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[bookmark: _rb6taoqv68vl]Abstract
The formation of complex multidomain proteins has occurred many times during evolution. For enzymes, this often confers the addition of new functions or new routes to regulate function. Herein we review how this same process has impacted on the function of membrane transporters and channels, proteins that, due to their integral membrane location, are potentially more constrained in the fusions they can accommodate. Using examples primarily from bacterial systems, we illustrate diverse instances of functional fusions and find evidence for promiscuous fusion partners that have fused to many different classes of membrane protein. We consider the evidence that topology and stoichiometry issues might limit the range of fusions that are selected in nature and attempt to find examples where a functional benefit of direct fusion over split proteins has been demonstrated. Finally, we consider whether the reverse process of gene fission has been important in membrane transporter evolution. 
[bookmark: _ou33ipfhqhrs]Introduction 
As organisms evolve, the ability to expand the phenotypic repertoire of their cellular functions is essential to move into new niches and to compete against other similarly-evolving organisms, the so-called ‘Red-Queen’ hypothesis. In microbial systems, in particular bacteria and archaea, the major driving force for the evolution of new functions is via horizontal gene transfer (HGT) [1,2], where innovation generated by another organism is adopted by a genetically unrelated organism. Genes encoding transporters and channels can be moved in this way too, and there is clear evidence for HGT of these proteins in bacterial systems, for example in sialic acid transporters [3,4], and more recently in eukaryotes [5–8]**. 
In the absence of an external pool of genes to requisition, organisms can also evolve additional functionality to existing proteins through recombination events that lead to the insertion of one protein domain within another [9,10]. This could be after the direct tandem duplication of a gene where the fusion would double the size of the gene, or the insertion of a totally new sequence somewhere within the existing one. Clearly for a functional protein to emerge, the gene would have to recombine in such a way that translation can run through from the original coding sequence into the fused partners.
Membrane transport biologists will be familiar with the concept of gene fusion shaping evolution, as the pioneering work of Milton H. Saier Jnr. has demonstrated that many important transporter families, most famously the major facilitator superfamily (MFS) proteins, evolved from smaller ancestors through duplication and fusions, likely through initially forming oligomers before fusing into single proteins [11,12]. Developments in structural biology have allowed the observation of clear structural symmetry in these proteins, giving much weight to these ideas [13]. Recent additional examples of this include the drug/metabolite transporter (DMT) superfamily, which has been proposed to derive from Small Multidrug Resistance proteins, a family of 4-transmembrane helix (TMH) transporters [14], and the proteobacterial antimicrobial compound efflux (PACE) transporters, which have been suggested to derive from an ancestral duplication of the BTP (bacterial transmembrane pair) domain [15].
These fusions are exclusively between integral membrane domains, so what mechanisms are required for the fusion of normally soluble domains to these types of proteins? The technique of C-terminal fusion of the stable green fluorescent protein (GFP) to membrane protein expression targets and the use of in-gel or whole cell fluorescence as a marker of protein expression levels [16,17] is widely used by membrane protein biologists, and, as this works in many cases, it appears that the fusion can be well tolerated and not interfere with protein stability and/or function. This permissiveness to C-terminal fusions was also supported in our recent analysis of fusions present in the major facilitator superfamily, the largest family of membrane transporters [18]. In this article, we review known examples of fusions to all transporters and channels that have been experimentally characterised, finding numerous membrane transport and channel protein architectures that incorporate many different types of soluble domains. 
[bookmark: _g022g9fku6h]Fixing a contact: fusion of soluble transporter domains
The substrate binding proteins (SBPs) are the most common soluble domain of bacterial transporters. These are found in ATP-binding cassette (ABC) transporters and also selected secondary transporters such as the tripartite ATP-independent periplasmic (TRAP) transporters and tripartite tricarboxylate transporters (TTT) [19–22]. In Gram-negative organisms, SBPs are typically abundant periplasmic proteins that sequester substrate in the periplasm and deliver it to the membrane. In Gram-positive bacteria, which lack a periplasm, they are anchored to the membrane and diffuse laterally to contact the transporter after binding ligand [23].
Fusions of the SBP to the transmembrane domains (TMDs) of the transporter are now recognised as being particularly common in selected families of ABC transporters from Gram-positive bacteria [24] (Fig. 1). Two examples are the glycine betaine transporter (OpuA) of Lactococcus lactis [24–28], and the recently identified compatible solute transporter OpuF, which is widespread in the genus Bacillus [29]*. OpuF contains a TMD-SBP fusion in all observed cases, suggesting an ancestral fusion of these components; conversely, fusions of OpuA may have arisen multiple times, as a phylogenetic tree shows fused transporters clustering amongst the unfused examples [24]. The GlnPQ amino acid transporter from L. lactis, Enterococcus faecalis and Streptococcus pneumonia [30] is unusual as it contains two fused SBPs per TMD. While the fusion is unnecessary for transporter activity in L. lactis, the linker between the SBPs and TMD domain plays an important role [31]*. SBP fusions are rare in Gram-negative bacteria [24], although a study of the transporters in the predatory δ-proteobacterium Bdellovibrio bacteriovorus identified a fusion of an SBP for a maltose ABC transporter to one of the TMD proteins [32], whose structure has shed light on how this fusion has occurred [33]. 
These represent fusions of SBPs to their cognate integral membrane components, where the physical connection presumably provides some physiological advantage over the unfused version. There are other examples of the SBP being recruited to non-cognate transporter/channel architectures to provide a possible ligand-gating mechanism. An early example of this was seen from biochemical and structural work on glutamate receptor ion channels (iGluRs) in eukaryotes that revealed glutamate-binding domains fused to the channel subunit which were involved in agonist binding and channel opening [34]; more recent work on small conductance mechanosensitive channels in bacteria have found multiple examples of SBPs fused to the channel protein [35,36], where again they might have a function in ligand-induced channel gating. 
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Figure 1: Diversity of fused transporter architectures. A: fusions of the ABC transporter superfamily. Represented fusions: fusions of the OTCN and PAO families to substrate-binding proteins (SBPs); fusion of NukT to a peptidase domain, which is involved in cleavage and maturation of the lantibiotic substrate of the transporter; fusion of MetN to a domain with a ferredoxin-like fold, which modifies transporter activity by binding methionine; fusion of Rv1747 to two Forkhead-associated domains, which bind phosphorylated peptides and may mediate transporter activity in response to phosphorylation; and fusion of TagH to a C-terminal extension, which is associated with tolerance to high temperatures. B: fusions of the MFS transporter superfamily. Represented fusions: fusion of ProP to an osmosensory coiled coil (Osmo_CC) domain, which is involved in osmoregulation; fusion of LplT to PlsC, ACS and ACS C-terminal (ACS_Cterm) domains, which are involved in lysophospholipid repair; fusion of MamZ to a YedZ domain, which may be involved in ferric iron reduction; and fusion of PepT1/PepT2 to immunoglobulin-like domains, which may recruit trypsin to the transporter. C: fusion of the aquaglyceroporin family to arsenate reductase, which reduces arsenate to arsenite, the substrate of the transporter. D: fusions of the PTS channel subunit EIIC to EIIA and EIIB. Blue highlights represent additional fused sequences; pale grey represents separate proteins which form a complex with the transporter; dashed lines represent domains which are found in some, but not all, examples of the transporter. 
[bookmark: _3yvcbtz70e0][bookmark: _m9yt9xbzdcnl][bookmark: _wvj0msroqgrx]Fusions of transporters and channels to ‘regulatory’ domains 
Transporters can also be fused to other ‘accessory’ domains, introducing novel functions to the transporter, either through the introduction of regulatory domains, allowing post-translational regulation of transporter activity, or of catalytic domains, combining enzymatic conversion of the transporter substrate to the process of transport. The addition of regulatory domains to ABC transporters has been studied in a number of cases [37], Barabote et al. identified a range of fusions to different transporter families [38], and in our recent review, we discuss a number of fusions to the MFS transporters [18]. However, while the increasing number of sequenced bacterial genomes reveals increasing new examples of these fusions, still only few have been studied experimentally. Examples of fusions mentioned in the text are shown schematically in Fig. 1. 
One mechanism of regulation is the introduction of small molecule binding domains, allowing modulation of transporter activity by intracellular metabolites. This has been observed in the Escherichia coli ABC transporter for L-methionine, MetNI [39–41], and the Methanosarcina acetivorans molybdate/tungstate importer ModBC [42], which are both inhibited by high concentrations of their respective substrates. In MetNI [40], this is mediated by the fusion of the ATPase to a domain with a ferredoxin-like fold (Fig. 1); in ModBC, this is mediated by a different domain, albeit with a similar mechanism [42]. Another mechanism of regulation is the introduction of regions that can be post-translationally modified, leading to a structural change. A particularly interesting example of this is Rv1747 from Mycobacterium tuberculosis, which has an N-terminal extension with two Forkhead-associated (FHA) domains connected by a linker. Phosphorylation of the linker leads to self-binding by the FHA domains, potentially modulating the activity of the transporter [43]*. Finally, a third mechanism is to link activity of the transporter to a physical change inside the cell. For example, orthologs of the osmoprotectant transporter ProP have a C-terminal extension which has been proposed to interact with the membrane under low osmolarity, but is released under conditions of high osmolarity, activating the transporter [44,45]. In one group of ProP orthologs, the C terminal region also contains a coiled coil region, which is suggested to form dimers with other ProP C termini under high osmolarity, thereby stabilising the active conformation [45].
While not a regulatory fusion per se, the TagH ATPase from Bacillus subtilis has a C-terminal extension with a TMH that is required for protein activity at high temperatures [46]. The extension also contains a 225 amino acid extracellular region with unknown function. 
[bookmark: _c99o6751cotf][bookmark: _hs2swo199btd]Promiscuous partners – RCK, CBS and UspA domain fusions are found in many contexts
While we have described a number of distinct experimentally studied systems, most are limited to unique combinations of particular domains with particular membrane architectures. Here we find that some domains appear to have a propensity to fuse with multiple membrane transporters and channels. 
One example is the ‘regulation of conductance of K+’ (RCK) domain, which is involved in regulation of potassium transport in response to Ca2+ concentration, and has been observed in a range of different K+ channel families, including the archaeal MthK channel, the mammalian BK channel, and the E. coli Kch channel [47], as well as in K+/H+ antiporters such as E. coli KefC [48]. However, we will discuss these examples in a later section, as the interesting stoichiometry of these fusions warrants special attention.
The CBS (named after cystathionine β-synthase) domain, which is involved in nucleotide binding [49] appears to be fused to a variety of different transporters and channels. These were first seen in the human chloride channel, CLC-5 [50,51] through the elegant work of Dutzler and colleagues, where they occur in tandem pairs and are involved in channel gating (Fig. 2A). Recent work on the bacterial MgtE Mg2+ channel [52](TC 1.A.26 family) has elegantly demonstrated both biochemically and structurally that tandem CBS domains bind ATP which modifies the Mg2+-dependent gating of the channel [53]* (Fig. 2A). Moving into classical secondary transporters, the CNNM metal transporters (TC 1.A.112), studied primarily in mice, but with bacterial homologs, contain CBS domains that bind ATP, which appears to be a prerequisite for Mg2+ binding during transport [54] (Fig. 2A). Likewise, we identified C-terminal fusions of CBS domains to MFS transporters in bacteria, where the role of the CBS domain is still unknown [18] (Fig. 2A). There are also good examples in primary transporters. In the bacterial ABC transporter OpuCA, the fusion of tandem CBS domains is required for the osmoregulatory function of the transporter [55]. There is now emerging evidence that these CBS domains, fused to similar Opu-like ABC transporters in other bacteria including pathogenic Staphylococcus aureus and Listeria monocytogenes, sense cyclic di-AMP, allowing an additional cytoplasmic regulatory signal to couple allosterically to membrane transporters [56,57]. The previously mentioned OpuF transporters have a similar fusion of one or two CBS domains, although no data is available for the function of these domains in these proteins [29]. Cyclic di-AMP has also recently been shown to regulate the Kup potassium channels, which contain a C-terminal soluble domain, suggesting that there are more examples yet to be found [58].
Another, less well understood example is the Usp (universal stress protein) domain (Fig 2B). The biological function of this protein family, exemplified by UspA, remains elusive even 25 years after its discovery and despite its ubiquitous presence across all domains of life [59]. Fusions have been described to the C-termini of various cyanobacterial Na+/H+ exchangers [60], to voltage gated Cl- channels and archaeal amino acid permeases [61], to the ABT (archaeal/bacterial transporter) family of APC transporters [38], and to MFS transporters, typically from Actinobacteria [18]. Interesting hybrid examples have been noted with an archaeal Usp fused to a bacterial Na+/H+ exchanger [62]*. Usp proteins have also been noted as being located in operons with other transporters such as the TRAP transporters [63]. Despite this, their precise function is unknown; however, as the UspFG proteins, which the fused domains most resemble, are known to bind ATP, then perhaps this is another solution that Nature has stumbled across to allosterically regulate transporter and channel function by nucleotide triphosphate binding [38,61]. 
To conclude this section, we note the sll1864 chloride channel of Synechocystis sp. (strain PCC 6803 / Kazusa) is fused to both CBS and Usp domains [64], but, like the other systems, remains functionally uncharacterized (Fig. 2C). 
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Figure 2. Architectures of CBS (‘cystathionine β-synthase’), Usp (‘universal stress protein’) and RCK (‘regulation of conductance of K+’) fused transporters. A: fusions with CBS domains, which are able to interact with nucleotides such as ATP or cyclic-di-ATP. B: fusions with Usp domains, which are of unknown function, but may be involved in ATP binding. C: Synechocystis sp. sll1864, which is fused to both CBS and Usp domains. D: fusions to RCK domains, which regulate the transporter in response to the levels of Ca2+. Green highlights represent CBS domains; purple highlights represent Usp domains; blue highlights represent other fused regions; yellow highlights represent fused RCK domains; pale grey represents separate proteins which form a complex with the transporter; dashed lines represent domains which are found in some, but not all, examples of the transporter.
Fusions of transporters and channels to enzymes is relatively scarce
There are many examples of regulatory domain fusions, but those adding full functional enzymes that would work on the substrate of the importer/exporter they are linked to are much scarcer. Some of the clearest examples are seen in bacterial ABC exporters used in lantibiotic biosynthesis [65]. A number of these peptide-based antibiotics require a proteolytic cleavage during the final stages of their synthesis, and in some cases this is mediated concomitantly with efflux through the fusion of the peptidase directly to the transporter [66,67]. These fused domains have evolved to function cooperatively during the cleavage of the lantibiotic leader peptide and subsequent transport [68], exemplifying the potential for fusions to not only co-localise catalysis and transport, but also to allow novel interactions by enabling cross-talk between domains.
Within the MFS superfamily, one of the best experimentally characterised fusions is the lysophospholipid repair system, where the flippase LplT is fused to one or both of the subsequent enzymes that work on the transported lysophospholipid [18,69,70] (Fig. 1). Another example is Magnetospirillum gryphiswaldense MamZ, which contains a ferric reductase (YedZ)-like domain. This bacterium contains a structure called the magnetosome, consisting of biosynthesised magnetite, which allows it to align with magnetic fields; the YedZ domain is important for correct magnetosome formation, likely by combining ferric iron transport with its immediate reduction [71]. The human PepT1 and PepT2 transporters are also particularly interesting as they contain two additional immunoglobulin-like domains between helices 9 and 10, rather than at the N- or C-terminus. These domains are therefore on the external side of the membrane, and were found to associate with trypsin; they may therefore have a role in recruiting the protease to the transporter, colocalising production of di- and tripeptides and subsequent uptake [72].
Fusions of phosphotransferase systems (PTS) are already well-known; the permease subunit EIIC can often be found fused to the EIIA and/or EIIB subunits in a variety of permutations [73]. Although fusions of the EI and HPr subunits to the EIIA subunit were also identified, no ‘complete fusions’ of all of the subunits were discovered. Interestingly, it has been shown that an artificial fusion protein composed of the EIIBC, EIIA, HPr and EI proteins of the E. coli glucose PTS system is functional and can function more efficiently than a 1:1:1:1 mixture of the component proteins [74]. This raises the question of whether such fusions occur in nature, and indeed, some complete fusions are identified in InterPro: one type 1 system (UniProt: A0A2T5CBQ6) and two type 2 systems (UniProt: A0A328F7E0 and C0QKA9). However, these would need experimental study to verify. 
Another interesting example is an aquaglyceroporin from the bacterium Salinospora tropica that is fused to an arsenate reductase. Arsenate is highly toxic and its reduction to arsenite and subsequent efflux is a commonly employed strategy for resistance [75]. In this organism the proteins form a functional fusion [76] (Fig. 1), with the channel itself having evolved to increase selectivity for arsenite. The authors also note an independent fusion of a similar arsenate reductase to a different transporter family in M. tuberculosis, demonstrating the important potential physiological benefit of tightly coupling these two processes.
[bookmark: _7feq8k5fcp2p]To fuse or not to fuse?
Fusing another functional domain directly onto a membrane protein imposes topological and stoichiometric constraints that could strongly counter-select these occurring in nature. If we first consider topological problems, a fusion of a protein that is not normally secreted into an extra-cytoplasmic loop of a transporter, for example, would cause numerous problems with folding and assembly of the resulting fusion, suggesting it would be quickly selected against. Thus, the membrane proteins that are most amenable to fusion are those with NIN and/or CIN topology, which allows the fusion of additional cytoplasmic domains at the cytoplasmic termini with a simple linker sequence. This topology is common in bacterial membrane proteins; a landmark genome-wide study by Daley et al [77] has shown that 57% of the membrane proteins of E. coli have NIN and CIN topology. However, fusion of domains to an extracytoplasmic terminal is more difficult. From experimental manipulation of expression vectors for membrane proteins, those proteins with an NOUT topology, that could not normally be fused to GFP (which has to be in the cytoplasm to be active), can easily have an additional transmembrane helix fused to the end to locate the GFP in the cytoplasm [78], but for this to occur naturally would require an extra helix and the soluble domain to arrive at the same time. Nevertheless, there are good examples from both SWEET (‘sugars will eventually be exported transporter’) and TRAP transporters where the fusion of membrane components has required the incorporation of an additional helix to match the topology of the two individual partners [79–81]. Where the required linker transmembrane helix originated is not clear but must have been spliced between the genes. 
The second problem is to match the stoichiometry of the partners. Given that most soluble enzymes do not function as monomers, this would create a problem if the fusion partner is a monomer, such as most MFS transporters are thought to be. An interesting example of a system constrained by stoichiometry is the gating of potassium transporters by RCK domains. These domains typically function as octamers, and thus need to be significantly in excess over the transporter that they regulate. A simple solution is for the RCK protein to be expressed at higher levels that then channel is by placing it as the first gene in a two gene operon, as can be seen in the B. subtilis KtrAB complex [82,83]. A more complex, yet extremely elegant, solution has been reached in the Ca2+-gated K+ channel MthK of Methanobacterium thermoautotrophicum, as solved by McKinnon and colleagues [84]. The channel protein is fused to a RCK encoding region and forms a tetrameric membrane complex with 4 RCK domains attached to the 4 channel domains. To achieve the final 4:8 ratio observed in the functional complex, this archaea uses an internal promoter within the structural gene for the fusion, so that it produces both the fused channel-RCK protein and stand-alone RCK domains. However, a seemingly simpler solution would be to fuse two RCK domains downstream of the channel domain, as can be seen in the eukaryotic BK channels [85]. It would be tempting to speculate that the MthK transporter represents an ‘intermediate form’ between fusion and non-fusion; however, work by Kuo et al. suggests that the activity of the channel is influenced by the oligomerisation state of the RCK domains under different conditions [86] and by the interaction of the MthK N-terminal ‘desensitisation domain’ with free RCK [87], possibly indicating a physiological role for the unfused RCK domain. With regards to the E. coli KefC transporter, the RCK domain lacks an internal start codon and does not contain the residues involved in dimer-dimer oligomerisation; it has been proposed to form a tetramer rather than an octamer [48], thereby circumventing the stoichiometry issue entirely.
There is an additional question of whether the size of the fusion partner is important. Many of the examples we have seen are relatively small regulatory domains (<100 amino acids) that are being fused and this was noted in earlier studies about fusions more generally by Anantharamana, Koonin and Aravind [64]. While this seems an attractive hypothesis, we have seen examples of larger fusions like the lysophospholipid recycling MFS fusions in E. coli, which suggests that small size is not an essential feature. Also, there could be good reasons why fusions may be evolutionarily disfavoured. Some ABC transporters clearly exploit the fact that they can couple to multiple SBPs that each bind different ligands and so fusing to one particular partner would limit this [88]. However, it is still possible for a transporter to fuse to multiple different SBPs, as can be seen in the L. lactis GlnPQ transporter, to at least partly retain this desired property [31].
[bookmark: _i4nnn2j0de4d][bookmark: _cv4r4xia69qa]Limited evidence for gene fission in membrane transporter evolution in bacteria 
Gene fission describes the evolutionary process by which fused domains become independent. Fission is achieved either by the splitting of one open reading frame into two or more (type 1) or the degradation of one or more domains (type 2) [89]. Within bacteria, protein fission occurs 5x less frequently than fusion, possibly reflecting the disadvantageous nature of the initial domain loss [36] or that the low frequency of tandem duplications in bacteria limits the creation of extra copies of genes where fission can occur without altering the function of the original gene (89). The propensity of membrane protein fissions specifically has not been fully studied; however, some limited evidence has been observed within the membrane components only.
An example of a type 1 fission comes from the SecDF membrane proteins involved in protein transport across the cytoplasmic membrane. These proteins are not-fused in the model organism E. coli, being present as a heterodimer of two 6 TMH-containing proteins, SecD and SecF [90]; however, within many Gram +ve bacteria, including B. subtilis and S. aureus, a single 12 TMH containing polypeptide, SecDF, has been formed as a result of gene fusion [91,92] and the structure of the fused protein from Thermus thermophilus has been solved [93,94]. Interestingly the model actinobacterium Streptomyces coelicolor contains two variants of the SecDF system, both a fused and heterodimeric version [95]. In the same study, a heterodimeric system in Dehalobacter sp. FTH1 is identified that is buried within a larger clade of fused homologues, suggesting that a gene fission event has taken place [95], reverting this back to the heterodimeric system. Clearly the structural and topological relationship between these two membrane proteins is permissive to their sequential fusion and subsequent fission during evolution. 
Type 1 fission has been suggested for the M. tuberculosis MmpL13 protein, an 11-12 TMH transporter that has split producing a 4 and 6 TMH protein respectively [96,97]*; however, while this is proposed to be a genuine fission, experimental determination of the function of the ‘split’ system is required. There is also evidence of a type 1 fission returning a previously fused transporter back into an ancestral unfused state in the long-chain chromate ion transporter (LCHR) protein of Geobacter metallireducens, which underwent a late fission to produce two short-chain CHR proteins [98]. 
Type 2 fission can involve both soluble and intermembrane domains. The nucleotide transport proteins (NTTs) have a fusion to a HEAT (‘Huntingtin, elongation factor 3, protein phosphatase 2A, TOR1’) repeat domain. However, multiple subsequent NTT-HEAT fissions have been recorded within several bacteria, forming a clade [99]**. An even more evolutionarily labile fusion between HEAT and downstream cyclic nucleotide binding domains has also been recognised [99]. Truncation of a transmembrane protein can also be achieved by type 2 fission, as the 6 TMH Cation Diffusion Facilitator (CDF) family has been identified as undergoing fission to produce 4 TMH calcium release activated channels (CRACs), homologous to TMH 3-6 of the CDF [100]. Finally, an example from Usp fusions, the unfused Haloarcula marismortui ABT transporter ‘Hma4’, sits phylogenetically within a cluster of fused transporters [38], suggesting that the encoding gene has undergone a fission event resulting in loss of the Usp domain.
[bookmark: _l7qyms4kmeah]Conclusions 
We have seen that there are multiple clear examples of transporters and channels that during evolutionary history have acquired additional domains through recombination which have been selected for and maintained. Given that a random fusion of a soluble domain into an integral membrane protein will likely produce something non-functional, the persistence of these examples suggests that there are benefits to host fitness mediated through these fusions. This could be through more efficient transporter by coupling directly to the enzyme working on the transported substrate, or having a regulatory domain that allows the cell to more fine-tune activity of a particular transporter, for example. However, there is little direct evidence to support this from controlled studies comparing fused to non-fused partners. One striking example was the discovery using experimental evolution in the bacterium Pseudomonas fluorescens strain SBW25 that a wrinkly-spreader phenotype evolved multiple times in different experiments from a range of deletions in an operon which resulted in a signalling protein now being directly fused to the integral membrane protein [101]**. In this case the membrane protein was only required to sequester the signalling domain to the membrane and its own function was lost, but this beautiful experiment demonstrates a massive advantage of working with bacterial systems in that experimental approaches to study the evolution of gene function can be undertaken successfully. From an evolutionary stand point it also highlights that while fusion to a membrane protein has been selected for in this work, It also highlight how it is easy to fuse to a membrane protein, but not in a way which retains its function. 
There is still little hard experimental data on the rates of diffusion of membrane proteins and their soluble partners, although in some cases it has been suggested that diffusion is limiting, which would support a function for fusions [102]*. We have seen that regulatory domains appear to be the most common type of fusions, usually added to the C-terminus of an existing functional transporter/channel that can over time allow the membrane protein domain to be regulated allosterically through small molecule binding to the regulatory domain. Perhaps there are common metabolic or physiological cues that these domains can sense that can be advantageous for regulating the activity of many different transporter proteins to ingrate intracellular signals into the allosteric regulation of transporter activity.  These examples appear to be more ancient and are core features of some ubiquitous channels. Examples of complete enzyme fusions are much rarer and both topological and stoichiometic reasons may strongly select against this occurring. Finally, our review have pulled together as many known examples of fusions and fissions from mainly bacterial systems; what is really needed now are comprehensive genome-wide surveys of these events to assess their evolutionary importance and diversity. Also the few systems where fusions/fissions have occurred naturally need much deeper study to elucidate what benefit(s) they confers to the organisms and then how these rules could be used for designing novel artificial fusions for use in biotechnology. 
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Paper descriptions

5. Milner et al 2019 **
An important paper on HGT in eukaryotes with a particular focus on transporters. A "transporter-gene acquisition ratchet" is proposed where the transportome is continually evolving via methods of duplication, HGT and differential gene loss. 
29: Teichmann et al 2018 *
This paper describes the characterisation of a novel family of compatible solute transporters. The distribution, architecture and substrate specificity are all considered. Interestingly, all members of this family are fused, suggesting that they derive from a single ancestral fusion. Furthermore, the paper contains a phylogenetic tree of compatible solute transporters in the genus Bacillus, which shows several clusters of fused OpuA transporters.
31: Schuurman-Wolters et al 2018 **
This paper examines the role of the inter-domain linkers of the fused SBPs in the amino acid transporter GlnPQ. The study demonstrates some of the potential constraints for the linker sequences, and would therefore be especially interesting for those studying the effects of artificial linkers in fusion proteins. If the linker is too short, the interactions of the SBPs with the transporter are impaired; conversely, if the linkers are too long, the Vmax for transport decreases as the SBP takes more time to bind the transporter, and the Km for transport of weakly binding substrates increases as the rate of transport decreases relative to the rate of release into the supernatant. 
43: Heinkel et al. 2018 *
This study describes the interesting potential regulatory module of Rv1747, where the fused FHA domains are able to bind to the phosphorylated linker peptide. Although the effect on transporter activity was not experimentally confirmed, the results of the paper suggest that this allows the activity of the trasnporter to be fine-tuned through the alteration of the phosphorylation state of the linker regions.
53: Tomita et al. 2017 **
The study describes a unique regulatory role for the CBS domains of the magnesium channel MgtE, where the binding of ATP sensitises the channel to intracellular magnesium, thus promoting the closure of the channel at physiological magnesium concentrations. The uptake of magnesium by this channel is therefore connected to both the concentrations of internal magnesium and ATP.
62: Méheust et al 2018 *
The study provides evidence that gene fusion, including fusion of domains acquired from bacteria, has resulted in the formation of numerous chimeric genes in Haloarchaea, and identifies that many of these are involved in core metabolism and adaptation to high salt concentrations, suggesting that they have been important in the adaptation of the Haloarchaea to their environmental niche.
97. Sandhu & Akhter, 2018. *
This paper is a focussed study on the molecular evolution of the Mycobacterial MmpL RND efflux pump. It introduces the role of fusion and gene duplication, exploring the importance of this event in producing internal symmetry. It also suggests examples of fissions, although these examples need experimental characterisation
99: Major et al 2017. **
This paper offers an interesting insight into the fusion partners of NTTs. Phylogenetic analysis suggests a single, bacterial origin for the NTT-HEAT fusion, and offers multiple theories about the uptake of this fusion in the bacterial and eukaryotic lines containing it. 
101: Farr et al 2017. **
This beautiful experimental evolution approach demonstrated real adaptation of Pseudomonas fluorescens to a new phenotype, finding multiple genetics changes that bring a di-guanylate cyclase domain to the membrane through fusion with an integral membrane protein. 
102: Schavemaker, Boersma & Poolman 2018 *
An interesting review on the importance of protein diffusion in prokaryotes which poses questions in the field that need answers that are critical to help elucidate when membrane transporter/enzyme fusions would be functionally beneficial. 
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