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Abstract
The biological membrane is an efficient barrier against water-soluble substances. Solute 
transporters circumvent this membrane barrier by transporting water-soluble solutes across the 
membrane to the other sides. These transport proteins are thus required for all living organisms. 
Microorganisms, such as bacteria, effectively exploit solute transporters to acquire useful nutrients 
for growth or to expel substances that are inhibitory to their growth. Overall, there are distinct 
types of related solute transporters that are grouped into families or superfamilies. Of these various 
transporters, the major facilitator superfamily (MFS) represents a very large and constantly 
growing group and are driven by solute- and ion-gradients, making them passive and secondary 
active transporters, respectively. Members of the major facilitator superfamily transport an extreme 
variety of structurally different substrates such as antimicrobial agents, amino acids, sugars, 
intermediary metabolites, ions, and other small molecules. Importantly, bacteria, especially 
pathogenic ones, have evolved multidrug efflux pumps which belong to the major facilitator 
superfamily. Furthermore, members of this important superfamily share similar primary sequences 
in the form of highly conserved sequence motifs that confer useful functional properties during 
transport. The transporters of the superfamily also share similarities in secondary structures, such 
as possessing 12- or 14-membrane spanning α-helices and the more recently described 3-helix 
structure repeat element, known as the MFS fold. The three-dimensional structures of bacterial 
multidrug efflux pumps have been determined for only a few members of the superfamily, all drug 
pumps of which are surprisingly from Escherichia coli. This review briefly summarizes the 
structural properties of the bacterial multidrug efflux pumps of the major facilitator superfamily in 
a comparative manner and provides future directions for study.

Keywords
bacteria; multidrug efflux; antimicrobial resistance; major facilitator superfamily

*Corresponding author: manuel.varela@enmu.edu. 
CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

HHS Public Access
Author manuscript
Trends Cell Mol Biol. Author manuscript; available in PMC 2016 April 06.

Published in final edited form as:
Trends Cell Mol Biol. 2015 ; 10: 131–140.

Author M
anuscript

Author M
anuscript

Author M
anuscript

Author M
anuscript



Importance of solute transport
All living prokaryotic and eukaryotic cells are enclosed by a phospholipid bilayer 
membrane. This biological membrane is a barrier that prevents the movement of water-
soluble solutes and ions, most of which are necessary for the life of the cell and must be 
contained intracellularly and in appropriate concentrations. These living cells, therefore, 
must have the ability to acquire and keep solutes that are necessary for life while 
simultaneously preventing the entry of and exporting solutes that are harmful. The biological 
membrane resolves both of these barrier and homeostatic challenges by using membrane 
transporter proteins which catalyze the entry and efflux of solutes across the membrane. All 
living cells harbor these membrane-bound solute transporters which are, thus, critical for all 
life [1–3].

Types of solute transporters
In terms of bioenergetics, solute transporters in living cells can be generally divided into two 
main categories. In the first category, solute transporters, called passive transporters, do not 
use biological energy to accomplish solute transport across the membrane. In these passive 
transport systems, the solutes are driven across the membrane by the solute gradient from a 
high solute concentration towards a low solute concentration. Examples of this system 
include carriers and porins that mediate facilitated diffusion. In the second category, solute 
transporters called active transporters use biological energy to transport solutes across the 
membrane in which solutes accumulate on one side of the membrane. Within these active 
solute transporters, there are two groups of solute transport systems. Primary active transport 
represents the first system, and it uses energy contained within the hydrolysis of adenosine 
triphosphate (ATP) to mediate passage of solutes across the membrane from a low solute 
concentration on one side of the membrane to a high solute concentration on the other side 
of the membrane [4]. Secondary active transport represents the second system, and it uses 
the energy contained within ion gradients by moving these ions across the membrane down 
their concentration gradients in order to transport solutes across the membrane against the 
solute gradient to mediate solute accumulation [5]. A third group of active transport consists 
of group translocation in which solute is enzymatically modified during transport, such as 
those seen in the phosphotransferase systems (PTS) for carbohydrates [6].

Superfamilies of solute transporters
In terms of phylogenetic relationships, solute transporters can be categorized into 
superfamilies consisting of families of related and homologous solute transporters. The 
individual solute transporters contained within these superfamilies share related primary 
amino acid sequences and protein structures. With respect to primary active transporters, a 
well-known and highly studied superfamily is that of the ATP-binding cassette (ABC) 
transporter superfamily [7]. On the other hand, secondary active transporters for 
antimicrobial agents are exemplified by several distinctive major superfamilies. These 
particular superfamilies include the multidrug and toxic compound extrusion (MATE) 
superfamily [8], the resistance nodulation cell division (RND) superfamily [9], the small 
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multidrug resistance (SMR) superfamily [10], and the major facilitator superfamily (MFS) 
[11, 12].

Major facilitator superfamily
Due to their inherent hydrophobic and flexible nature, solute transporters are recalcitrant to 
protein purification with biochemical techniques. Therefore, molecular biological techniques 
have fostered the cloning of the genes encoding solute transporters, such as that seen for a 
key solute transporter, LacY, the lactose permease of Escherichia coli [13]. As a 
consequence of these early developments in gene cloning, nucleotide sequence elucidation 
became possible for genes encoding solute transporters [14]. Shortly after the DNA 
sequences became available for additional genes encoding solute transporters, Henderson 
and colleagues made the important and groundbreaking discovery that distinctive sugar 
transporters were homologous to each other [15], indicating that these various sugar 
transporters shared a common evolutionary origin despite that fact that these proteins were 
from different prokaryotic and eukaryotic organisms. As additional DNA sequences of genes 
coding for solute transporters became available and their deduced primary sequences were 
compared to each other, investigators began to group these seemingly unrelated transporters 
in families and superfamilies based on their sequence relatedness. These transporter groups 
were initially called the transporter superfamily (TSF) [16] or the uniporter, symporter, 
antiporter family (USA) [17], and the generally accepted term is major facilitator 
superfamily (MFS) [18].

Presently, the MFS harbors thousands of transporters conveniently organized in the well 
maintained Transporter Classification Database (TCD) www.tcdb.org [19]. Currently, the 
MFS contains over 15,000 individual solute transporters [19] and is a well-studied 
constellation of solute transporters from all known taxa [11, 12, 20–22]. The substrates of 
the transporters in the MFS are structurally diverse and include distinctive low molecular 
weight molecules such as sugars, antimicrobial agents, amino acids, nucleic acids, and 
intermediary metabolites.

Members of the MFS include uniporters, symporters and antiporters [23]. A uniporter 
catalyzes the facilitated diffusion of a single substrate across the membrane down its 
substrate concentration gradient [18]. Symporters catalyze ion-gradient driven secondary 
active transport of solute and ion in the same direction across the membrane, and antiporters 
catalyze ion-driven secondary active transport of substrate and ion across the membrane but 
in opposite directions [11, 20]. Both symporters and antiporters accumulate their substrates 
on one side of the membrane against their concentration gradients.

Conserved amino acid sequence motifs of the MFS
Early studies showing high degrees of relatedness among members of the MFS also 
definitively demonstrated that highly conserved amino acid sequence motifs were shared 
[24–28]. One of these motifs, now called Motif A, was discovered by Henderson and 
colleagues, has residues “G (X)3 D R/K X G R R/K” and is found in the loop between 
helices 2 and 3 of virtually all of the MFS transporters [15, 29]. One of the first structure-
function studies of Motif A in an MFS transporter showed that the Ser-65 – Asp-66 
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dipeptide within the motif of the Tn10 TetA(B) tetracycline efflux pump [30], required a 
negative charge and the inter-helical loop for gating but not for substrate binding [31]. The 
lack of requirement for a negative charge in the loop during substrate binding was in contrast 
to previous work [32] implicating residues in the loop between helices 2 and 3 as 
participating in substrate binding. Further studies showed that Asp-84 of helix 3 and Gly-62, 
Asp-66, Ser-77 and Arg-70 (residues of Motif A) formed a tetracycline channel structure 
and possibly mediated conformational changes during tetracycline efflux [33, 34].

Another important conserved sequence motif, now called Motif C, has residues “G (X)8 G 
(X)3 G P (X)2 G G” discovered by Rouch et al. to reside within the fifth transmembrane 
domain of transporters of the MFS [28]. Initially thought to be present only in antiporters of 
the MFS but not in symporters or uniporters, Motif C had been referred to as the “antiporter 
motif” [35, 36]. Recently, however, manual adjustments made to an extensive multiple 
sequence comparison surprisingly showed that elements of the “antiporter motif” were 
indeed present in both symporters and uniporters of the MFS [37]. Varela et al. conducted 
the first structure-function analysis to examine the functional importance of the most highly 
conserved residue of Motif C, Gly-147 of TetA(C), a pBR322 encoded tetracycline efflux 
pump [35]. Molecular modeling mechanics further suggested that helix 5 formed a slight 
bend or kink in the wild-type TetA(C) [35].

Structures of MFS transporters
In general terms, the transporters of the MFS have 12 or 14 transmembrane-spanning 
segments (TMS) [38–40]. As of this writing, crystal structures have been elucidated for over 
a dozen MFS transporters. These MFS protein structures include the multidrug efflux pump, 
EmrD, from E. coli [41], the fucose transporter, FucP, from E. coli [42], the glucose-H+ 

symporter, GlcPSc, from Staphylococcus epidermidis [43], the glycerol-3-phosphate 
transporter, GlpT, from E. coli [44], the glucose transporter, GLUT1, from Homo sapiens 
[45], the lactose symporter, LacY, from E. coli [46], the multidrug efflux pump, MdfA, from 
E. coli [47], the nitrate/nitrite antiporter, NarK, from E. coli [48], the nitrate/nitrIte 
exchanger, NarU, from E. coli [49], the oligopeptide-H+ symporter, PepTSo, from 
Shewanella oneidensis [50], the phosphate transporter, PipT, from Piriformospora indica 
[51], the xylose transporter, XylE, from E. coil [45], the multidrug transporter, YajR, from E. 
coli [52], the peptide transporter, YbgH, from E. coli [53], and most recently, the 
mammalian fructose transporter, GLUT5, from Rattus norvegicus and Bos taurus [54].

Thus far, the general properties of the elucidated protein structures show that the MFS 
transporters consist of two structurally symmetrical and functionally asymmetrical bundles, 
also called N-terminal domains (NTDs) and C-terminal domains (CTDs), and each of these 
bundles are in turn composed of the N-terminal TMSs 1 through 6 and of the C-terminal 
TMSs 7 through 12, respectively [11, 21]. In essence, an ancestral transporter with 6-TMSs 
underwent an internal gene sequence duplication, and then a tandem connection of the 
duplicated segments gave rise to the modern 12-TMS MFS transporter with the two bundles 
[26]. Additionally, a common structural feature of the MFS transporters is a large central 
aqueous cavity formed by elements of the two bundles, supporting prior genetic analyses of 
the tetracycline efflux pump, TetA(C), in which it was proposed that the N- and C-termini 
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bundles or domains interact functionally [55, 56] and supporting Mitchell’s notion in which 
he proposed that a proton gradient is an energy source for driving solute transport across the 
membrane [23, 57]. When one considers how these structural bundles and the central 
aqueous cavity relate to substrate transport across the membrane, the so-called alternating 
access mechanism has been hypothesized [5, 58–60]. In this proposed mechanism, the 
substrate binding site of the resting MFS transporter faces one side of the membrane and 
then upon substrate binding orients itself via a conformational change such that the binding 
site faces the other side to facilitate transport across the membrane [20, 61]. The MFS 
transporters use flexible gating structures to form inward or outward facing states that are 
occluded in order to prevent leakage and dissipation of the ion gradients [62]. Inherent in the 
overall conserved protein structures of the MFS transporters is the “MFS fold” which is 
composed of an inverted triple helix motif that is repeated four times to form four 3-helix 
inverted-topology repeats; these repeats constitute the MFS fold in the conserved MFS 
transporters [63].

Importance of drug and multidrug resistance
Of the many solute transporters that are members of the major facilitator superfamily, the 
multidrug efflux pumps are of tremendous interest as these integral membrane transport 
proteins confer multidrug resistance in serious bacterial pathogens and confound the efficacy 
and efficiency of chemotherapy against infectious disease [64]. Thus, it is of critical 
importance that these multidrug efflux pumps be studied at the mechanistic and 
physiological levels [64–66]. The multidrug efflux pumps of pathogenic bacteria make 
excellent candidate targets for modulation [67] in order to eventually restore clinical efficacy 
of chemotherapy of bacterial infections.

Structures of multidrug efflux pumps from the major facilitator superfamily
As previously mentioned, high resolution structures for more than a dozen MFS transporters 
have been determined. Of these, only three of the transporters are believed to be bacterial 
multidrug efflux pumps. Below we discuss the structures of these known drug efflux 
systems.

EmrD from E. coli
The E. coli EmrD transporter was the first multidrug efflux pump of the MFS to be 
crystallized and its three-dimensional protein structure to be determined at high resolution, 
Figure 1 [41]. As had been predicted [12], the EmrD protein structure consists of 12 
transmembrane α-helices that cross the inner membrane of E. coli in a so-called zig-zag 
conformation with the N- and C-termini located in the cytoplasm [41]. The overall EmrD 
structure consists of two 6-helix pseudo-symmetrical perpendicular bundles, composed of 
helices 1–6 and helices 7–12, and referred to as the MFS bundle structure [41]. Interestingly, 
the EmrD structure has two intra-helical loops, one loop formed between helices 4 and 5 and 
the other formed between helices 10 and 11 [41], and both of these loops protrude into the 
inner leaflet of the bacterial cytoplasmic membrane [41]. This structural element formed by 
the loop between helices 10 and 11 is proposed to play a role in the lateral diffusion of 
hydrophobic drugs that are embedded in the membrane, achieving efflux of these types of 
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drugs into the periplasm [68]. Inherent in the overall 3-dimensional structure are four 
inverted triple-helix topology repeat elements (see Figure 2), composed of helices 1–3, 
helices 4–6, helices 7–9 and helices 10–12 of the transporter, and known as the MFS fold 
[37, 63]. The fourth helix of EmrD has charged amino acids Arg-118, Arg-122, Asp-123, 
Glu-126, Arg-127, and Arg-131, all or most of which are believed to constitute a selectivity 
filter and a substrate recognition site [41]. Additionally, during the transport cycle, EmrD 
has an intermediate occluded conformational state that forms between the open and closed 
conformational states in which the large flexible central internal cavity is paramount in the 
cycle and is primarily composed of aromatic and bulky amino acids, such as Ile, Tyr, Trp 
and Phe, which may accommodate binding and transport of drug substrates [41]. Molecular 
dynamics simulations, using predicted protein models based on the known EmrD protein 
structure, implicated Val-45 and Leu-233 as mediating global conformational changes 
during carbonyl cyanide m-chlorophenylhydrazone transport and thus identifying residues 
that potentially dictate interactions with substrates and in mediating conformational changes 
that occur during the release of drug from the transporter into the periplasm at the end of the 
transport cycle [69]. Using structure-functional approaches it remains to be determined 
whether these residues play such functional roles at the physiological level in EmrD and 
whether closely and distantly related MFS multidrug efflux pumps work in the same way. 
Also unclear is whether EmrD and other MFS drug transporters bind and transport 
structurally different substrates using one conserved but structurally flexible site, e.g., the 
central aqueous cavity adjusts to accommodate its multiple substrates (i.e., one binding site) 
during solute transport. Alternatively, it may be possible that EmrD and MFS drug 
transporters have multiple substrate binding sites. Thus, much work remains to be completed 
in order to clearly understand multiple drug efflux.

YajR from E. coli
The crystal structure of YajR, a multidrug efflux pump from E. coli, was determined [52], 
and is shown in Figure 3. The YajR structure was present in an outward facing conformation, 
and interestingly, functional roles for residues of Motif A were postulated in the same study 
[52]. In particular, Gly-69 interacted closely with Gly-337 and Gly-341 of helix 11, forming 
part of an interface between the two N- and C-terminal domains (i.e., bundles) in order to 
stabilize the outward facing conformation of YajR [52]. In the YajR structure, Asp-73 is 
adjacent to helix 11 and buried deep within the bundle interface, possibly stabilizing both the 
structure of helix 11 and the bundle interface conformation by using a postulated dipole-
helix interaction; and when Asp-73 was changed to Arg the melting temperature decreased, 
suggesting that Asp-73 becomes accessible to solvent (i.e., unburied) when the inward-
facing conformation forms [52]. Arg-74 of YajR is further thought to interact closely with 
phospholipid molecules, thus providing structural stability while in the membrane [52]. With 
respect to Gly-76 of Motif A in YajR, this conserved residue is believed to stabilize 
molecular interactions within N-terminal bundle, and thus dictate intradomain stability [52]. 
Conversely, Arg-77 may form salt bridges with Asp-73 of Motif A and Asp-126, which is 
near the C-terminal part of helix 4 [52]. It is interesting to note that a similar type of salt-
bridge formation occurs in the lactose permease of E. coli, in which Lys-319 forms 
alternating ion-pairs with Asp-240 and Glu-269 of LacY [70, 71]. Lastly, in Motif A, Lys-73 
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of YajR possibly interacts with the C-terminal end of helix 6 [52]. In essence, Motif A of 
YajR stabilizes an outward facing conformation and may further mediate the conformational 
changes between the outward and inward facing structures formed during multidrug 
transport [52]. Strikingly, sequence elements of Motif A of loop 2–3 (called L2–3) are 
present to a certain extent in loops between helices 5 and 6 (L5–6), 8 and 9 (L8–9) and 11 
and 12 (L11–12) as well, suggesting a universal importance of structures formed by Motif A 
and Motif A-like sequences not only throughout a given MFS solute transporter, but in all 
transporters of the MFS [52].

MdfA from E. coli
An important multidrug efflux pump from E. coli is MdfA [72], also known as Cmr [73] and 
CmlA [74–76], which confers chloramphenicol resistance and is distinct from CmlA on 
Tn1696 [77]. Studies of cationic drug and proton transport indicate that Asp-34 [78] and 
Glu-26 [79] play functional roles in transport. A study of transport involving MdfA 
indicated that the substrate binding pocket may be composed of two distinct structural 
motifs. The first such motif involves residues Val-125, Tyr-127, and Ala-128 located in helix 
4, Ser-133 located in the cytoplasmic loop between helices 2 and 3, plus Met-146, Ala-147, 
and Ala-150, which reside in helix 6 [80]; whereas the second structural motif is thought to 
be composed of Cys-21, Val-23 in helix 1, Gly-39 located in the periplasmic loop between 
helices 1 and 2, and Val-54 and Thr-56 in helix 2 [80]. In an interesting study of MdfA 
conformational changes associated with the transport of multiple drugs, Fluman et al. [81] 
postulated a so-called “promiscuous conformation switch” mechanism in which substrate 
binding triggers conformational switching to a periplasm-facing orientation, and the proton 
binding to MdfA induces another conformational switch to reorient the substrate binding site 
back to the cytoplasmic side of the membrane [81, 82]. After having replaced a wild-type 
glycine residue at position 354 with a new negatively charged residue glutamate in the 
middle of helix 11 of MdfA, the proton stoichiometry was altered to transport additional 
protons during drug transport [83]; this finding suggests that residues at positions 34, 26 and 
354 are in close proximity in MdfA. Subsequently, it was demonstrated that MdfA transports 
dequalinium, chlorhexidine and pentamidine, all of which are dicationic, in a process that 
involves binding and transport of one of the two cationic moieties of the substrate across the 
membrane before mediating binding and transport of the second charged moiety of the same 
molecule through the transporter, thus accomplishing dicationic drug transport in a 
successive fashion [84].

Recently, three structures of MdfA from E. coli were determined (Figure 4) all of which 
were in a cytoplasmic facing conformation and had the central aqueous cavity [47]. 
Furthermore, each of the three protein structures were bound to a different solute, i.e., 
chloramphenicol (an established substrate for MdfA) [72], plus deoxycholate and n-dodecyl-
N,N-dimethylamide-N-oxide (two known substrate analogs) [47]. In this study, elements of 
the substrate binding site were found in helix 1 of MdfA, i.e., Glu-26 and Asp-34, which are 
conserved, and are surrounded by the highly conserved residues of Motif C in helix 5, i.e., 
Val-149, Ala-150, Ala-153, and Pro-154 [28]. Thus, Motif C is currently believed to lie in 
the interface between the two N- and C-terminal bundles, now referred to as the “inter-
domain interface” [47]. As such, it was proposed that Motif C has functional roles during 
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drug transport by participating with other helices to prevent proton leakage (and thus prevent 
proton gradient dissipation) and, importantly by stabilizing the interactions that occur 
between the helices that constitute the inter-domain interface in order to maintain the 
cytoplasmic-facing conformation [47]. Lastly, because the inter-helical loops between 
helices 2 and 3 of MdfA were not found to interact with residues of other loops, it was 
postulated that Motif A serves to stabilize the external-facing conformation of the multidrug 
efflux pump. Clearly, these and other highly conserved sequence motifs may play critical 
roles during the transport cycles of other multidrug efflux pumps of the MFS. Such 
structures formed by these sequence motifs may be good targets for efflux pump inhibitors 
[67].

Future studies
Presently, it remains unclear whether the various structures and functions elucidated already 
have universal application to all members of the MFS. Additionally, it is not known how 
these MFS transporters with their diverse substrates manage to maintain their individual 
substrate specificities while accomplishing their shared universal function, i.e., transport. It 
is especially unclear at the molecular level how these MFS transporters dictate transport of 
single versus multiple solutes as their substrates. Interestingly, very little work has been 
performed that addresses how these MFS transporters sort out passive versus secondary 
active transport. With respect to the energy mode, it is poorly understood how these 
transporters mediate H+ versus Na+ ion selectivity. One is curious whether a simple point 
mutation in a given MFS transporter would be enough to convert a passive carrier into an 
active transporter, or vice versa, as seen in LacY [71]. Further physiological, structure-
function and structural studies will be necessary to ascertain whether all or sub-sets of 
functionally related transporters of the MFS work by a common transport mechanism, as has 
been previously proposed [26]. Whether the transporters of the MFS catalyze solute 
transport across the membrane by similar or distinctive means, such mechanisms will no 
doubt, for instance, be good targets for modulation in order to effectively restore the clinical 
efficacy of antimicrobial agents whose utilities are compromised by multidrug resistance 
observed in microbial pathogens. Along these lines, the MFS transporters may be altered to 
accommodate enhanced transport of desirable medically- or industrially-based substrates.
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Figure 1. Structure of EmrD from E. coli
The crystal structure of the multidrug efflux pump EmrD from E. coli is shown; stereo 
views. (A) The electron density profile for helices 3 and 6 and the loop between helices 6 
and 7 are shown. (B) The ribbons in color show the α-helices, side view; the N- and C-
termini are facing the cytoplasm; the membrane is not shown. (C) Top view of EmrD; the α-
helices are numbered (Reprinted from Yin, Y., He, X., Szewczyk, P., Nguyen, T. and Chang, 
G. 2006, Science, 312, 741–744 with permission from AAAS).
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Figure 2. The MFS fold
The MFS fold consists of four inverted triple-helix topology repeat elements. The 
transmembrane α-helices 1 through 12 are shown as numbered long horizontal bars. The 
bold letters A through D indicate each of the four triple-helical inverted repeats. Adapted 
from Yaffe et al. [37] and Radestock et al. [63].
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Figure 3. Structure of the multidrug efflux pump YajR from E. coli
The figure shows the α-helices of YajR as numbered cylinders, and the outside facing 
aqueous cavity is shown in the structure on the left. The views of the pump from the top and 
bottom are shown on the right (Reprinted from Jiang, D., Zhao, Y., Wang, X., Fan, J., Heng, 
J., Liu, X., Feng, W., Kang, X., Huang, B., Liu, J. and Zhang X. C. 2013, Proc. Natl. Acad. 
Sci. USA, 110, 14664–14669).
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Figure 4. Structure of MdfA from E. coli
(Reprinted by permission from Macmillan Publishers Ltd: [Cell Research] (Heng, J., Zhao, 
Y., Liu, M., Liu, Y., Fan, J., Wang, X., Zhao, Y. and Zhang, X. C. 2015, Cell. Res., 25, 
1060–1073), copyright (2015)).
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