possible interaction partners of CNNM2 strengthens the hypothesis that molecular components 
involved in the regulation of IMH are directly or indirectly implicated in the pathophysiology of 
many neurodegenerative diseases and that a balanced IMH is essential for the neuronal activity 
(140). Taking into account that numerous cellular functions are magnesium-dependent, it is 
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evident that any change in the IMH may influence key physiological pathways (141) like energy 
metabolism, nucleic acids and proteins synthesis, ion homeostasis, and consequently may play 
a role in oxidative stress (142) and others processes associated with neurodegeneration. 
Because the neurons are metabolically active cells and particularly prone to oxidative stress and 
mitochondrial dysfunction, they are the first cells being affected by an unbalanced IMH (143, 
144). Therefore a correct function of CNNM2 and consequently a balanced IMH are essential to 
prevent these processes.  
The newly identified CNNM2 interactors PARK7/DJ1 and PINK1 are crucial in the maintenance 
of mitochondrial homeostasis and the protection against cell death (145, 146). PARK7/DJ1 has 
been shown to positively regulate the transcription activity of AR (147) which plays an important 
role in the regulation of SLC41A1 activity (148, 149). Therefore it can be assumed that 
PARK7/DJ1 regulates the expression of the Na+/Mg2+ exchanger SLC41A1 and consequently it 
regulates the IMH via AR. If CNNM2 played a role in intracellular and/or extracellular Mg2+ 
sensing, then the hypothesis is justified that interaction of CNNM2 with PARK7/DJ-1 initiates the 
activation of AR, followed by AREs-mediated activation of SLC41A1 expression and increased 
Mg2+ efflux capacity of neurons. 
PINK1 represents a critical pathway in controlling mitophagy, a process of autophagic turnover, 
recycling/elimination of damaged mitochondria in order to maintain mitochondrial integrity. Loss-
of-function mutations in PINK1 cause mitochondrial dysfunction and are directly linked to PD 
(150-152). Assuming that CNNM2 is involved in Mg2+ sensing, it might detect a Mg2+ leak from 
damaged mitochondria and then interact with PINK1 and induce an upregulation of mitophagy. 
Finally, the suggested interaction CNNM2–AMBRA1 is highly probable because intronic variants 
of both AMBRA1 (rs11819869) (153) and CNNM2 (rs7914558) were shown to be schizophrenia-
related (111, 112). The involvement of both proteins in the pathology of schizophrenia further 
strengthens the hypothesis of an involvement of CNNM2 in the process of mitophagy. 
Mitophagy/autophagy is essential for neuronal function, as well as neuronal survival, and has 
recently been suggested to play a key role in the pathophysiology of schizophrenia (154, 155). 
The interactions between PARK7/DJ-1 and CNNM2 (I1) and likely between CNNM2 (I2) and 
PINK1, and CNNM2 (I2) and AMBRA1, suggest that both variants of CNNM2 are not exclusively 
integral to the cytoplasmic membrane but they are also localized in membranes of organelles 
like mitochondria or lysosomes. These interactions support the hypothesis that CNNM2 is 
involved in processes such as protection against oxidative stress and maintenance of the 
“healthy” mitochondrial homeostasis and IMH. CNNM2 would therefore be part of a cross-talk 
mechanism between these processes and/or regulate the function of other proteins which 
directly transport magnesium. However, further studies are necessary to clarify its mode of 
action in the cell and its role in the pathophysiology of neurodegenerative diseases.  
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In conclusion, SLC41A1 is the key player responsible for Mg2+ extrusion across the plasma 
membrane and its activity undergoes a hormonal regulation via insulin and androgen receptor. 
SLC41A3 is the mitochondrial transporter responsible for Mg2+ efflux from internal stores to the 
cytosol. Besides, CNNM2 acting as intracellular and/or extracellular Mg2+ sensor might be 
responsible for the activation of SLC41A1 and SLC41A3 and for a subsequent Mg2+ 
redistribution between mitochondria and cytoplasm and cytoplasm and extracellular fluids 
according to the needs.  
From the data collected in this thesis, it can be speculated that the three proteins function 
coordinately in order to maintain a balanced intracellular magnesium homeostasis which strictly 
depends on the magnesium influx/efflux across the plasma membrane and on the magnesium 
storage into the intracellular compartments. 
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SUMMARY 

It is well known that magnesium deficiency or altered IMH can trigger many pathophysiological 

conditions, thus a correct functioning of Mg2+ transporters and channels is essential for normal 

cellular physiology. Mutations in many MRG induce hypomagnesemia which often represents 

one of the complications of many human ailments. 

Based on previous data which have characterized SLC41A1 as a plasma membrane Na+/Mg2+ 

exchanger (4, 5) and as being overexpressed in preeclamptic women (6), the present thesis 

aimed at a further characterization of SLC41A1 and Mg2+ efflux in some pathophysiological 

conditions. It further aimed at the molecular characterization of two others MRGs, CNNM2 and 

SLC41A3, in order to achieve a better understanding of Mg2+ homeostasis and to link the 

mechanisms of Mg2+ mobilization across the plasma membrane or between intracellular 

compartments with mitochondrial dysfunction and disease states (e.g.: Parkinson’s disease 

(PD), diabetes, etc). 

Proceeding from previous results of Kolisek et al (4, 5), describing SLC41A1 as the major Mg2+ 

efflux system of the cell, the first study examined the complex-forming ability of SLC41A1 in vivo 

and identified EBP and other members of the SLC superfamily as potential binding partners. 

Further experiments evaluated the transport activity of the PD-associated SLC41A1 variant 

pA350V and defined it as a “gain-of-function” mutation enhancing Mg2+ efflux compared with the 

wild-type protein. A next question was whether SLC41A1 transport activity could be influenced 

and regulated by insulin in order to explain the molecular basis of hypomagnesaemia often 

observed in diabetes patients. The present study shows that insulin reduces the SLC41A1-

mediated Mg2+ efflux and, most importantly, it seems to have an effect on intracellular Mg2+ 

stores, since an earlier onset of Mg2+ release from intracellular stores was observed. 

In the second part of this thesis, experiments were conducted on stably transfected HEK293 

cells overexpressing SLC41A3 in order to uncover the function of SLC41A3 with regard to its 

ability to transport Mg2+, its mode of Mg2+ transport and its role in cellular Mg2+ homeostasis. To 

assess the role of SLC41A3 for cellular Mg2+ homeostasis and gain insight into the regulation of 

transport activity and/or membrane insertion, knowledge about the precise cellular localization 

and the identification of the binding partners are essential. The present data reveal a specific 

mitochondrial localization for SLC41A3 and its function as mitochondrial Mg2+ efflux system. 

They further suggest that the effect of insulin on intracellular Mg2+ stores is most likely mediated 

via SLC41A3. Given that mitochondria serve as intracellular Mg2+ stores, a mitochondrial 
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dysfunction might affect cellular Mg2+ homeostasis and this could be one reason for intracellular 

Mg2+ deficiency observed in diseases such as diabetes, PD and hypertension. 

The last part of the project focused on the physiological characterization of two isoforms of 

another Mg2+ responsive gene, CNNM2, because a mutation in this gene has been recently 

associated with severe familial hypomagnesaemia.   

A previous study showed that CNNM2 is overexpressed in diabetic patients (114) but its 

expression does not correlate with Mg2+ plasma levels. However, the present study shows an 

overexpression of CNNM2 in Jurkat and JVM-13 cells after Mg2+ starvation. The protein has an 

extensive localization in the cells, including the mitochondrial membrane, and its putative 

interactors include proteins involved in the regulation of mitochondrial homeostasis (mitophagy, 

clearance of ROS). A further question was whether the two isoforms (I1 and I2) of CNNM2 are 

able to transport Mg2+, but the data presented herein clearly indicate that CNNM2 transports 

Mg2+ neither in electrogenic nor in electroneutral mode in transgenic HEK293 cells 

overexpressing I1 or I2. This strongly suggests that CNNM2 might represent the first magnesium 

homeostatic factor without being a Mg2+ transporter per se. Instead CNNM2 can be postulated to 

sense the changes in extracellular and/or intracellular Mg2+ concentration and consequently 

activates other proteins responsible for Mg2+ mobilization in the cell.  

From these data a role of CNNM2 in intracellular Mg2+ homeostasis can be assessed and it can 

be speculated that the two SLC41 proteins act cooperatively with CNNM2-mediated Mg2+ 

sensing in controlling the cellular magnesium homeostasis. 
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SLC41A1, SLC41A3 und CNNM2: Magnesium-responsive Genes mit potentieller 
Beteiligung an humanen Krankheiten 

Es ist allgemein anerkannt, dass ein Magnesiummangel oder eine veränderte intrazelluläre 

Mg2+-Homöostase (IMH) viele pathophysiologische Zustände auslösen kann. Daher ist die 

einwandfreie Funktion von  Mg2+-Transportern und Mg2+-Kanälen für physiologische 

Zellfunktionen essenziell. Mutationen in Mg2+-regulierten Genen (MRG) können eine 

Hypomagnesiämie induzieren, die bei vielen Erkrankungen  zu Komplikationen führen kann. 

Basierend auf früheren Daten, die SLC41A1 als einen Na+/Mg2+-Austauscher in der 

Plasmamembran charakterisiert haben und als Gen, das bei Frauen mit Präeklampsie 

überexprimiert ist,  war das Ziel dieser Arbeit eine weitere Charakterisierung von SLC41A1 und 

des durch dieses Protein vermittelten Mg2+-Effluxes unter pathophysiologischen Zuständen. Ein 

weiteres Ziel dieser Arbeit war die funktionelle Charakterisierung der MRGs CNNM2 und 

SLC41A3 im Hinblick auf ihre Bedeutung für die intrazelluläre Mg2+-Homöostase. Insbesondere 

sollten mögliche Beziehungen zwischen den Mechanismen des Mg2+-Transportes über die 

Plasmamembran bzw. zwischen intrazellulären Kompartimenten mit mitochondrialer Dysfunktion 

und bestimmten Krankheitszuständen (z.B.: Morbus Parkinson, Diabetes, etc.) aufgedeckt 

werden.  

Ausgehend von früheren Ergebnissen von Kolisek et al., die SLC41A1 als den 

Hauptmechanismus für den Mg2+-Efflux aus der Zelle beschrieben hatten, untersuchte der erste 

Teil der Studie die Fähigkeit von SLC41A1 Proteinkomplexe zu bilden. Emopamil binding protein 

(EBP) und andere Vertreter der SLC Superfamilie wurden als potentielle Bindungspartner 

identifiziert. In weiteren Experimenten wurde die Transportaktivität der mit Morbus Parkinson 

assoziierten SLC41A1 Variante pA350V evaluiert und gezeigt, dass es sich um eine „gain-of-

function“ Mutation handelt, die im Vergleich zum Wildtyp-Protein einen erhöhten Mg2+-Efflux aus 

der Zelle bedingt.  

Anschließend wurde die Fragestellung untersucht, ob die Transportaktivität von SLC41A1 durch 

Insulin beeinflusst werden kann, da bei Diabetes-Patienten oft eine Hypomagnesiämie 

beobachtet wird. Die vorliegenden Ergebnisse zeigen, dass Insulin den SLC41A1-vermittelten 

Mg2+-Efflux reduziert und offensichtlich einen Effekt auf intrazelluläre Mg2+-Speicher hat, da ein 

früheres Einsetzen der Mg2+-Freisetzung aus intrazellulären Speichern beobachtet wurde.  
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Im zweiten Teil der Arbeit wurde eine stabil transfizierte, SLC41A3-überexprimierende HEK293 

Zelllinie verwendet, um die Fähigkeit dieses Proteins, Mg2+ zu transportieren, näher zu 

untersuchen und seine Rolle in der zelluläre Mg2+-Homöostase zu charakterisieren. Um die 

Regulation der Transportaktivität und die Rolle von SLC41A3 in der zelluläre Mg2+-Homöostase 

zu verstehen, war es notwendig die zelluläre Lokalisation und etwaige Bindungspartner zu 

identifizieren. Die vorliegenden Daten zeigen eine spezifische Lokalisation in den Mitochondrien 

und eine Funktion als mitochondriales Mg2+-Efflux System. Diese Ergebnisse legen nahe, dass 

der beobachtete Effekt von Insulin auf intrazelluläre Mg2+-Speicher wahrscheinlich durch 

SLC41A3 vermittelt wird. Vorausgesetzt, dass Mitochondrien als intrazelluläre Mg2+-Speicher 

fungieren, kann eine mitochondriale Dysfunktion auch die zelluläre Mg2+-Homöostase 

beeinflussen und ein Grund für die bei Krankheiten wie Diabetes, Morbus Parkinson oder 

Bluthochdruck beobachtete intrazelluläre Mg2+-Defizienz sein.  

Der letzte Teil der Arbeit konzentrierte sich auf die physiologische Charakterisierung zweier 

Isoformen des Mg2+-regulierten Gens CNNM2 (I1 und I2). Mutationen in diesem Gen sind mit 

schwerer, familiärer Hypomagnesiämie assoziiert. Eine vorangegangene Studie hatte gezeigt, 

dass CNNM2 in Diabetes-Patienten überexprimiert war, die Expression aber nicht mit den Mg2+-

Spiegel im Plasma korrelierte. In der vorliegenden Arbeit konnte aber eine Überexpression von 

CNNM2 in Jurkat und JVM-13 Zellen nach Mg2+-Depletion gezeigt werden. Das Protein war in 

der Zelle weit verbreitet, auch in Mitochondrien, und seine potentiellen Interaktionspartner 

umfassen Proteine, die an der Regulation der Mitochondrien-Homöostase (Mitophagie, 

Beseitigung reaktiver Sauerstoffspezies) beteiligt sind. Es wurde auch untersucht, ob die beiden 

CNNM2-Isoformen in der Lage sind, Mg2+ zu transportieren. Die hier präsentierten Daten zeigen 

eindeutig, dass in HEK293 Zellen, die CNNM2 überexprimieren, das Protein weder in 

elektrogener noch in elektroneutraler Weise Mg2+ transportiert.  Diese Ergebnisse legen nahe, 

dass CNNM2 der erste Mg2+-homöostatische Faktor ist, der selbst keine Transportaktivität 

besitzt. Das Protein scheint die extrazelluläre und/oder intrazelluläre Mg2+-Konzentration zu 

messen und darauffolgend andere Proteine, die für die Mg2+-Mobilisierung in der Zelle 

verantwortlich sind, zu aktivieren.  

Diese Daten charakterisieren CNNM2 als zentralen Faktor für die intrazelluläre Mg2+-
Homöostase und es kann angenommen werden, dass die beiden SLC41 Proteine kooperativ mit 
dem Mg2+-Sensor CNNM2 die zelluläre Mg2+-Homöostase regulieren. 
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