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Summary: In this issue of Chem, Gale et al. bring together multiple fundamental supramolecular and medicinal chemistry principles, overcoming limitations associated with synthetic anion transporter technologies. These researchers report systems: (i) more active than those found in nature and; (ii) that can selectively target organelle membranes using a modular molecular scaffold.
Body: Controlled anion transport activities across the biological membranes of our cells are crucial for cellular functions. These processes are naturally facilitated by protein-based, membrane-bound ion channels. Any alteration to the structure, and therefore the function of these ion channels is known to result in diseases, such as cystic fibrosis (CF). Although, the death rate for CF patients has significantly improved over the years due to advancements in treatment and care, the median survival rate is still only around 50 years in developed countries.1 Here, changes to the structure of the ion-channels of the lungs, caused by faulty inherited genes, leads to reduced chloride ion flow across the cell membranes of the lung surface epithelial cells. This decrease in ion flow, also decreases the movement of water to the external surface of the lung, resulting in the build up of suffocating thick sticky mucous, which becomes a breeding ground for pathogenic microorganisms, placing the patient at increase risk of contracting multiple infectious diseases.2,3 
In addition to membrane bound, protein-based ion channels, naturally occurring small-molecule anion transporters, such as prodigiosin, a red dye produced by bacteria such as Serratia marcescens,4 have been shown to dissipate pH gradients across lipid bilayer membranes. These natural products have incredibly interesting therapeutic potential. For example, prodigiosin – which is known to act as a H+/Cl- co-transporter, has shown a wide range of biological activities including antimalarial, antifungal, antibiotic and anticancer properties.5
Controlling targeted ion transport activity across biological membranes is therefore not only of interest to those wishing to develop novel treatment strategies for diseases such as CF, but for development of novel therapeutic agents for the treatment of communicable (such as microbial infections) and non-communicable diseases (such as cancer). It is because of this potential that the development of synthetic systems that can selectively facilitate anion transport activities across targeted biological membranes is a area of much growing interest over the last 10-15 years. However, of these synthetic anion transport systems, those that are by far the most synthetically accessible, and have the greatest likelihood of conforming to lead clinical candidate development strategies are low molecular weight, single molecule ion transporters. 
To date, synthetic small-molecule anion transporters have been developed that enable the selective movement of target ion(s) across synthetic phospholipid membranes. This has been achieved through utilisation of fundamental supramolecular host: guest anion binding principles,6,7 combined with lessons learnt from medicinal chemistry relating to the ability to programme the lipophilic nature of a target molecule.8 Although the development of novel synthetic ion transporters has exploded in popularity in recent years, through the work of many individuals, key challenges still exist that need to be overcome in order to enable the translation of these innovations towards the clinic.9,10 These key challenges include: (i) increasing the efficacy of anion transport to rates comparable with naturally occurring ion transport mechanisms and; (ii) developing the ability to target specific cellular and sub-cellular phospholipid membranes to ensure unwanted therapeutic side effects are minimised, while biological activities are maximised. These two technological challenges, as summarised in Figure 1, have been addressed recently in two reported works by Gale et al.,11,12 who have made considerable strides towards removing limitations associated with the development of synthetic small-molecule anion transporters towards real-world application.  
Challenge one – Addressing issues associated with synthetic anion transport activity.11 Here Gale et al. develop a macrocyclic anion transporter that is able to facilitate the transport of chloride, demonstrating enhanced activity when compared to the naturally derived chloride transporter prodigiosin, Figure 1A-C.  
The addition of fluorine residues to the scaffold of synthetic anion transporters has long been known to increase the lipophobicity of a molecule, enabling effective partitioning into a biological membrane. The use of macrocyclic receptors to both shield a centrally bound ionic guest species from the external environment, while size of the central cavity ensures selective guest coordination, alongside the incorporation of preorganised additive, highly directional hydrogen bond donating groups to enable coordination of in this instance the target chloride guest species, are also well studied. However, the unique combination of these  design principles by Gale et al. has lead to the design and synthesis of a novel class  of tetralactam-based anion transporters, which now hold the record for proton/chloride symport and fluoride/chloride antiport amongst the anion transporters reported to date. 
Here, the incorporation of electron withdrawing fluorine groups within the of tetralactam-based macrocyclic chloride transporter leads to an electron deficient binding cavity. The size of this cavity is selective for halide ions while excluding larger competitive guest species such as nitrate or perclorate. Subsequent data analysis supported the hypothesis that each of these macrocyclic complexes formed a 1:1 host-guest complex with the target chloride (guest) ion, transporting the ionic species across the membrane of a synthetic phospholipid vesicle system as this same 1:1 complex, primarily through a charge neutral H+/Cl- co-transport mechanism. The lead fluorine appended tetralactam-based ion transporter reported activities greater then those of the most active natural product tested using this assay, prodigiosin – which also utilises an analogous H+/Cl- co-transport mechanism to facilitate the movement of ions across biological membranes.13 It has been estimated that this lead fluorine appended tetralactam-based ion transporter is capable of shuttling approximately 600 chloride ions every second across a model human phospholipid bilayer, assuming first order kinetics. The results of this study support the claims made by this group of researchers, that they have designed a synthetic single molecule chloride transporter, capable of ion transport rates comparable with those of natures design, overcoming one of the key challenges associated with the development of synthetic ion transporters.
Challenge two – Addressing issues associated with the successful targeting of synthetic anion transporters towards biological membranes of interest.12 Here, Gale and co-workers take a modular approach, appending a simple molecular scaffold with differing motifs that enable the targeting of organelles (mitochondria, lysosomes and endoplasmic reticulum) within cancer cells, Figure 1D-F. These intrinsically fluorescent, low molecular weight ion transporters represent the first examples of subcellular targeted anion transporters. Although the localisation of these organelle specific ion transporters were shown to enhance cancer cell apoptosis, perhaps what is the most exciting about this research is the use of programmable molecular membrane selectivity to drive therapeutic activity.
As with the previous example of work conducted by Gale et al., the elegance of this system is also conveyed in the modular design of these organelle selective ion transporters. Not only is the synthesis of these anion transporters accessible, the design of this system again learns from the fundamental design principles of supramolecular host: guest chemistry,6,7 and medicinal chemistry.8 Lipophilic properties are imparted by the presence of the trifluoromethyl substituents, urea NH’s act as the hydrogen bond donating functionality coordinating to the anionic guest species (chloride) to be transported, which are further activated by the presence of the electron withdrawing trifluoromethyl appended phenyl ring system and 4-amino-1,8-nathalimide unit. In addition, this unit acts as an intrinsically fluorescent reporter, enabling the location of these transporters to be quantified within a target cell. Finally, this unit also functions as an anchor point, upon which the organelle targeting moieties are covalently attached. A simple substitution of organelle targeting group at this point within the molecular scaffold is shown to direct the ion transporter towards the site of interest within A549  adenocarcinoma human alveolar basal epithelial (lung cancer) cells. 
In summary, this combined work of Gale et al. have addressed two key challenges associated with the development and real world application of synthetic anion transporters: (i) increased ion transport activity to be comparable with naturally occurring systems and;11 (ii) produced a modular ion transport scaffold capable of selective interaction within the phospholipid membrane of target organelles within a disease cell, resulting in the identification of a therapeutic application for this innovation as anticancer agents.12 
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Figure 1. (A) The effect of adding electron-withdrawing motifs to the central macrocyclic scaffold. (B) The single-crystal X-ray structure showing 1: 1 chloride: fluorine substituted tetralactam complex, the counter cation has been omitted for clarity. (C) Cartoon illustrating two liposomal-based assays demonstrating record H+/Cl− co-transport (left, bottom) and F−/Cl− antiport (right, top). (D) Modular approach to the construction of organelle targeting, intrinsically fluorescent, ion transporters. (E) Confocal microscopy images demonstrating organelle-specific accumulation of targeted ion transporters. (F) General schematic of H+/Cl− co-transport across a phospholipid bilayer facilitated by an ionophore. 
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