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Abstract:

 Proteoliposomes represent a suitable and up to date tool for studying membrane transporters which physiologically mediate absorption, excretion, trafficking and reabsorption of nutrients and metabolites. Using recently developed reconstitution strategies, transporters can be inserted in artificial bilayers with the same orientation as in the cell membranes and in the absence of other interfering molecular systems. These methodologies are very suitable for studying kinetic parameters and molecular mechanisms. After the first applications on mitochondrial transporters, in the last decade, proteoliposomes obtained with optimized methodologies have been used for studying plasma membrane transporters and defining their functional and kinetic properties and structure/function relationships. A lot of information has been obtained which has clarified and completed the knowledge on several transporters among which the OCTN sub-family members, transporters for neutral amino acid, B0AT1 and ASCT2, and others. Transporters can mediate absorption of substrate-like derivatives or drugs, improving their bioavailability or can interact with these compounds or other xenobiotics, leading to side/toxic effects. Therefore, proteoliposomes have recently been used for studying the interaction of some plasma membrane and mitochondrial transporters with toxic compounds, such as mercurials, H2O2 and some drugs. Several mechanisms have been defined and in some cases the amino acid residues responsible for the interaction have been identified. The data obtained indicate proteoliposomes as a novel and potentially important tool in drug discovery.
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1. Introduction

Membrane transport systems play pivotal roles in cell homeostasis. This is indirectly but definitely demonstrated by the occurrence of many human pathologies of various severity caused by defects of genes coding for transporters [1,2,3,4,5].

The functions of transport systems are at the basis of metabolite exchanges among cells and extracellular environment and, within a cell, among different sub-cellular compartments, allowing completion of compartmentalized biochemical pathways. It was previously believed that a large number of molecules could diffuse through membranes, but it is now established that transmembrane proteins are necessary for translocating virtually all the molecules with the exception of very few small compounds such as oxygen [6,7]. Transport systems are hydrophobic transmembrane proteins which can be classified using different criteria based on functional, molecular [8] or evolutionary [9] aspects.

A well established functional classification [10], which fits also some molecular aspects, groups transport systems in two main categories: channels and permeases (Figure 1). The first group is constituted by transmembrane proteins which mainly catalyze ion transport with turnover rates normally much higher than 1000 min−1. The driving force for transport derives from ion concentration gradients. The high transport rate of ions generates measurable currents which can be detected by electrophysiological methods. Important exceptions are aquaporins which do not generate currents [11]. Permeases catalyze transport of a huge number of different compounds with a turnover much lower than channels. Therefore, even in the case of ionic substrates, permeases normally do not generate currents of sufficient intensity to be measured by electrical devices. Thus, different methodologies have to be employed for their study. The most common one is the use of radioisotope labeled substrates. On the basis of the origin of the transport driving force, permeases are subdivided into primary and secondary active transporters (Figure 1). Primary active transporters contain ATPase domains (ABC, i.e., ATP Binding Cassette) or subunits which generate free energy from ATP hydrolysis coupled to the transport process. These transporters are also called “pumps” for their ability to drive transport of substrates against their concentration gradient. Secondary active transporters which constitute the largest group, can be classified in uniporters, symporters and antiporters. The driving force for this group of transporters is generated, respectively, by concentration gradients of the transported substrates, coupling to a co-transported ion such as Na+ or H+, or coupling to a countersubstrate which is transported in the opposite direction. In the case of ion-coupled transport, Δψ or ΔpH can also contribute to the driving force. For the reasons described above, the secondary active transporters are responsible for catalyzing the transmembrane translocation of most of the compounds which are necessary for the metabolic cell demands. In humans, indeed, many secondary transporters are involved in absorption of glucose [12] and other monomeric carbohydrates [13], amino acids [14,15,16], lipids [17] and a large variety of cofactors which are essential for metabolic purposes [18,19,20]. Then, transporters mediate the trafficking of specific metabolites through intracellular membranes of mitochondria [21], endoplasmic reticulum [22], or intracellular vesicles [23,24], excretion of catabolites and reabsorption of ions [25,26] and many endogenous compounds [27,28] at the kidney level.

Figure 1. Functional classification of membrane proteins. Channels are depicted in green and I(±) represents the translocated ion. S represents the transported substrate in both primary and secondary active transporters. ATP hydrolysis for primary active transporters is highlighted. Transport mechanisms of secondary active transporters are described (uniport, symport and antiport). In the symport scheme, X+ indicates a generic cation and its concentration difference drives the transport. In the antiport scheme, S’ indicates the countersubstrate driving the vectorial reaction.
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The existence of a very large number of different transport proteins has been confirmed by genome wide sequencing which revealed that genes coding for these proteins are much more numerous than earlier predicted. More than 400 genes coding for secondary active transporters have been annotated in H. sapiens [10,29] so far. In addition, channels and ABC transporters are required for neurotransmission, maintenance of electrochemical ion gradients, active extrusion of xenobiotics. The number of mature transport proteins in the different tissues and cells may be much higher than coding genes, due to alternative splicing events (see Section 3). Secondary active transporters have been classified as SLC (SoLute Carriers) with additional alphanumerical codes indicating the sub-family and the specific transporter. Many of these genes have been cloned and the gene products have been identified in human or animal tissues and functionally characterized. No structure of human secondary active transporter has been resolved so far [8,30,31]. In the recent years it has been widely shown that many of these transporters are involved in interactions with xenobiotics among which drugs and toxic compounds, such as heavy metals [32,33,34,35,36,37,38,39]. In this respect, transporters can be involved in absorption and hence in drug delivery or, upon off-target interactions [40], transporters can also be responsible for side effects of drugs [41,42,43]. In addition to the described physiological and pathophysiological roles, it has been revealed that the expression of many transport systems is altered in cancer cells to accomplish their specific metabolic needs. These findings have important outcomes in human health since the altered proteins represent potential pharmacological targets [36,44,45,46,47,48,49]. For all these reasons, the International Transporter Consortium compiled a series of recommendations and draft guidance documents on interactions of transporters with drugs [39]. The challenges of transporter studies in designing new pharmacological compounds and in testing safety of widely diffused drugs and other xenobiotics have been recently highlighted [50,51]. Among the recommendations, a major task consists in the development of tools for studying the function of transport systems and defining their interaction with xenobiotics. FDA recently recommended considering membrane transporters in drug design and identification of side effect targets. In particular, FDA recommends identification of the principal routes of elimination, quantifying the contribution to drug disposition not only by enzymes but also by transporters which can have important effects on pharmacokinetics and drug exposure. Indeed, differently from enzymes, which are largely concentrated in the liver and intestine, transporters are present with varying abundance in all tissues playing, therefore, more general roles in drug absorption, distribution and elimination [52,53,54].



2. Experimental Tools for Studying Transport

Due to their hydrophobic nature, the physiological and biochemical knowledge of transport proteins had a large delay with respect to that of soluble enzymes. After 1970, some pioneer studies on transporters started.


2.1. Intact Cell Systems

To assay transport functions, the flux of labeled compounds through native membranes was followed in cell systems [55] or isolated organelles, such as mitochondria [56] or microsomes [57], derived from endoplasmic reticulum. Intact cell models are still widely used as tools for studying the properties of transport systems. A section of the FDA Guidance related to “In Vitro Transporter Studies”, proposes the use of Caco-2 cells or cell lines over-expressing specific transporters, as the preferred method for evaluating drug-transporter interactions before experimentation in animals or humans [39,58]. The most common systems are intact cells expressing endogenous transporters or specific cell lines over-expressing homologous or heterologous transporters. The first one has the advantage of containing native functional transporters and also interactors or accessory proteins which, in some cases, contribute to or regulate their function. The transient or stable over-expressing systems, such as X. laevis oocytes or tumor cell lines have, on the other hand, the advantage of increasing the amount of the protein of interest. In such a way the activity of the expressed protein overcomes that of the endogenous ones, leading to a better resolution of the transport activity. The described intact cell experimental systems allowed identification and functional classification of a large number of transport systems from plasma and intracellular membranes. However, the complexity of both experimental models hampers the characterization of the transporters at the kinetic and molecular levels and gives rise to several interferences caused by the presence of many similar or different transporters in the same membrane and by the intracellular enzyme pathways that can readily metabolize the substrates used for measuring the transport activity. Moreover intact cells do not allow free access to the intracellular compartment and, hence, to the internal site of the transport protein. The use of inhibitors is essential to discriminate the transport catalyzed by a specific transporter from that catalyzed by other similar transporters in intact cells. However, it can never be excluded that inhibitors may interact with the other transporters, as well. This, for example occurs in the case of amino acid transporters, which are redundant in mammalian cells and show overlapping specificities for several amino acids and inhibitors. All these interferences hamper the study of transport kinetics. Therefore, due to the described limitations, many aspects of the structure, function and regulation of the transporters are still controversial or unknown.



2.2. Proteoliposomes

To improve the knowledge of transporters, alternative strategies for assaying transport have been developed since the beginning. But, only more recently these strategies have been implemented and optimized following the evolution of methodologies of handling hydrophobic proteins. This led to an exponential increase of the studies on transporters with a huge number of published papers. In the last decade, suitable heterologous expression systems for membrane proteins have been pointed out and several transporters have been produced and purified in large scale [21,30,59]. These pure proteins are suitable for both functional and structural studies. However, no structures of human transporters are, so far, available except those of some channels and ABC transporters [60,61,62,63]. On the contrary, the functional studies have been better implemented using proteoliposomes as an experimental model to define function, kinetics and regulation of purified transporters.

Liposomes were initially produced for encapsulating and delivering enzymes [64] or pharmaceutical compounds [65,66,67]. Liposomes with transport proteins embedded into the membrane bilayer (proteoliposomes) have been then used as a tool for studying membrane transporters in an isolated environment [68,69,70].


Methods of Proteoliposome Preparation

One of the first methods for preparing proteoliposomes was based on sonication of phospholipid mixtures with transport proteins extracted from biological samples [68,70]. Soon after, the freeze-thaw-sonication procedure was pointed out, which consists of freezing mixtures containing liposomes and transport proteins solubilized in non-ionic detergents and then in slowly thawing these samples (Figure 2A). After freezing, liposomes are broken due to ice formation and, during the slow thawing, the proteins insert into the phospholipid bilayer. Mild sonication of the formed proteoliposomes reduces the leakage of the vesicles and the presence of multilamellar structures [69,71]. This procedure has been used for long time and over the years it has been optimized for mitochondrial transporters [72]. The main disadvantage of this methodology for proteoliposome preparation is the presence of detergent, even though in small amounts, which is necessary for solubilizing the hydrophobic transport proteins. The residual detergent can cause leakage of the membrane and the insertion of the transport proteins in the phospholipid bilayer in a random orientation, i.e., not reproducing the orientation in the native cell membrane.

Figure 2. Sketch of methodologies for proteoliposome preparation. (A) the four steps of freeze-thaw sonication: (1) mixture of preformed liposome with protein and detergent; (2) freezing of the mixture in liquid N2 with consequent rupture of vesicle membranes; (3) slow thawing at 0 °C causing the insertion of the protein, solubilized in detergent, into the membrane; (4) mild sonication step (low energy in pulse mode) which facilitates the sealing of proteoliposomes; (B) cyclic chromatography on column: mixed micelles of detergent, phospholipids and protein are shown; detergents and phospholipids are represented by an orange hydrophilic head and one or two carbon chains, respectively. The reconstitution mixture is passed through a column containing hydrophobic resin (Bio-Beads), for 10–20 times. This led to detergent removal with formation of liposomes containing the protein into the membrane bilayer (proteoliposomes).
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A more suitable methodology for liposome formation consists in starting from a mixture of protein, detergent and phospholipids from which the detergent is removed by hydrophobic resins or, in few cases, by dialysis. Two main procedures have been conceived for removing the detergent using hydrophobic resins: the cyclic chromatography on column and the batch-wise procedure. The first was conceived by Ueno et al. in 1984 [73], then modified [74] for reconstituting the ADP/ATP and glutamate/aspartate mitochondrial transporters and later optimized for other mitochondrial transporters [75]. This methodology is based on repeated chromatography of the reconstitution mixture on the same hydrophobic column for 10–20 cycles, up to the nearly complete removal of the detergent (Figure 2B). In the case of the batch-wise procedure the mixture of protein, detergent and phospholipids is incubated with the hydrophobic resin, instead of passing through column, for a time sufficient for removing virtually all the detergent [76,77,78]. An important improvement in the detergent removal procedure with respect to the freeze-thaw-sonication is given by the absence of detergents. Under this condition the proteoliposomes are more sealed, unilamellar and, hence, virtually impermeable to hydrophilic compounds. An additional very important outcome of the detergent removal method consists in the insertion of the protein in an unidirectional orientation, which in most cases, luckily corresponds to that of the transporter in the native membrane [79], i.e., the extracellular side of the transporter is outwardly oriented also in the artificial membrane (right-side-out orientation). This is due to the feature of the starting micelles which have a relatively small radius, i.e., of the same order of magnitude of the protein size. This property forces the asymmetric protein, to insert into the micelles with the tight side inwardly directed. After removal of the detergent, virtually all the protein molecules will remain into the phospholipid bilayer with the same orientation (Figure 2B). The experimental system of proteoliposome, carrying functional proteins rightly inserted into the phospholipid membrane, is a very suitable tool to obtain functional information. A modification of the described procedure was introduced, which, in some cases, led to an improvement of the protein insertion into the phospholipid bilayer [80]. The main variations consisted in preparing unilamellar liposomes by reverse phase evaporation, and destabilizing the liposomes by detergent up to their complete solubilization, before removing the detergent by BioBeads. This strategy gave the additional advantage of monitoring the efficiency of proteoliposome formation.





3. Transporter Function in Proteoliposomes


3.1. Using the Freeze-Thaw-Sonication Method

After the work by Kasahara and colleague [69] on the reconstitution of the human D-glucose transporter purified from ghost erythrocytes, several pioneering studies were performed on mitochondrial transporters (carriers) which, for their smaller size, are easier to handle than plasma membrane transporters. The mitochondrial ADP/ATP carrier has been characterized clarifying several aspects of the transport, among which the electrogenic nature of the ADP/ATP antiport reaction. The same procedure was also used for assaying the phosphate and citrate carriers, which have been well characterized in this system [81,82,83]. The freeze thaw-sonication procedure, with some modifications and optimization, has been more recently used for studying some human plasma membrane transporters obtained by recombinant expression in various hosts [84,85,86]. In the case of the nucleoside transporter hENT1 the liposome reconstitution combined with site directed mutagenesis, allowed to establish that N-glycosylation is not essential for transport function [84]. Important information were also derived from reconstitution studies on the function of the human sodium dependent glucose transporter, hSGLT1; the calculated kinetic parameters mirrored, indeed, those measured in cell systems confirming the suitability of proteoliposomes. In this system it was possible to assay the effect of cholesterol that could not be studied in intact cells. It was found that the lipid stimulated glucose transport, but was not essential for the activity of hSGLT1. Also in this case it was assessed that N-glycosylation does not play any role in the transport function but, probably, in the trafficking of the transport protein towards the plasma membrane [85]. These findings correlated well with a similar conclusion drawn by different experimental approaches for another plasma membrane transporter, the OCTN2 [87]. hMATE2, the isoform 2 of the human transporter for Multidrug And Toxic compound Extrusion was also studied using proteoliposomes obtained by a modification of the freeze-thaw procedure, adding a dilution step. This method allowed the specific characterization of this transporter together with the shorter splice variant hMATE2K showing that in renal tubules these proteins are involved in pH dependent organic cation transport [86]. An important example of liposome reconstitution by freeze-thaw-sonication procedure is represented by three members of SLC22 family, the organic cation transporters OCT1 and OCT2 and the anion transporter OAT1. These transporters are involved in elimination and distribution of drugs, toxins end endogenous compounds. The rat isoforms of these transporters were over-expressed in an E. coli derived cell-free system, then purified and reconstituted in liposomes. Using this methodology, the Km values of OCT1 and OCT2 for their substrate, 1-methyl-4-phenylpyridinium, have been assessed. The inhibition by many organic cations has been described as well as the electrogenicity of transport and the substantial irrelevance of N-glycosylation. On the other hand it has been shown that OAT transports p-aminohippuric acid by electroneutral exchange with ketoglutaric acid [88].



3.2. Using the Detergent-Removal Method

After its development, this method has been widely used, since it allows more reproducible experimental conditions, as above described. Several mitochondrial transporters were reconstituted and functionally studied as extensively reviewed [21,75,83]. The methodology of detergent removal, after appropriate modification, was then applied to plasma membrane transporters. These transport proteins are larger than the mitochondrial ones and contain in most cases, hydrophilic strands of more than one hundred amino acids, which hamper their refolding. In the last years some successful reconstitutions of rat plasma membrane transporters extracted from animal tissues were obtained [89,90]. The carnitine transporter of plasma membrane (OCTN2) extracted from rat kidney was firstly reconstituted in proteoliposomes [89]. The pointed out tool allowed the characterization of function and kinetics of the transporter which have been recently reviewed [30,59]. This transporter mediates a Na+-dependent antiport of carnitine with itself or with carnitine derivatives, which represents an exception to the standard classification (Figure 1), since an antiport is coupled to a symport mechanism. Soon after, some amino acid transporters were investigated using proteoliposomes. The neutral amino acid transporters ASCT2 and B0AT1 were firstly extracted from rat kidney and reconstituted in proteoliposomes. Some functional properties in proteoliposomes, which were found to be very similar to those previously described in intact cells, indicated the correspondence of the reconstituted transporter with the ASCT2 and B0AT1 transporters identified in cell systems [90,91]. However, due to the unique features of the proteoliposome tool, novel functional properties were revealed. ASCT2, which was originally named for its ability to transport Alanine, Serine, Cysteine, was shown to transport also glutamine, besides other neutral amino acids by a Na+-dependent antiport mode of transport, which represents a further exception to the classification of Figure 1. Glutamine was shown to be transported bi-directionally in line with the specific localization of ASCT2 in the renal epithelium where it may regulate glutamine and other neutral amino acids reabsorption. The use of proteoliposomes, moreover, shed new light on the regulation of transport mediated by ASCT2 revealing activation by ATP and the importance of some Cys specifically targeted by thiol reagents [90]. The mechanism of the unusual ter-reactant reaction taking place among internal glutamine, external glutamine and external Na+ was investigated. In this kind of experiments a pseudo-bi-reactant analysis was performed varying the concentrations of two of the three substrates, keeping constant the third one. After this complex kinetic analysis, the transport mediated by ASCT2 resulted to follow a random simultaneous mechanism, implying the formation of a ternary complex without preferential order for substrates binding and transport. In this scenario the transporter might have one internal and two external sites for substrates [92]. This aspect has been further exploited in order to evaluate specific xenobiotic-transporter interactions (see Section 4).

The B0AT1 transporter extracted from rat kidney was characterized in proteoliposomes. Differently from ASCT2 this transport system catalyzes a Na+-glutamine co-transport (symport). Also in this case, novel functional features were highlighted by the proteoliposome studies. The transporter is stimulated by intraliposomal (corresponding to intracellular) K+, which is not transported but acts as a modulator. It was also demonstrated that the transporter is strictly dependent on membrane potential, artificially generated in proteoliposomes as K+ diffusion potential in the presence of the ionophore valinomycin. In analogy with the ASCT2 transporter, also B0AT1 was reactive towards thiol reagents owing to the presence of exposed Cys residues [91]. Also in the case of B0AT1, experiments aimed to clarify the transport mechanism have been performed. The bi-substrate kinetic analysis conducted in proteoliposomes showed a simultaneous random mechanism [93]. This finding shed definitive light on this aspect clarifying the discrepancies previously arisen from the studies performed in cell systems. Furthermore it has been clarified that collectrin and ACE2, known as modulators of amino acid fluxes, are not involved in the intrinsic transport function of B0AT1 suggesting roles as potential regulators of the transporter expression. An important achievement in the study of membrane transporters is the over-expression and purification, which allow handling of human transporters. An example is the human ammonium transporter RhCG which was reconstituted using a detergent removal procedure based on incubation of the protein/phospholipid/detergent mixture with Bio-Beads upon expression in HEK293 cell lines and purification. The reconstituted system allowed us to clarify that RhCG is an ammonium transporter and that it does not require additional proteins for its function [94]. Large scale production of recombinant mammalian transporters, have been obtained in E. coli or P. pastoris after optimization of the expression procedures. These strategies allow in some cases the reconstitution of human transporters [78,95,96]. The recombinant Organic Cation Transporter Novel 1 (OCTN1, SLC22A4) has been reconstituted in liposomes. Relationships of the function of this transporter with human pathology have been recently reviewed [59]. The link relies essentially on the capacity of the transporter to mediate efflux of acetylcholine, as revealed in proteoliposomes, which can play an important role in non-nervous tissue [97]. It was further revealed, that the variant hOCTN1-L503F associated to the Crohn’s disease, showed impaired acetylcholine efflux activity [98], opening the way to further inhibition kinetic analysis and structure-function relationship studies with perspectives in drug discovery and design [59]. Another member of OCTN subfamily which has been identified only in mouse, the mOCTN3 (SLC22A21), over-expressed in E. coli, has been functionally characterized in proteoliposomes [95]. More recently, the human isoform of the glutamine transporter ASCT2, over-expressed in P. pastoris has been reconstituted in liposomes and functionally characterized. Noteworthy, in spite of the high sequence homology between the human and the rat ASCT2 proteins, important differences have been revealed. As an example, hASCT2 is insensitive to ATP. The most interesting finding revealed in proteoliposome is the side-specificity for different amino acids. While glutamine, serine, asparagine and threonine are bi-directionally transported, cysteine, alanine, valine and methionine are specifically inwardly translocated. This functional asymmetry is important for maintaining amino acid homeostasis under physiological conditions. Since this transporter is over-expressed in cancer cells [47], ASCT2 will also represent a potential pharmacological target for cancer therapy (see Section 4). An application of the destabilized liposome strategy [80] has been very recently shown for the MexAB pump from P. aeruginosa, able to mediate drug efflux [99]. In this work the efflux pump, a complex of MexA and MexB, has been co-reconstituted in liposomes with bacteriorhodopsin (BR), a light activated pump. The BR, upon illumination, induces the formation of a proton gradient across the proteoliposome membrane which furnishes the driving force for the MexAB drug efflux activity. This working strategy allowed us to explain, at molecular level, the mechanism of drug extrusion, shedding light on the drug resistance described for several pathogens [99].

Modified methodologies for reconstituting transporters were employed in some cases as for the rat GLT-1 glutamate transporter and for the rat vesicular monoamine transporter VMAT2, which were reconstituted using a procedure mainly based on dialysis [100,101]. This approach is relatively simple and low cost, but its use on large scale is hampered by the poor reproducibility, the duration of the experiments (dialysis can last more than 2 days) and the possible retention of molecules on the dialysis membrane [80].




4. Using Proteoliposomes for Revealing Xenobiotic-Transporter Interaction Mechanisms

The interaction of xenobiotic compounds with a transport system can be considered of interest if the constants, IC50 or Ki, are equal or lower than their concentration in plasma or in cells following absorption, or administration in case of drugs. In some instances the maximal IC50 threshold for considering the interaction of a compound with a protein target has been fixed at 30 µM or lower [32,40]. However, higher constants may be considered in those circumstances in which pharmacological compounds are administered at much higher doses, as in the case of many antibiotics (see Table 1). When the IC50 for the interaction with xenobiotics is sufficiently low, the physiological functions underlined by the transporter, will be altered. This phenomenon can be described in terms of general alterations of transport and of cell functions by studies in intact cell systems. However, for a description of the mechanism of the interaction at the molecular level, proteoliposomes are much more suitable. Indeed, extensive kinetic and molecular analyses of the transporter-xenobiotic interaction can be performed obtaining information on the constants, the type of interaction (competitive, non competitive or mixed inhibition) and, in some cases, the molecular and structural determinants. Information on the involvement of amino acid residues could be obtained if the structure of the transporter is available. For human transporters these types of molecular information can be currently derived only by homology modeling combined with the use of specific chemical labeling. Moreover, when the transporter is available as a recombinant protein, site-directed mutagenesis can be performed to identify the specific amino acid residues responsible for the interaction. A work plan resuming the investigation steps for studying the transporter-xenobiotic interactions is shown in Figure 3. Transporters which interact with exogenous compounds, can be divided into two target groups on the basis of localization in the cell: first level targets, including the transporters localized on the plasma membrane; second level targets, including the transporters localized in subcellular membranes, such as mitochondria or endoplasmic reticulum. In this section recent studies on the interaction of xenobiotic compounds with first and second level targets, performed in proteoliposomes, are reviewed. According to the work plan of Figure 3, toxic compounds such as heavy metal cations or H2O2 and commonly used drugs or newly synthesized compounds have been tested. Very interestingly, most of the interacting compounds share a common property, i.e., the reactivity towards thiol groups of Cys residues.

Figure 3. Work plan for xenobiotic-transporter interaction studies in proteoliposomes. When the tested molecule has an effect on transport activity, the dose response experiments are performed with IC50 measurement. For those compounds showing an IC50 lower than 30 μM the analysis goes forward allowing kinetic parameters evaluation. Inhibition mechanism, competitive (comp) or non competitive (non comp) is deduced and Ki are calculated. Bioinformatics can help in obtaining homology structural models further validated by site-directed mutagenesis (when recombinant protein is available) and/or by chemical targeting of specific amino acid residues. This methodology, together with the inhibition analysis, concurs to the determination of the molecular mechanisms.



[image: Pharmaceutics 05 00472 g003 1024]






Table 1. IC50 values and half saturation constants of the reconstituted mitochondrial transporters Carnitine/Acyl-Carnitine Transporter (CACT) and Ornithine/Citrulline Transporter (ORCT).



	
Molecules

	
CACT

	
ORCT

	
References




	
IC50

	
Ki

	
IC50

	
Ki






	
HgCl2

	
0.03

	

	
1.4

	

	
[102,103]




	
Mersalyl

	
0.05

	

	
1.1

	

	
[102,103]




	
p-OHMB

	

	

	
0.59

	

	
[102]




	
p-CMBS

	

	

	
0.61

	

	
[102]




	
Cu2+

	

	

	
0.71

	

	
[104]




	
Zn2+

	

	

	
40

	

	
[104]




	
Cd2+

	

	

	
24

	

	
[104]




	
Pb2+

	

	

	
50

	

	
[104]




	
Co2+

	

	

	
210

	
94

	
[104]




	
Mn2+

	

	

	
350

	
420

	
[104]




	
Ni2+

	

	

	
83

	
53

	
[104]




	
H2O2

	
170

	
710

	

	

	
[105]




	
Cefonicid (*)

	
6800

	
4900

	

	

	
[106]




	
Cefonicid (**)

	
120

	

	

	

	
[106]




	
Ampicillin

	
7600

	
9900

	

	

	
[106]




	
Mildronate

	
560

	
530

	

	

	
[107]






IC50 and Ki values are reported as µM; (*) covalent interaction (**) non covalent interaction; IC50 and Ki values were measured in proteoliposomes after the reconstitution procedure.









4.1. First Level Targets: Plasma Membrane Transporters


4.1.1. The Glutamine/Neutral Amino Acid Transporters B0AT1 and ASCT2

The glutamine/neutral amino acid transporters B0AT1 and ASCT2 extracted from rat kidney and reconstituted in proteoliposomes have been found to be sensitive to mercurial compounds and some other heavy metal cations. HgCl2 and methyl-Hg were very effective in inhibiting the transport function of the two transporters. The compounds represent the main inorganic and organic forms of mercury, respectively, which contaminate the environment as byproducts of industries [108]. Mersalyl has been also tested since this compound is a hydrophilic mercury prototype, whose properties are well known being useful for comparison with the toxic compounds [109]. In the case of ASCT2, also Cu2+ which is known for its toxicity, exerts effects blocking the transporter function [110] (Table 2), while other heavy metals had slight or no effects on the amino acid transporters. The basis for the interaction of mercurials and Cu2+ consists in the known reactivity of these compounds towards thiol groups, which are present as Cys residues in the transporters. Very interestingly, the Cys residues in higher eukaryotic transport systems are more numerous than in transporters, and generally in proteins, of lower living organism [111]. This feature makes the mammalian transporters more sensitive to toxicity by heavy metals as in the described cases. The presence of Cys residues, that can be easily deduced from the transporter sequence, is the prerequisite for testing such type of compounds. Interestingly both the transporters contain a CXXC motif which is typical of metal binding sites in proteins. B0AT1 contains, in addition, a CXXXC motif which has been described previously as target of metals such as Cu2+, Pb2+, Hg2+, Cd2+ and Zn2+ [104,112]. However, only Hg2+ and, on ASCT2, Cu2+ exerted effects on these transporters, indicating that the interaction is strongly influenced by amino acid residues surrounding the target Cys, which are obviously very different in the two transporters. Another important requisite is that one or more Cys residues should be located in a site of the protein structure which is reachable by the reagents added to the extraliposomal (extracellular) compartment. The investigated transporters possess both the requisites, since the mercurials exerted effects on the function of both of them [91,93,110] at reasonably low concentrations. According to the working plan of Figure 3, additional analyses have been performed. The dose-response studies revealed that the mercury compounds are potent inhibitors of the two transporters (Table 2). In particular, both transporters had a lower affinity for mersalyl respect to the other mercurials. In general, ASCT2 revealed a lower affinity for all mercurials respect to B0AT1. As a proof of the interaction of the mercury compounds with thiol groups, the reducing agent DTE was tested for its capacity to reverse the inhibition (binding). The positive response to this test, confirmed the covalent reactions of the mercurials with the thiol group of Cys residue(s). More interestingly, endogenous and/or exogenous non toxic antioxidants such as L-cysteine and NAC also reversed the inhibition. Some differences in the effect of the antioxidants were found between the two transporters: the inhibition by mercurials was fully reversed in the case of ASCT2 but not in the case of B0AT1. This may correlate with the affinity of the B0AT1 for the mercury compounds (Table 2), which renders the reverse of the covalent bond more difficult. The scavenger ability of the antioxidants might be of interest for potential use in mercury detoxification. According to the working plan of Figure 3, additional information on the mechanisms was obtained by kinetic analysis of the inhibition. In all cases a non-competitive mechanism of inhibition was found both on glutamine and Na+ transport. However, in case of non competitive inhibition given by covalent bonds, as in the case of these reagents, it cannot be excluded that the reagents interact with residues located in the substrate binding site, therefore, further analyses are required. An efficient experimental trick to clarify this point is the test of substrate protection, i.e., the effect of the presence of substrate on the inhibition. If the substrate prevents the inhibition, then the Cys responsible for the interaction is located close to the substrate binding site; if, on the contrary, the substrate has no effect on the inhibition, then the location of the Cys residue is confirmed to be far from the substrate binding site [110]. In both cases, the absence of protection confirmed that the Cys residues responsible for the inhibition are located far from the substrate binding site. However, in the case of B0AT1, protection towards the prototypal reagent mersalyl was found, indicating the presence of an additional site of interaction with mercurials, close to the substrate binding site, to which only mersalyl could bind. The results fit very well with the homology structural models of B0AT1 and ASCT2, built respectively on the templates LeuT and GltPh [93,110]. Indeed, the CXXC motifs are located far from the hypothetical substrate binding site in agreement with the non competitive inhibition. The second motif CXXXC of B0AT1, in agreement with the data on mersalyl, is located close to the substrate binding site [91,93].


Table 2. IC50 values and half saturation constants of the reconstituted plasma membrane transporters ASCT2, Alanine, Serine, Cysteine, Transporter 2 (ASCT2), Broad specificity Amino acid Transporter 1 (B0AT1) and Organic Cation Transporter Novel 2 (OCTN2).



	
Molecules

	
ASCT2

	
B0AT1

	
OCTN2

	
References




	
IC50

	
Ki

	
IC50

	
Ki

	
IC50

	
Ki






	
HgCl2

	
1.4

	
0.85

	
0.42

	

	
2.5

	
4.2

	
[93,110,113]




	
MethylHg

	
2.4

	
1.1

	
0.89

	
0.33

	
7.4

	
13

	
[93,110,113]




	
Mersalyl

	
3.1

	
3.3

	
2

	

	

	

	
[91,110]




	
Cu2+

	
20

	

	

	

	

	

	
[110]




	
1,2,3,-dithiazoles

	
3–30

	

	

	

	

	

	
[49]




	
Omeprazole (*)

	

	

	

	

	
5.7

	
5.2

	
[114]




	
Omeprazole (**)

	

	

	

	

	
20.4

	
14.6

	
[114]






IC50 and Ki values are reported as µM; (*) covalent interaction (**) non covalent interaction; IC50 and Ki values were measured in proteoliposomes after the reconstitution procedure.






An important finding concerning the ASCT2 transporter is its up-regulation in several tumors. These cells use carbon atoms of glutamine and glucose as energy fuel instead of lipids. The altered expression profile of this protein was postulated to be important in tumor cells for net import of high amounts of glutamine for energy purposes, thus being a potential target for antitumor therapy. In this respect, proteoliposome studies gave important information on the actual role of ASCT2 in tumors. Indeed, as it was described for the rat transporter [90] and very recently for the human one [96], ASCT2 catalyzes an asymmetric antiport of amino acids. Thus the transporter cannot mediate net uptake of glutamine, but can only take up the amino acid in exchange with other smaller amino acids such as serine which has a lower free energy content. The rat ASCT2 in proteoliposomes was assayed for inhibition by 1,2,3-dithiazoles, which interact with thiol groups as potential antitumor agents [49]. Interestingly, some of these compounds are potent inhibitors of ASCT2. As for the mercury reagents, the DTE test demonstrated that also in this case the interaction is mediated by thiol groups of Cys. Since few months proteoliposomes with the human ASCT2 transporter are available for testing similar compounds on the human transporter.



4.1.2. The Carnitine Transporter OCTN2

Organic cation transporters constitute a large group of transporters which are involved in interactions with drugs. Some of these transport systems, such as OCT1 and OCT2 [115] do not play specific physiological functions but have been found to be involved in the transport of several drugs thus, being important for drug delivery. The Package Inserts (PIs) of recently approved molecules, indeed, mention these proteins [54]. The SLC22A family, besides OCTs and OATs, comprises another sub-family which, differently from the OCTs, has important functions for cell homeostasis. This aspect has been extensively dealt with in a number of reviews [42,59] suggesting that these transporters are potential target of xenobiotics and some drugs. In this scenario, proteoliposomes revealed as a powerful tool to specifically investigate reaction mechanisms underlining OCTN interactions with environmental pollutant, drugs as well as substrate derivatives.

The homology structural models for these proteins are not available, since no bacterial counterparts have been crystallized so far. A model has been put forward for OCTN1, which however lacks the 142 amino acid large extracellular loop, thus being unsuitable for molecular interaction analysis [116]. The only available tool for molecular prediction in this case is the hydropathy profile of OCTN subfamily members, which shows that these proteins share some sequence features, such as the presence of seven Cys residues [30,59]. According to this model, four Cys residues are exposed towards the extracellular side of the transporter; whereas the others are located in the transmembrane segments. This topology suggests that SH groups are likely to be targeted by exogenous/endogenous compounds. In order to evaluate the importance of SH groups in the interactions with xenobiotics the best-known member of OCTN subfamily, OCTN2 has been used as model. Using the proteoliposome experimental model [89], the interaction of rat OCTN2 with mercurial agents HgCl2 and methyl-Hg has been assessed. The studies demonstrated that these toxic environmental pollutants, as for the glutamine transporters ASCT2 and B0AT1, strongly inhibited the carnitine transport mediated by OCTN2 by interaction with Cys thiols. Interestingly, the mechanisms observed quite well overlapped those found for the amino acid transporters. Inhibition indeed, was reversed by DTE as well as by L-cysteine, and NAC even though at different extent. From kinetic analysis the IC50 and Ki for HgCl2, and methyl-Hg were calculated to be in the micromolar range (Table 2), with a non competitive and mixed mechanism of inhibition, respectively. Similarly to the interaction between B0AT1 and mersalyl, the presence of the physiological substrate, i.e., carnitine, prevented the inhibition caused by both HgCl2 and methyl-Hg indicating that the deputed thiol groups are located in the active site of the transporter. Differently from the amino acid transporters the tested mercurials agents could be also transported by OCTN2 specifically in antiport with intraliposomal carnitine [113]. Besides pollutants, many drugs have been tested on OCTN2, among which omeprazole exerted an effect on the transporter which was compatible with the work plan of Figure 3. Omeprazole is largely employed as proton pump inhibitor; its molecular mechanism has been well described [117] and is based on mixed disulfides formation with Cys residues exposed in the gastric lumen. Given this chemical property, omeprazole has been added to the external compartment of proteoliposomes prepared with functional OCTN2 extracted from rat kidney; in this experimental setting omeprazole revealed to be able in strongly reducing carnitine transport [114]. Differently from the interaction with mercurials, the inhibition exerted by omeprazole was only partially reversed by DTE. From kinetic analysis it was revealed that omeprazole interacts with OCTN2 with an additional competitive (non-covalent) mechanism (Table 2). The non-covalent interaction occurring with the active site of the transporter is explained on the light of the structural features of omeprazole that satisfy the minimal requirements of a molecule to be a potential interactor, of OCTN2 [89,114]. An intriguing finding was that the presence of the physiological substrate carnitine, did not protect but stimulated the inhibition. This is explained by the occurrence of conformational changes in the OCTN2 active site which could render the transporter more prone to reaction with omeprazole. The results obtained with mercurials and omeprazole can have important outcomes both in basic and in applied research. The side effects of omeprazole mimic, in a milder form, the clinical manifestations of primary carnitine deficiency, a genetic disease caused by mutations in the gene coding for OCTN2; at the same time the toxicity exerted by mercurials can be explained as alteration of cell homeostasis due to impaired transport of nutrients and cofactors or to altered redox sensing function of OCTN2. The described observations are confirmed by the fact that plasmatic concentration of omeprazole and mercurials is in the range of the measured Ki values (Table 2).

The plasma membrane transporter OCTN2 in proteoliposomes allowed also the evaluation of the interaction with carnitine derivatives, aimed to find molecules that can be easily absorbed by means of the transporter function. In this scenario the attention has been focused on NO-donor drugs since diffuse and severe pathologies, such as ischemia, respond to NO. The availability of NO-donor drugs can improve NO bioavailability. With this aim some carnitine nitro-derivatives molecules were designed and the capacity of OCTN2 to transport these compounds was evaluated in proteoliposomes [118].




4.2. Second Level Targets: Mitochondrial Transporters

The interaction of xenobiotic molecules has been also evaluated on the mitochondrial carnitine/acylcarnitine transporter (CACT) and ornithine/citrulline transporter (ORCT). The two transporters mainly catalyze antiport (Figure 2) of substrates across the inner mitochondrial membrane [119,120]. The CACT has an essential role in fatty acid β-oxidation. It mediates the transport of fatty acyl units as acylcarnitines into the mitochondrial matrix, where the enzymes of the β-oxidation pathway are located. Alterations of the CACT function will impair the β-oxidation and hence the energetic metabolism, as it has been demonstrated by the occurrence of the secondary carnitine deficiency [121]. The ORCT is an ornithine/citrulline antiporter, which is essential for the urea cycle in liver. It mediates entry of ornithine into the mitochondrial matrix and efflux of citrulline to connect the cytosolic and mitochondrial phases of the urea cycle. Also, in this case, genetic alterations have been found which cause the HHH-syndrome [122], demonstrating the essential function of this transporter.


4.2.1. The Carnitine/Acylcarnitine Transporter, CACT

Among many pharmacological largely diffused compounds tested, some β-lactam antibiotics led to positive tests of inhibition on the CACT [106]. Indeed, in proteoliposomes, it has been possible to measure a specific inhibition of the transport activity of CACT by these drugs. After testing the effect of the antibiotics according to the work plan of Figure 3, the dose-response of each antibiotic was studied. It has to be noted that in this case, much higher IC50 values were considered to be significant (Table 1). This is due to the corresponding higher doses of administration of these antibiotics with respect to other pharmacological compounds. Inhibition kinetics performed with cefonicid and ampicillin, indicated a reversible competitive type of inhibition. This mechanism is not significant in vivo, because the related IC50 are much higher than the concentrations of these antibiotics in human plasma. However, cefonicid can form a covalent and irreversible bond with the protein when incubated with proteoliposomes for 60 h. Under this condition much lower IC50, close to the plasmatic concentrations of cefonicid were measured. Thus, significant effect may be evident in vivo after long time administration of these drugs, with severe consequences on the mitochondrial β-oxidation of fatty acids and then in the production of metabolic energy. Accordingly, it was observed that some side effects of this antibiotic were similar to the symptoms described for the secondary carnitine deficiency, caused by genetic defects of CACT.

Another drug that affects the function of CACT is mildronate [3-(2,2,2-trimethylhydrazine) propionate]. This compound displays a chemical structure very similar to carnitine. It strongly inhibited the transport activity of CACT when externally added to the proteoliposomes together with the physiological substrate. Also in this case, according to the work plan of Figure 3, the dose-response and kinetic analysis were performed (Table 1). A pure competitive inhibition of carnitine transport by mildronate was observed, indicating an interaction with the substrate binding site. This correlated well with the structure similarity of mildronate and carnitine. It was also demonstrated that mildronate can be transported in antiport with carnitine. These findings allowed us to predict a potential mechanism at the basis of the administration of mildronate in pharmacological therapy explaining the cardiomyopathy or the liver steatosis observed in rats after a long treatment. Mildronate can influence in vivo the β-oxidation of fatty acids, hindering the uptake of acylcarnitines and depleting the intramitochondrial pool of carnitine, which is exchanged with cytosolic mildronate [107].

The interaction of the CACT with H2O2 has been revealed [105]. H2O2 is formed in cells, mostly in mitochondria, playing signaling roles; its concentration can increase reaching local millimolar range under pathological conditions [123,124]. The inhibitory action by H2O2 at physiological concentrations, i.e., less than 50 μM, is about 30%. The inhibition became much more effective at higher concentration of the reactant (Table 1). Therefore, the transporter can be blocked only under pathological conditions such as in the presence of oxidative stress. Since CACT is an essential player of the fatty acid β-oxidation pathway, on the basis of the results described it can be assumed that the metabolic pathway can be finely tuned by physiological concentrations of H2O2; while under pathological conditions, the increase in H2O2 concentration can severely impair β-oxidation. The kinetic analysis highlighted that the inhibition exerted by H2O2 is of the competitive type and, accordingly, it was also observed that the presence of substrates of the transporter such as carnitine or acylcarnitines prevents CACT inhibition. It was also demonstrated by reversing the inhibition with DTE, that H2O2 interacts with Cys residues. Owing to the availability of the recombinant protein, site-directed mutagenesis of CACT could be performed on Cys residues. The six Cys were substituted with serine or valine constructing single and multiple mutants, lacking one or more of the Cys residues. This experimental strategy allowed to identify the Cys residues oxidized in the presence of H2O2. It has been demonstrated that H2O2 completely inactivates the transporter by inducing the formation of a disulphide between Cys-136 and Cys-155 [105]. NAC and L-cysteine removed the inhibition caused by H2O2.



4.2.2. The Ornithine/Citrulline Transporter, ORCT

Effects of agents ranging from pharmaceutical and toxic compounds to physiological effectors have been tested on the mitochondrial ORCT which is highly expressed in liver where it is essential for the functioning of the urea cycle [122,125,126]. Different effects of sulfhydryl reagents have been evidenced on this transport protein. On the one hand, the inhibition of the transport function by metanthyosulphonates, N-ethylmaleimmide and disulphide forming compounds was evident; on the other hand, the induction of a pore like activity caused by higher (micromolar) pOHMB was observed [102]. The transition from the physiological to the unphysiological pore like unidirectional transport function was previously described for other mitochondrial transporters as induced by modification of Cys residues [102] and it has been proposed that this switch should be related to altered mitochondrial permeability. In the reconstituted system it has been demonstrated that the “concentration dependent” behavior of mercurials is related to a cysteine population different from the one responsible of the inhibition. These studies performed with prototypal chemical reagents, served as model for understanding the behavior of the transporter. Then, the effect of potentially toxic heavy metal cations on the ORCT has been highlighted in proteoliposomes. The cations dealt with are normally present in human blood at concentrations depending on the cation and the environmental conditions. Their concentration can increase due to exposition to pollutants. Accurate measurement of the IC50 and Ki values for each metal cation has been performed (Table 1) allowing the prediction of toxic effect related to the transport protein. Prediction of liver toxicity has been postulated in these studies.





5. Conclusions

Proteoliposomes have been used since long time, for studying membrane transporters in isolated environment. In the last decade, improved methodologies allowed to study kinetics and transport mechanisms of several plasma membrane transporters. More interestingly, the summarized novel results, highlight the power of proteoliposomes in revealing the molecular mechanisms of the interactions of transporters with different types of xenobiotics, from toxic molecules to commonly used drugs or newly synthesized compounds. In particular, aspects of “off-site” interactions have been revealed, which may be important in predicting side effects and, hence, in improving drug design. Bioinformatic analyses correlated well with the experimental data thus confirming the suitability of proteoliposomes for obtaining information on molecular mechanisms. Therefore, proteoliposomes can be considered a new tool, among those already available, for studying the role of transporters in drug development and clinical pharmacology [39].
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	Organic Cation Transporter Novel




	ASCT2
	Alanine, Serine, Cysteine, Transporter 2




	B0AT1
	Broad specificity Amino acid Transporter 1




	TEA
	tetraethylamonium




	CACT
	Carnitine/Acyl-Carnitine Transporter




	ORCT
	Ornithine/Citrulline transporter




	LeuT
	Leucine Transporter




	GltPh
	Glutamate transporter from Pyrococcus horikoshii




	methyl-Hg
	methyl mercury




	NAC
	N-Acetyl Cysteine








Acknowledgements

This work was supported by Ministry of Instruction University and Research (MIUR)-Italy, by a grant from PON-ricerca e competitivita 2007-2013 (PON project 01_00937: “Modelli sperimentali biotecnologici integrati per la produzione ed il monitoraggio di biomolecole di interesse per la salute dell’uomo”).



Conflicts of interest

The authors declare no conflict of interest.



References


	1. 
Lahjouji, K.; Mitchell, G.A.; Qureshi, I.A. Carnitine transport by organic cation transporters and systemic carnitine deficiency. Mol. Genet. Metab. 2001, 73, 287–297. [Google Scholar] [CrossRef]

	2. 
Chou, J.Y.; Matern, D.; Mansfield, B.C.; Chen, Y.T. Type I glycogen storage diseases: Disorders of the glucose-6-phosphatase complex. Curr. Mol. Med. 2002, 2, 121–143. [Google Scholar] [CrossRef]

	3. 
Daniel, H.; Kottra, G. The proton oligopeptide cotransporter family SLC15 in physiology and pharmacology. Pflug. Arch. 2004, 447, 610–618. [Google Scholar] [CrossRef]

	4. 
Palmieri, F. Diseases caused by defects of mitochondrial carriers: A review. Biochim. Biophys. Acta 2008, 1777, 564–578. [Google Scholar] [CrossRef]

	5. 
Broer, S.; Palacin, M. The role of amino acid transporters in inherited and acquired diseases. Biochem. J. 2011, 436, 193–211. [Google Scholar] [CrossRef]

	6. 
Law, C.J.; Maloney, P.C.; Wang, D.N. Ins and outs of major facilitator superfamily antiporters. Annu. Rev. Microbiol. 2008, 62, 289–305. [Google Scholar] [CrossRef]

	7. 
Herrera, M.; Garvin, J.L. Aquaporins as gas channels. Pflug. Arch. 2011, 462, 623–630. [Google Scholar] [CrossRef]

	8. 
Forrest, L.R.; Kramer, R.; Ziegler, C. The structural basis of secondary active transport mechanisms. Biochim. Biophys. Acta 2011, 1807, 167–188. [Google Scholar] [CrossRef]

	9. 
Saier, M.H., Jr.; Yen, M.R.; Noto, K.; Tamang, D.G.; Elkan, C. The transporter classification database: Recent advances. Nucleic Acids Res. 2009, 37, D274–D278. [Google Scholar] [CrossRef]

	10. 
Hediger, M.A.; Clemencon, B.; Burrier, R.E.; Bruford, E.A. The ABCs of membrane transporters in health and disease (SLC series): Introduction. Mol. Asp. Med. 2013, 34, 95–107. [Google Scholar] [CrossRef]

	11. 
Nyblom, M.; Oberg, F.; Lindkvist-Petersson, K.; Hallgren, K.; Findlay, H.; Wikstrom, J.; Karlsson, A.; Hansson, O.; Booth, P.J.; Bill, R.M.; et al. Exceptional overproduction of a functional human membrane protein. Protein Expr. Purif. 2007, 56, 110–120. [Google Scholar] [CrossRef]

	12. 
Wright, E.M.; Loo, D.D.; Hirayama, B.A. Biology of human sodium glucose transporters. Physiol. Rev. 2011, 91, 733–794. [Google Scholar] [CrossRef]

	13. 
Wright, E.M. Glucose transport families SLC5 and SLC50. Mol. Asp. Med. 2013, 34, 183–196. [Google Scholar] [CrossRef]

	14. 
Bodoy, S.; Fotiadis, D.; Stoeger, C.; Kanai, Y.; Palacin, M. The small SLC43 family: Facilitator system l amino acid transporters and the orphan EEG1. Mol. Asp. Med. 2013, 34, 638–645. [Google Scholar] [CrossRef]

	15. 
Fotiadis, D.; Kanai, Y.; Palacin, M. The SLC3 and SLC7 families of amino acid transporters. Mol. Asp. Med. 2013, 34, 139–158. [Google Scholar] [CrossRef]

	16. 
Kanai, Y.; Clemencon, B.; Simonin, A.; Leuenberger, M.; Lochner, M.; Weisstanner, M.; Hediger, M.A. The SLC1 high-affinity glutamate and neutral amino acid transporter family. Mol. Asp. Med. 2013, 34, 108–120. [Google Scholar] [CrossRef]

	17. 
Anderson, C.M.; Stahl, A. SLC27 fatty acid transport proteins. Mol. Asp. Med. 2013, 34, 516–528. [Google Scholar] [CrossRef]

	18. 
Indiveri, C.; Pochini, L.; Oppedisano, F.; Tonazzi, A. The carnitine transporter network: Interactions with drugs. Curr. Chem. Biol. 2010, 4, 108–123. [Google Scholar]

	19. 
Yonezawa, A.; Inui, K. Novel riboflavin transporter family RFVT/SLC52: Identification, nomenclature, functional characterization and genetic diseases of RFVT/SLC52. Mol. Asp. Med. 2013, 34, 693–701. [Google Scholar] [CrossRef]

	20. 
Zhao, R.; Goldman, I.D. Folate and thiamine transporters mediated by facilitative carriers (SLC19A1-3 and SLC46A1) and folate receptors. Mol. Asp. Med. 2013, 34, 373–385. [Google Scholar] [CrossRef]

	21. 
Palmieri, F. The mitochondrial transporter family SLC25: Identification, properties and physiopathology. Mol. Asp. Med. 2013, 34, 465–484. [Google Scholar] [CrossRef]

	22. 
Hirabayashi, Y.; Nomura, K.H.; Nomura, K. The acetyl-CoA transporter family SLC33. Mol. Asp. Med. 2013, 34, 586–589. [Google Scholar] [CrossRef]

	23. 
Csala, M.; Marcolongo, P.; Lizak, B.; Senesi, S.; Margittai, E.; Fulceri, R.; Magyar, J.E.; Benedetti, A.; Banhegyi, G. Transport and transporters in the endoplasmic reticulum. Biochim. Biophys. Acta 2007, 1768, 1325–1341. [Google Scholar] [CrossRef]

	24. 
Lawal, H.O.; Krantz, D.E. SLC18: Vesicular neurotransmitter transporters for monoamines and acetylcholine. Mol. Asp. Med. 2013, 34, 360–372. [Google Scholar] [CrossRef]

	25. 
Bobulescu, I.A.; Moe, O.W. Luminal Na(+)/H (+) exchange in the proximal tubule. Pflug. Arch. 2009, 458, 5–21. [Google Scholar] [CrossRef]

	26. 
Forster, I.C.; Hernando, N.; Biber, J.; Murer, H. Phosphate transporters of the SLC20 and SLC34 families. Mol. Asp. Med. 2013, 34, 386–395. [Google Scholar] [CrossRef]

	27. 
Verrey, F.; Ristic, Z.; Romeo, E.; Ramadan, T.; Makrides, V.; Dave, M.H.; Wagner, C.A.; Camargo, S.M. Novel renal amino acid transporters. Annu. Rev. Physiol. 2005, 67, 557–572. [Google Scholar] [CrossRef]

	28. 
Broer, S. Amino acid transport across mammalian intestinal and renal epithelia. Physiol. Rev. 2008, 88, 249–286. [Google Scholar] [CrossRef]

	29. 
TransportDB. Available online: http://www.membranetransport.org (accessed on 12 September 2013).

	30. 
Indiveri, C.; Galluccio, M.; Scalise, M.; Pochini, L. Strategies of bacterial over expression of membrane transporters relevant in human health: The successful case of the three members of OCTN subfamily. Mol. Biotechnol. 2013, 54, 724–736. [Google Scholar] [CrossRef]

	31. 
Transporter Classification Database. Available online: http://www.tcdb.org/pdb_structure.php (accessed on 12 September 2013).

	32. 
Mizuno, N.; Niwa, T.; Yotsumoto, Y.; Sugiyama, Y. Impact of drug transporter studies on drug discovery and development. Pharmacol. Rev. 2003, 55, 425–461. [Google Scholar] [CrossRef]

	33. 
Sugiura, T.; Kato, Y.; Tsuji, A. Role of SLC xenobiotic transporters and their regulatory mechanisms PDZ proteins in drug delivery and disposition. J. Control. Release 2006, 116, 238–246. [Google Scholar] [CrossRef]

	34. 
Giacomini, K.M.; Huang, S.M.; Tweedie, D.J.; Benet, L.Z.; Brouwer, K.L.; Chu, X.; Dahlin, A.; Evers, R.; Fischer, V.; Hillgren, K.M.; et al. Membrane transporters in drug development. Nat. Rev. 2010, 9, 215–236. [Google Scholar] [CrossRef]

	35. 
Han, H.K. Role of transporters in drug interactions. Arch. Pharm. Res. 2011, 34, 1865–1877. [Google Scholar] [CrossRef]

	36. 
DeGorter, M.K.; Xia, C.Q.; Yang, J.J.; Kim, R.B. Drug transporters in drug efficacy and toxicity. Annu. Rev. Pharmacol. Toxicol. 2012, 52, 249–273. [Google Scholar] [CrossRef]

	37. 
Mandery, K.; Glaeser, H.; Fromm, M.F. Interaction of innovative small molecule drugs used for cancer therapy with drug transporters. Br. J. Pharmacol. 2012, 165, 345–362. [Google Scholar] [CrossRef]

	38. 
Rask-Andersen, M.; Masuram, S.; Fredriksson, R.; Schioth, H.B. Solute carriers as drug targets: Current use, clinical trials and prospective. Mol. Asp. Med. 2013, 34, 702–710. [Google Scholar] [CrossRef]

	39. 
Giacomini, K.M.; Huang, S.M. Transporters in drug development and clinical pharmacology. Clin. Pharmacol. Ther. 2013, 94, 3–9. [Google Scholar] [CrossRef]

	40. 
Lounkine, E.; Keiser, M.J.; Whitebread, S.; Mikhailov, D.; Hamon, J.; Jenkins, J.L.; Lavan, P.; Weber, E.; Doak, A.K.; Cote, S.; et al. Large-scale prediction and testing of drug activity on side-effect targets. Nature 2012, 486, 361–367. [Google Scholar]

	41. 
Tsuji, A. Transporter-mediated drug interactions. Drug Metab. Pharmacokinet. 2002, 17, 253–274. [Google Scholar] [CrossRef]

	42. 
Nakanishi, T.; Tamai, I. Solute carrier transporters as targets for drug delivery and pharmacological intervention for chemotherapy. J. Pharm. Sci. 2011, 100, 3731–3750. [Google Scholar] [CrossRef]

	43. 
Sharom, F.J. The P-glycoprotein multidrug transporter. Essays Biochem. 2011, 50, 161–178. [Google Scholar] [CrossRef]

	44. 
Macheda, M.L.; Rogers, S.; Best, J.D. Molecular and cellular regulation of glucose transporter (GLUT) proteins in cancer. J. Cell. Physiol. 2005, 202, 654–662. [Google Scholar] [CrossRef]

	45. 
Minchinton, A.I.; Tannock, I.F. Drug penetration in solid tumours. Nat. Rev. Cancer 2006, 6, 583–592. [Google Scholar] [CrossRef]

	46. 
Okabe, M.; Szakacs, G.; Reimers, M.A.; Suzuki, T.; Hall, M.D.; Abe, T.; Weinstein, J.N.; Gottesman, M.M. Profiling SLCO and SLC22 genes in the NCI-60 cancer cell lines to identify drug uptake transporters. Mol. Cancer Ther. 2008, 7, 3081–3091. [Google Scholar] [CrossRef]

	47. 
Ganapathy, V.; Thangaraju, M.; Prasad, P.D. Nutrient transporters in cancer: Relevance to Warburg hypothesis and beyond. Pharmacol. Ther. 2009, 121, 29–40. [Google Scholar] [CrossRef]

	48. 
Falasca, M.; Linton, K.J. Investigational ABC transporter inhibitors. Expert Opin. Investig. Drugs 2012, 21, 657–666. [Google Scholar] [CrossRef]

	49. 
Oppedisano, F.; Catto, M.; Koutentis, P.A.; Nicolotti, O.; Pochini, L.; Koyioni, M.; Introcaso, A.; Michaelidou, S.S.; Carotti, A.; Indiveri, C. Inactivation of the glutamine/amino acid transporter ASCT2 by 1,2,3-dithiazoles: Proteoliposomes as a tool to gain insights in the molecular mechanism of action and of antitumor activity. Toxicol. Appl. Pharmacol. 2012, 265, 93–102. [Google Scholar] [CrossRef]

	50. 
Zamek-Gliszczynski, M.J.; Lee, C.A.; Poirier, A.; Bentz, J.; Chu, X.; Ellens, H.; Ishikawa, T.; Jamei, M.; Kalvass, J.C.; Nagar, S.; et al. ITC recommendations for transporter kinetic parameter estimation and translational modeling of transport-mediated PK and DDIs in humans. Clin. Pharmacol. Ther. 2013, 94, 64–79. [Google Scholar] [CrossRef]

	51. 
Hillgren, K.M.; Keppler, D.; Zur, A.A.; Giacomini, K.M.; Stieger, B.; Cass, C.E.; Zhang, L. Emerging transporters of clinical importance: An update from the international transporter consortium. Clin. Pharmacol. Ther. 2013, 94, 52–63. [Google Scholar] [CrossRef]

	52. 
Huang, S.M.; Strong, J.M.; Zhang, L.; Reynolds, K.S.; Nallani, S.; Temple, R.; Abraham, S.; Habet, S.A.; Baweja, R.K.; Burckart, G.J.; et al. New era in drug interaction evaluation: US Food and Drug Administration update on CYP enzymes, transporters, and the guidance process. J. Clin. Pharmacol. 2008, 48, 662–670. [Google Scholar] [CrossRef]

	53. 
Zhang, L.; Zhang, Y.; Huang, S.M. Scientific and regulatory perspectives on metabolizing enzyme-transporter interplay and its role in drug interactions: Challenges in predicting drug interactions. Mol. Pharm. 2009, 6, 1766–1774. [Google Scholar] [CrossRef]

	54. 
Agarwal, S.; Chinn, L.; Zhang, L. An overview of transporter information in package inserts of recently approved new molecular entities. Pharm. Res. 2013, 30, 899–910. [Google Scholar] [CrossRef]

	55. 
Guidotti, G.G.; Luneburg, B.; Borghetti, A.F. Amino acid uptake in isolated chick embryo heart cells. Biochem. J. 1969, 114, 97–105. [Google Scholar]

	56. 
Palmieri, F.; Klingenberg, M. Direct methods for measuring metabolite transport and distribution in mitochondria. Methods Enzymol. 1979, 56, 279–301. [Google Scholar] [CrossRef]

	57. 
Burchell, A. Endoplasmic reticulum phosphate transport. Kidney Int. 1996, 49, 953–958. [Google Scholar] [CrossRef]

	58. 
U.S. Department of Health and Human Services Food and Drug Administration Center for Drug Evaluation and Research (CDER). Drug Interaction Studies—Study Design, Data Analysis, Implications for Dosing, and Labeling Recommendations. Clin. Pharmacol. 2012, 1–79.

	59. 
Pochini, L.; Scalise, M.; Galluccio, M.; Indiveri, C. OCTN cation transporters in health and disease: Role as drug targets and assay development. J. Biomol. Screen. 2013. [Google Scholar] [CrossRef]

	60. 
Whorton, M.R.; MacKinnon, R. Crystal structure of the mammalian GIRK2 K+ channel and gating regulation by G proteins, PIP2, and sodium. Cell 2011, 147, 199–208. [Google Scholar] [CrossRef]

	61. 
Brohawn, S.G.; del Marmol, J.; MacKinnon, R. Crystal structure of the human K2P TRAAK, a lipid- and mechano-sensitive K+ ion channel. Science 2012, 335, 436–441. [Google Scholar] [CrossRef]

	62. 
Miller, A.N.; Long, S.B. Crystal structure of the human two-pore domain potassium channel K2P1. Science 2012, 335, 432–436. [Google Scholar] [CrossRef]

	63. 
Song, C.; Weichbrodt, C.; Salnikov, E.S.; Dynowski, M.; Forsberg, B.O.; Bechinger, B.; Steinem, C.; de Groot, B.L.; Zachariae, U.; Zeth, K. Crystal structure and functional mechanism of a human antimicrobial membrane channel. Proc. Natl. Acad. Sci. USA 2013, 110, 4586–4591. [Google Scholar] [CrossRef]

	64. 
Gregoriadis, G.; Ryman, B.E. Liposomes as carriers of enzymes or drugs: A new approach to the treatment of storage diseases. Biochem. J. 1971, 124, 58P. [Google Scholar]

	65. 
Gregoriadis, G. The carrier potential of liposomes in biology and medicine (first of two parts). N. Engl. J. Med. 1976, 295, 704–710. [Google Scholar] [CrossRef]

	66. 
Gregoriadis, G. The carrier potential of liposomes in biology and medicine (second of two parts). N. Engl. J. Med. 1976, 295, 765–770. [Google Scholar] [CrossRef]

	67. 
Boddapati, S.V.; D’Souza, G.G.; Weissig, V. Liposomes for drug delivery to mitochondria. Methods Mol. Biol. 2010, 605, 295–303. [Google Scholar] [CrossRef]

	68. 
Kasahara, M.; Hinkle, P.C. Reconstitution of D-glucose transport catalyzed by a protein fraction from human erythrocytes in sonicated liposomes. Proc. Nat. Acad. Sci. USA 1976, 73, 396–400. [Google Scholar] [CrossRef]

	69. 
Kasahara, M.; Hinkle, P.C. Reconstitution and purification of the D-glucose transporter from human erythrocytes. J. Biol. Chem. 1977, 252, 7384–7390. [Google Scholar]

	70. 
Newman, M.J.; Foster, D.L.; Wilson, T.H.; Kaback, H.R. Purification and reconstitution of functional lactose carrier from Escherichia coli. J. Biol. Chem. 1981, 256, 11804–11808. [Google Scholar]

	71. 
Viitanen, P.; Garcia, M.L.; Kaback, H.R. Purified reconstituted lac carrier protein from Escherichia coli is fully functional. Proc. Natl. Acad. Sci. USA 1984, 81, 1629–1633. [Google Scholar] [CrossRef]

	72. 
Kramer, R.; Klingenberg, M. Reconstitution of adenine nucleotide transport from beef heart mitochondria. Biochemistry 1979, 18, 4209–4215. [Google Scholar] [CrossRef]

	73. 
Ueno, M.; Tanford, C.; Reynolds, J.A. Phospholipid vesicle formation using nonionic detergents with low monomer solubility. Kinetic factors determine vesicle size and permeability. Biochemistry 1984, 23, 3070–3076. [Google Scholar] [CrossRef]

	74. 
Kramer, R.; Heberger, C. Functional reconstitution of carrier proteins by removal of detergent with a hydrophobic ion exchange column. Biochim. Biophys. Acta 1986, 863, 289–296. [Google Scholar] [CrossRef]

	75. 
Palmieri, F.; Indiveri, C.; Bisaccia, F.; Iacobazzi, V. Mitochondrial metabolite carrier proteins: Purification, reconstitution, and transport studies. Methods Enzymol. 1995, 260, 349–369. [Google Scholar] [CrossRef]

	76. 
Klingenberg, M.; Winkler, E. The reconstituted isolated uncoupling protein is a membrane potential driven H+ translocator. EMBO J. 1985, 4, 3087–3092. [Google Scholar]

	77. 
Spagnoletta, A.; de Palma, A.; Prezioso, G.; Scalera, V. A micro-batchwise technique method for rapid reconstitution of functionally active mitochondrial ADP/ATP carrier from Jerusalem artichoke (Helianthus tuberosus L.) tubers. J. Biochem. Biophys. Methods 2008, 70, 954–957. [Google Scholar] [CrossRef]

	78. 
Pochini, L.; Scalise, M.; Galluccio, M.; Amelio, L.; Indiveri, C. Reconstitution in liposomes of the functionally active human OCTN1 (SLC22A4) transporter overexpressed in Escherichia coli. Biochem. J. 2011, 439, 227–233. [Google Scholar] [CrossRef]

	79. 
Indiveri, C. Studying amino acid transport using liposomes. Methods Mol. Biol. 2010, 606, 55–68. [Google Scholar] [CrossRef]

	80. 
Rigaud, J.L.; Levy, D. Reconstitution of membrane proteins into liposomes. Methods Enzymol. 2003, 372, 65–86. [Google Scholar] [CrossRef]

	81. 
Klingenberg, M. Molecular aspects of the adenine nucleotide carrier from mitochondria. Arch. Biochem. Biophys. 1989, 270, 1–14. [Google Scholar] [CrossRef]

	82. 
Palmieri, F.; Indiveri, C.; Bisaccia, F.; Kramer, R. Functional properties of purified and reconstituted mitochondrial metabolite carriers. J. Bioenerg. Biomembr. 1993, 25, 525–535. [Google Scholar] [CrossRef]

	83. 
Palmieri, F. Mitochondrial carrier proteins. FEBS Lett. 1994, 346, 48–54. [Google Scholar] [CrossRef]

	84. 
Vickers, M.F.; Mani, R.S.; Sundaram, M.; Hogue, D.L.; Young, J.D.; Baldwin, S.A.; Cass, C.E. Functional production and reconstitution of the human equilibrative nucleoside transporter (hENT1) in Saccharomyces cerevisiae. Interaction of inhibitors of nucleoside transport with recombinant hENT1 and a glycosylation-defective derivative (hENT1/N48Q). Biochem. J. 1999, 339, 21–32. [Google Scholar] [CrossRef]

	85. 
Quick, M.; Wright, E.M. Employing Escherichia coli to functionally express, purify, and characterize a human transporter. Proc. Natl. Acad. Sci. USA 2002, 99, 8597–8601. [Google Scholar] [CrossRef]

	86. 
Komatsu, T.; Hiasa, M.; Miyaji, T.; Kanamoto, T.; Matsumoto, T.; Otsuka, M.; Moriyama, Y.; Omote, H. Characterization of the human MATE2 proton-coupled polyspecific organic cation exporter. Int. J. Biochem. Cell Biol. 2011, 43, 913–918. [Google Scholar] [CrossRef]

	87. 
Filippo, C.A.; Ardon, O.; Longo, N. Glycosylation of the OCTN2 carnitine transporter: Study of natural mutations identified in patients with primary carnitine deficiency. Biochim. Biophys. Acta 2011, 1812, 312–320. [Google Scholar] [CrossRef]

	88. 
Keller, T.; Schwarz, D.; Bernhard, F.; Dotsch, V.; Hunte, C.; Gorboulev, V.; Koepsell, H. Cell free expression and functional reconstitution of eukaryotic drug transporters. Biochemistry 2008, 47, 4552–4564. [Google Scholar] [CrossRef]

	89. 
Pochini, L.; Oppedisano, F.; Indiveri, C. Reconstitution into liposomes and functional characterization of the carnitine transporter from renal cell plasma membrane. Biochim. Biophys. Acta 2004, 1661, 78–86. [Google Scholar] [CrossRef]

	90. 
Oppedisano, F.; Pochini, L.; Galluccio, M.; Cavarelli, M.; Indiveri, C. Reconstitution into liposomes of the glutamine/amino acid transporter from renal cell plasma membrane: Functional characterization, kinetics and activation by nucleotides. Biochim. Biophys. Acta 2004, 1667, 122–131. [Google Scholar] [CrossRef]

	91. 
Oppedisano, F.; Indiveri, C. Reconstitution into liposomes of the B degrees -like glutamine-neutral amino acid transporter from renal cell plasma membrane. Biochim. Biophys. Acta 2008, 1778, 2258–2265. [Google Scholar] [CrossRef]

	92. 
Oppedisano, F.; Pochini, L.; Galluccio, M.; Indiveri, C. The glutamine/amino acid transporter (ASCT2) reconstituted in liposomes: Electrical nature of the glutamine/glutamate antiport. Ital. J. Biochem. 2007, 56, 275–278. [Google Scholar]

	93. 
Oppedisano, F.; Pochini, L.; Broer, S.; Indiveri, C. The B0AT1 amino acid transporter from rat kidney reconstituted in liposomes: Kinetics and inactivation by methylmercury. Biochim. Biophys. Acta 2011, 1808, 2551–2558. [Google Scholar] [CrossRef]

	94. 
Mouro-Chanteloup, I.; Cochet, S.; Chami, M.; Genetet, S.; Zidi-Yahiaoui, N.; Engel, A.; Colin, Y.; Bertrand, O.; Ripoche, P. Functional reconstitution into liposomes of purified human RhCG ammonia channel. PLoS One 2010, 5, e8921. [Google Scholar] [CrossRef]

	95. 
Scalise, M.; Galluccio, M.; Pochini, L.; Indiveri, C. Over-expression in Escherichia coli, purification and reconstitution in liposomes of the third member of the OCTN sub-family: The mouse carnitine transporter OCTN3. Biochem. Biophys. Res. Commun. 2012, 422, 59–63. [Google Scholar] [CrossRef]

	96. 
Pingitore, P.; Pochini, L.; Scalise, M.; Galluccio, M.; Hedfalk, K.; Indiveri, C. Large scale production of the active human ASCT2 (SLC1A5) transporter in Pichia pastoris—Functional and kinetic asymmetry revealed in proteoliposomes. Biochim. Biophys. Acta 2013, 1828, 2238–2246. [Google Scholar] [CrossRef]

	97. 
Song, P.; Rekow, S.S.; Singleton, C.A.; Sekhon, H.S.; Dissen, G.A.; Zhou, M.; Campling, B.; Lindstrom, J.; Spindel, E.R. Choline transporter-like protein 4 (CTL4) links to non-neuronal acetylcholine synthesis. J. Neurochem. 2013, 126, 451–461. [Google Scholar] [CrossRef]

	98. 
Pochini, L.; Scalise, M.; Galluccio, M.; Pani, G.; Siminovitch, K.A.; Indiveri, C. The human OCTN1 (SLC22A4) reconstituted in liposomes catalyzes acetylcholine transport which is defective in the mutant L503F associated to the Crohn’s disease. Biochim. Biophys. Acta 2012, 1818, 559–565. [Google Scholar] [CrossRef]

	99. 
Verchere, A.; Broutin, I.; Picard, M. Photo-induced proton gradients for the in vitro investigation of bacterial efflux pumps. Sci. Rep. 2012, 2, 306. [Google Scholar]

	100. 
Raunser, S.; Haase, W.; Bostina, M.; Parcej, D.N.; Kuhlbrandt, W. High-yield expression, reconstitution and structure of the recombinant, fully functional glutamate transporter GLT-1 from Rattus norvegicus. J. Mol. Biol. 2005, 351, 598–613. [Google Scholar] [CrossRef]

	101. 
Adam, Y.; Edwards, R.H.; Schuldiner, S. Expression and function of the rat vesicular monoamine transporter 2. Am. J. Physiol. Cell Physiol. 2008, 294, C1004–C1011. [Google Scholar] [CrossRef]

	102. 
Tonazzi, A.; Indiveri, C. Chemical modification of the mitochondrial ornithine/citrulline carrier by SH reagents: Effects on the transport activity and transition from carrier to pore-like function. Biochim. Biophys. Acta 2003, 1611, 123–130. [Google Scholar] [CrossRef]

	103. 
Indiveri, C.; Tonazzi, A.; Dierks, T.; Kramer, R.; Palmieri, F. The mitochondrial carnitine carrier: Characterization of SH-groups relevant for its transport function. Biochim. Biophys. Acta. 1992, 1140, 53–58. [Google Scholar] [CrossRef]

	104. 
Tonazzi, A.; Indiveri, C. Effects of heavy metal cations on the mitochondrial ornithine/citrulline transporter reconstituted in liposomes. Biometals 2011, 24, 1205–1215. [Google Scholar] [CrossRef]

	105. 
Tonazzi, A.; Console, L.; Indiveri, C. Inhibition of mitochondrial carnitine/acylcarnitine transporter by H2O2: Molecular mechanism and possible implication in pathophysiology. Chem. Biol. Interact. 2013, 203, 423–439. [Google Scholar] [CrossRef]

	106. 
Pochini, L.; Galluccio, M.; Scumaci, D.; Giangregorio, N.; Tonazzi, A.; Palmieri, F.; Indiveri, C. Interaction of beta-lactam antibiotics with the mitochondrial carnitine/acylcarnitine transporter. Chem. Biol. Interact. 2008, 173, 187–194. [Google Scholar] [CrossRef]

	107. 
Oppedisano, F.; Fanello, D.; Calvani, M.; Indiveri, C. Interaction of mildronate with the mitochondrial carnitine/acylcarnitine transport protein. J. Biochem. Mol. Toxicol. 2008, 22, 8–14. [Google Scholar] [CrossRef]

	108. 
Agency for Toxic Substance and Disease Registry (ATSDR), Toxicological Profile for Mercury; Department of Health and Humans Services, Public Health Services, Centers for Disease Control: Atlanta, GA, USA, 1999.

	109. 
Van Iwaarden, P.R.; Driessen, A.J.; Konings, W.N. What we can learn from the effects of thiol reagents on transport proteins. Biochim. Biophys. Acta 1992, 1113, 161–170. [Google Scholar] [CrossRef]

	110. 
Oppedisano, F.; Galluccio, M.; Indiveri, C. Inactivation by Hg2+ and methylmercury of the glutamine/amino acid transporter (ASCT2) reconstituted in liposomes: Prediction of the involvement of a CXXC motif by homology modelling. Biochem. Pharmacol. 2010, 80, 1266–1273. [Google Scholar] [CrossRef]

	111. 
Jordan, I.K.; Kondrashov, F.A.; Adzhubei, I.A.; Wolf, Y.I.; Koonin, E.V.; Kondrashov, A.S.; Sunyaev, S. A universal trend of amino acid gain and loss in protein evolution. Nature 2005, 433, 633–638. [Google Scholar] [CrossRef]

	112. 
Abajian, C.; Rosenzweig, A.C. Crystal structure of yeast Sco1. J. Biol. Inorg. Chem. 2006, 11, 459–466. [Google Scholar] [CrossRef]

	113. 
Pochini, L.; Peta, V.; Indiveri, C. Inhibition of the OCTN2 carnitine transporter by HgCl2 and methylmercury in the proteoliposome experimental model: Insights in the mechanism of toxicity. Toxicol. Mech. Methods 2013, 23, 68–76. [Google Scholar] [CrossRef]

	114. 
Pochini, L.; Scalise, M.; Indiveri, C. Inactivation by omeprazole of the carnitine transporter (OCTN2) reconstituted in liposomes. Chem. Biol. Interact. 2009, 179, 394–401. [Google Scholar] [CrossRef]

	115. 
Koepsell, H.; Lips, K.; Volk, C. Polyspecific organic cation transporters: Structure, function, physiological roles, and biopharmaceutical implications. Pharm. Res. 2007, 24, 1227–1251. [Google Scholar] [CrossRef]

	116. 
Hopf, T.A.; Colwell, L.J.; Sheridan, R.; Rost, B.; Sander, C.; Marks, D.S. Three-dimensional structures of membrane proteins from genomic sequencing. Cell 2012, 149, 1607–1621. [Google Scholar] [CrossRef]

	117. 
Shin, J.M.; Cho, Y.M.; Sachs, G. Chemistry of covalent inhibition of the gastric (H+, K+)-ATPase by proton pump inhibitors. J. Am. Chem. Soc. 2004, 126, 7800–7811. [Google Scholar] [CrossRef]

	118. 
Piermatti, O.; Fringuelli, F.; Pochini, L.; Indiveri, C.; Palmerini, C.A. Synthesis and characterization of carnitine nitro-derivatives. Bioorg. Med. Chem. 2008, 16, 1444–1451. [Google Scholar] [CrossRef]

	119. 
Indiveri, C.; Tonazzi, A.; Palmieri, F. Identification and purification of the ornithine/citrulline carrier from rat liver mitochondria. Eur. J. Biochem. 1992, 207, 449–454. [Google Scholar] [CrossRef]

	120. 
Tonazzi, A.; Giangregorio, N.; Indiveri, C.; Palmieri, F. Identification by site-directed mutagenesis and chemical modification of three vicinal cysteine residues in rat mitochondrial carnitine/acylcarnitine transporter. J. Biol. Chem. 2005, 280, 19607–19612. [Google Scholar] [CrossRef]

	121. 
Indiveri, C.; Iacobazzi, V.; Tonazzi, A.; Giangregorio, N.; Infantino, V.; Convertini, P.; Console, L.; Palmieri, F. The mitochondrial carnitine/acylcarnitine carrier: Function, structure and physiopathology. Mol. Asp. Med. 2011, 32, 223–233. [Google Scholar] [CrossRef]

	122. 
Camacho, J.A.; Obie, C.; Biery, B.; Goodman, B.K.; Hu, C.A.; Almashanu, S.; Steel, G.; Casey, R.; Lambert, M.; Mitchell, G.A.; et al. Hyperornithinaemia-hyperammonaemia-homocitrullinuria syndrome is caused by mutations in a gene encoding a mitochondrial ornithine transporter. Nat. Genet. 1999, 22, 151–158. [Google Scholar] [CrossRef]

	123. 
Schroder, E.; Eaton, P. Hydrogen peroxide as an endogenous mediator and exogenous tool in cardiovascular research: Issues and considerations. Curr. Opin. Pharmacol. 2008, 8, 153–159. [Google Scholar] [CrossRef]

	124. 
Bae, Y.S.; Oh, H.; Rhee, S.G.; Yoo, Y.D. Regulation of reactive oxygen species generation in cell signaling. Mol. Cells 2011, 32, 491–509. [Google Scholar] [CrossRef]

	125. 
Indiveri, C.; Tonazzi, A.; Stipani, I.; Palmieri, F. The purified and reconstituted ornithine/citrulline carrier from rat liver mitochondria: Electrical nature and coupling of the exchange reaction with H+ translocation. Biochem. J. 1997, 15, 349–355. [Google Scholar]

	126. 
Indiveri, C.; Tonazzi, A.; Stipani, I.; Palmieri, F. The purified and reconstituted ornithine/citrulline carrier from rat liver mitochondria catalyses a second transport mode: Ornithine+/H+ exchange. Biochem. J. 1999, 341, 705–711. [Google Scholar] [CrossRef]





© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







nav.xhtml


  pharmaceutics-05-00472


  
    		
      pharmaceutics-05-00472
    


  




  





media/file3.png





media/file0.png
Channels

Primary
active ADP
s Uniport
Symport
Secondary S Antiport

active X+





media/file1.png
Mixed micelles

O:QI?
- %
3 % 3 : i@

Freezmg nnnnnnnn

‘O @Jﬂq

A V A W4

Proteoliposome






media/file2.png
transport
[ Dose-response ]1----\‘
\\

>30 pM

<30 pM

[ Kineticanalysis ]

Protection nen comp Substrate
tests comp bindingsite

9 g
1 Lecrnoms | g

Site-directed Chemical
mutagenesis targetin

Structural
model

<

>

Homology
modeling





