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ABSTRACT: The major facilitator superfamily (MFS) is the largest known superfamily of
secondary active transporters. MFS transporters are responsible for transporting a broad
spectrum of substrates, either down their concentration gradient or uphill using the energy
stored in the electrochemical gradients. Over the last 10 years, more than a hundred
different MFS transporter structures covering close to 40 members have provided an atomic
framework for piecing together the molecular basis of their transport cycles. Here, we
summarize the remarkable promiscuity of MFS members in terms of substrate recognition
and proton coupling as well as the intricate gating mechanisms undergone in achieving
substrate translocation. We outline studies that show how residues far from the substrate
binding site can be just as important for fine-tuning substrate recognition and specificity as
those residues directly coordinating the substrate, and how a number of MFS transporters
have evolved to form unique complexes with chaperone and signaling functions. Through a
deeper mechanistic description of glucose (GLUT) transporters and multidrug resistance
(MDR) antiporters, we outline novel refinements to the rocker-switch alternating-access model, such as a latch mechanism for
proton-coupled monosaccharide transport. We emphasize that a full understanding of transport requires an elucidation of MFS
transporter dynamics, energy landscapes, and the determination of how rate transitions are modulated by lipids.
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1. INTRODUCTION

The transport of small molecules across cell membranes is
essential for the healthy life of a cell. As small molecules diffuse
poorly across membranes, nature has evolved a diverse set of
membrane-integrated transporters to act as gatekeepers. In
essence, these doors open in a controlled fashion to catalyze
either the import or export of small molecules across biological
membranes to maintain cell homeostasis and communicate
information. Small-molecule transporters, commonly referred
to as solute carrier (SLC) transporters, represent the second-
largest fraction of the human membrane proteome after the G-
protein coupled receptors (GPCRs).1,2 They are distinct from
primary active transporters, which typically use ATP to
translocate molecules across the membrane and against their
concentration gradient and channels that catalyze the high flux
of molecules down their electrochemical gradient.
In humans, there are currently ∼550 recognized SLC

transporters which have to undergo multiple conformational
states to translocate a single molecule across the cell
membrane.3 While transporters can be structurally similar to
channels, they are functionally more similar to enzymes, with
activities described by Michaelis−Menten kinetics. Like
enzymes, their activities become saturated at high substrate
concentrations and they form the equivalent of a transition
state, which is an intermediate (occluded) state, whereby
access to the substrate binding site is simultaneously blocked
off from either side of the membrane. The formation of the
occluded state is of critical importance, and its formation
ensures that the electrochemical gradients established by the
cell are maintained.4 By coupling substrate translocation
together with the movement of ions down their electro-
chemical gradient, substrates can be transported uphill. This
process is referred to as secondary active transport, which can
be further subclassified as either symport or antiport,
depending on if the ion and substrate are moving in the
same or in opposite directions, respectively.
Regardless of the source of energy, the foundation of the

transport mechanism is that the substrate-binding site is
alternatively exposed to only one side of the membrane at a
time. The transporter’s mode-of-action is referred to as the
“alternating-access model”,5 and so far, molecular details have
shown that the alternating-access mechanism can be generally
described by three types of models: the “rocker-switch”, the
“rocking-bundle,” or the “elevator” mechanism (Figure 1).3

During the past decade, a combination of transporter
structures in multiple functional states together with
biochemical analysis, biophysical analysis, and in silico
molecular dynamics (MD) calculations, have enabled us to
interpret more specific details of their transport mechanisms.
In this review, we explore the structure, function, regulation,
dynamics, oligomerization, and complexes of the major
facilitator superfamily (MFS). In particular, we use sugar

Figure 1. The three different SLC transporter models for alternating-
access. (a) In the rocker-switch mechanism, the structurally similar
bundles (N(light-blue)- and C(light-orange)-terminal bundle)
rearrange symmetrically around the centrally located substrate-
binding site (substrate shown as pink sphere) to alternate access to
the other side of the membrane. This is the alternating access
mechanism used by MFS transporters, as depicted here below in the
surface representation of the fructose transporter GLUT5 in the apo
outward- and inward-facing conformations (PDB 4YBQ, 4YB9). (b)
In the rocking-bundle mechanism, the structurally dissimilar bundles
rearrange asymmetrically around the centrally located substrate-
binding site to alternate access to either side of the membrane. An
example of a rocking-bundle transporter is the sodium-coupled
neurotransmitter symporters harboring the LeuT-fold,6 wherein the
C-terminal bundle undergoes large, local gating rearrangements to
coordinate sodium and substrate to rock around the less labile N-
terminal bundle. The less labile N-terminal bundle is typically referred
to as the “scaffold” and the C-terminal bundle as the “transport”
domain. Both rocker-switch and rocking-bundle models can further be
referred to as operating by a moving barrier mechanism as originally
postulated by Peter Mitchell,7,8 where the barrier between the two
bundles (thick vertical lines) moves from the inside to outside during
substrate translocation. The two end states shown here are further
connected by intermediate conformations that involve local gating
rearranges around the substrate, as illustrated here by a gray thin line
for rocker-switch proteins and a gray thick line for rocking-bundle
proteins. (c) In the elevator mechanism, the two bundles are highly
divergent and the substrate (pink sphere) is transported across the
membrane by only the C-terminal bundle, whereas the N-terminal
remains fixed, typically due to oligomerization. An example of an
elevator transporter is the sodium-coupled glutamate transporter
harboring the GltPh-fold,

9 wherein the C-terminal bundle carries the
substrate by a vertical distance of approximately 18 Å across the
membrane against the immobile N-terminal bundle. The immobile N-
terminal bundle is typically referred to as the “scaffold” and the C-
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porters (SP) and multidrug resistance (MDR) transport
members, as model systems for describing alternating-access
mechanisms at a deeper level. We also highlight the
importance of lipids and recent research that breaks the
paradigm that all MFS transporters are “transporters” but can
have dedicated signaling functions.

2. THE MAJOR FACILITATOR SUPERFAMILY (MFS)
TOPOLOGY

MFS is the largest and most diverse superfamily of secondary
active transporters found ubiquitously in all living organisms.10

MFS members are thought to be one of the oldest protein
families on Earth, being present more than 3 billion years
ago.10 The Transporter Classification Database (TCDB,
http://www.tcdb.org), which includes recognized and hypo-
thetical membrane transport proteins, classifies the MFS based
on phylogeny and function into 16 different families (Table 1),
with 89 subfamilies and 1244 annotated proteins. With the
exception of three integral membrane proteins that were
recently classified as MFS members but are not currently
recognized as transporters,11 all of the proteins are known or
assumed transport proteins. The Human Genome Organ-
ization (HUGO) Gene Nomenclature Committee (HGNC)
has curated human genes into larger families based on their
function, homology, or phenotype.12 To date, genes coding for
human membrane transport SLC systems represent 65 families
(http://slc.bioparadigms.org/), and 16 of these belong to the
MFS (Table 1). In humans, this is the largest cluster of
phylogenetically related SLCs.13 The MFS transporters are
somewhat easier to identify than other SLC members as they
have a very distinct topology. The canonical MFS-fold has 12
transmembrane (TM) segments organized from two 6-TM
bundles connected by a long and flexible intracellular loop
(Figure 2).10,14,15

The first crystal structures describing the MFS-fold were that
of the proton (H+)-coupled lactose symporter LacY16 and the
glycerol-3-phosphate−phosphate antiporter GlpT from Escher-
ichia coli.17 The crystal structures confirmed that the two 6-TM
segments adopt separate structural entities with the substrate
binding pocket located between the two bundles as seen in
earlier low resolution projections from 2D crystal structures of
OxlT18 and MelB19 and reminiscent of the transport
schematics by Peter Mitchell in the 1950s (Figure 1a).7

Indeed, prior to the availability of solved structures, it has been
shown that it was possible to reconstruct a functional LacY
transporter by expression of the N- and C-terminal 6-TM
bundles separately.20

Although the two structurally similar 6-TM bundles are
related by symmetry perpendicular to the plane of the
membrane, it is not thought that MFS members have evolved
from gene fusions of two 6-TM segments.14 Rather, each 6-TM
bundle is itself made up of two 3-TM segments related by a
180° rotation running parallel to the plane of the membrane

(Figure 2a).21,22 Indeed, structural-inverted repeats are found
in all transporter folds.23 Even simple non-MFS transporters,
such as the 4-TM multidrug transporter EmrE, inserts itself
into the membrane in two different orientations (Nin, Cin, and
Nout, Cout) to form functional homodimers.24,25 Such “dual-
topology” membrane proteins have homologues that have
fused genes with opposite topologies and therefore provide
evidence of how larger transporter folds could have evolved
from smaller subunits.26 Most likely, the evolutionary pressure
to evolve gene fusions was to increase substrate diversity3 and
the complexity of coupling substrate binding and transport.
Although it is generally accepted that three-helix bundles were
likely the evolutionary origin of the MFS, a 3-TM ancestor has
not yet been identified.27 Intriguingly, it was predicted that a

Figure 1. continued

terminal bundle the “transport” domain. In reference to the moving-
barrier mechanism, the elevator mechanism has also been referred to
as a fixed-barrier mechanism,3 as the protein does not rearrange
around the substrate. Instead, the N-terminal bundle forming the
barrier stays fixed. Substrate binding and release in each state are
likely facilitated by local gating transitions in the transporter domain
(thick gray line). Adapted from Drew and Boudker.3

Table 1. MFS Family Classifications

TCDB

TCDB
ID family description proteins

2.A.1 the major facilitator superfamily (MFS)a 942
2.A.2 the glycoside-pentoside-hexuronide (GPH):cation

symporter family
45

2.A.12 the ATP:ADP antiporter (AAA) family 21
2.A.17 the proton-dependent oligopeptide transporter

(POT/PTR) family
46

2.A.48 the reduced folate carrier (RFC) family 6
2.A.57 the equilibrative nucleoside transporter (ENT) family 42
2.A.60 the organo anion transporter (OAT) family 29
2.A.71 the folate-biopterin transporter (FBT) family 12
2.A.85 the aromatic acid exporter (ArAE) family 33
2.A.100 the ferroportin (Fpn) family 9
2.A.125 the eukaryotic riboflavin transporter (E-RFT) family 5
4.H.1 the lysyl-phosphatidylglycerol synthase/flippase

(MprF) family
14

5.B.2 The Eukaryotic Cytochrome b561 (Cytb561) Family 18
9.B.57 the conidiation and conidial germination protein

(CCGP) family
5

9.B.111 the 6 TMS lysyl tRNA synthetase (LysS) family 5
9.B.143 the 6 TMS DUF1275/Pf06912 (DUF1275) family 22

SLC tables

SLC ID family description membersb

SLC2 facilitative GLUT transporter family 14
SLC15 protein oligopeptide cotransporter family 4
SLC16 monocarboxylate transporter family 14
SLC17 vesicular glutamate transporter family 9
SLC18 vesicular amine transporter family 4
SLC19 folate/thiamine transporter family 3
SLCO/
SLC21

organic anion transporter family 11

SLC22 organic cation/anion/zwitterion transporter
family

23

SLC29 facilitative nucleoside transporter family 4
SLC33 acetyl-CoA transporter family 1
SLC37 sugar−phosphate/phosphate exchanger family 4
SLC40 basolateral iron transporter family 1
SLC43 Na+-independent, system-L like amino acid

transporter family
3

SLC45 proton/sugar cotransporter family 4
SLC46 folate transporter family 3
SLC49 FLVCR-related transporter family 4
aContains 89 subfamilies. bNot including pseudogenes: the
classification according to the Transporter Classification Database
(TCDB) and the human solute carrier (SLC) gene tables (SLC
tables).30
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small fraction of MFS members have only 11 TMs,14 and this
was most recently confirmed by the crystal structure of the
equilibrative nucleoside transporter ENT1.28 The 11-TM
topology has mostly arisen from a 12-TM ancestor that has
lost the last TM segment.29 The evolutionary and functional
reason for this structural divergence in unclear.

3. MFS TRANSPORTER PHYSIOLOGY
Secondary-active MFS symporters and antiporters energize
transport by (typically) utilizing the proton motive force
(PMF), also known as the proton electrochemical gradient
(ΔμH+), which is made up of the proton concentration
difference (ΔpH) and the membrane potential (Δψ). If net
transport results in a charge difference across the membrane,
then the transporter is considered “electrogenic”; if the net
charge difference is zero, then the transport is “electroneutral”
and driven solely by ΔpH.31 Although the MFS-fold appears
fairly simple at first glance, this robustness has nevertheless
arisen to be the most popular secondary active transporter fold
used by the cell and is widely acknowledged for its ability to
transport highly diverse substrates.10 This includes, but is not
limited to, a variety of sugars, polyols, drugs, neurotransmitters,
amino acids, peptides, lipids, organic and inorganic ions,
vitamins, nucleobases, nucleosides, and nucleotides.10,15,32

Although it appears that macromolecules such as polysacchar-
ides, nucleic acids, and proteins are not transported by MFS
proteins,29 a recent study suggests an MFS transporter from

Drosophila melanogaster was responsible for the presentation of
the truncated core1 O-glycan T-antigen.33

Most MFS members consist of 400−600 amino acid
residues and share low sequence conservation of 12−18%.34
As expected, MFS members from the different subfamilies
show greater sequence divergence.10 MFS transporters are
pivotal at the cellular level for growth, metabolism, and
homeostasis across all kingdoms of life. A large number of MFS
members (>25) are present across all kingdoms for sugars
(sugar porters, TC no. 2A.1.1; glycoside-pentoside-hexuroni-
de:cation symporters, TC no. 2.A.2), drugs and other
hydrophobic substrates (drug:proton (H+) antiporters 1 and
2, TC nos. 2.A.1.2 and 2.A.1.3, respectively), inorganic or
organic anions or cations (anion:cation symporters, TC no.
2.A.1.14; organic cation transporters, TC no. 2.A.1.19; organo
anion transporters, TC no. 2.A.60), peptides (proton-depend-
ent oligopeptide transporters, TC no. 2.A.17), nucleosides
(equilibrative nucleoside transporters, TC no. 2.A.57), and
aromatic acids (aromatic acid exporters, TC no. 2.A.85).
Although, the TCDB lists more than 80 MFS subfamilies, only
a number of MFS subfamilies, in particular, sugar porters (SP),
drug:proton (H+) antiporter-1 and -2 (DHA1, 2), anion:cation
symporter (ACS), organic cation transporter (OCT), and the
proton-dependent oligopeptide transporter (POT/PTR) fam-
ily are present across bacteria, yeast, human, and plants.35,36

Thus, many MFS transporter subfamilies have evolved specific
functions in their respective domains.
MFS transporters are pivotal at the cellular level for growth,

metabolism, and homeostasis in all organisms. There are over
100 human MFS transporter genes classified in the HGNC
(Table 1).12 In human physiology, the SLC transporters of the
MFS superfamily are involved in the transport of nutrients,
metabolites, and other substrates between both cells and their
intracellular compartments (Figure 3). This is important in a
multitude of critical processes such as development, neuro-
transmission, signaling, nutrient absorption, and renal and
hepatic clearance.10,37 Thus, it is not surprising that defects in
MFS transporters are associated with a plethora of serious
diseases such as cancers and metabolic diseases.38,39

In mammals, the physiological roles of MFS transporters are
very diverse. For example, ferropotin (FPN1, also referred to as
SLC40A1) is considered to play a major role in cellular iron
homeostasis (Figure 3).40 After dietary iron has been absorbed
into the cells of the small intestine, FPN1 transports the iron
from the cells of the small intestine into the bloodstream.
FPN1 also functions in macrophages, allowing the iron to be
recovered from the broken-down cells to be released back into
the bloodstream for reuse. Because FPN1 is ubiquitously
expressed but is the only known iron exporter in mammals, the
absorption and recycling of iron can be centrally regulated by
its expression. A number of mutations in FPN1 are associated
with ferroportin diseases.41 The peptide hormone hepcidin,
secreted by the liver, binds to FPN1 and directs it to
intracellular lysosomes, leading to its degradation, thus
hepcidin regulates iron absorption and utilization by regulating
the expression of ferroportin,42 indicating FPN1 and its
modulation by hepcidin has been an attractive therapeutic
target for treating ferroportin diseases.43

Another example of the physiological role of an MFS
transporter is the mammalian vesicular monoamine trans-
porters (VMAT) belonging to the SLC18 family, which have
broad substrate specificities and uptake all the monoamine
neurotransmitters, e.g., dopamine, serotonin, norepinephrine,

Figure 2. Schematic representation of the canonical MFS-fold
transporter topology. The canonical MFS topology is comprised of
12 TMs with a Nin and Cin orientation, forming two structurally
similar six-helix bundles. The N-terminal bundle (TM1−6; light-blue/
blue) and the C-terminal bundle (TMs 7−12; light-orange/red) are
connected together by a cytosolic loop, which can sometimes contain
structural elements (gray). Each of the bundles are made up from 3-
TM structural-inverted repeats. The first TM in each of the 3-TM
repeats (TM1, TM4, TM7, and TM10) form the central cavity helices
and often undergo local changes to bind and release the substrate
(yellow pentagon) during alternating access.
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epinephrine, and histamine, into presynaptic neuronal vesicles
(Figure 3).44,45 Notably, the monoamine neurotransmitters are
first taken from the neurosynaptic cleft and into the
presynaptic neurons by highly specific non-MFS SLC6
transporters belonging to the sodium-coupled neurotransmit-
ter superfamily, e.g., serotonin transporter (SERT), dopamine
transporter (DAT), and norepinephrine transporter (NET).46

The active transport of cytosolic monoamines into storage
vesicles, against a high concentration gradient is driven by a
transmembrane pH and electrochemical gradient generated by
the vesicular H+-ATPase (V-ATPase) in the granule
membrane. A number of studies suggest VMATs have a
critical role in neuronal and endocrine informational output by
fine-tuning sorting, storing, and releasing of neurotransmit-
ters.47,48

The MFS vesicular glutamate transporter (VGLUT)
belonging to SLC17 family is also playing a critical role in
neurotransmission. VGLUT is responsible for loading of
glutamate into synaptic vesicles (Figure 3).49 Three isoforms
of VGLUT (VGLUT1−3) exist. The two major isoforms,
VGLUT1 and VGLUT2, exhibit complementary expression in
the cortex and diencephalon, respectively.50 Glutamate is the
main excitatory neurotransmitter in the central nervous system
and also in various peripheral tissues. VGLUTs utilize the
positive-inside membrane potential established by the V-
ATPase to concentrate the negatively charged glutamate about
10-fold against the H+-gradient and is also nonstoichiometri-
cally linked to a channel-like anion (Cl−) conductance.51,52

Interestingly, the recent cryo-EM structure of VGLUT2
together with previous biochemical analyses,53,54 indicates
that positively charged glutamate binding residues intersects
with a potential Cl− channel. From a functional perspective,

VGLUT differs greatly from the VMAT, which are antiporters
that utilize the outwardly directed H+ to uptake monoamines
against their concentration gradient by up to 10 000-fold.55

In plants, MFS members dominate the transport of carbon
and nitrogen. In Arabidopsis thaliana, for example, sugar porter
(SP) and the nitrate transporter 1/peptide transporter
(NRT1/PTR) members make up 60% of all MFS trans-
porters.56 Just like in mammals, sugar porter isoforms are likely
to have differences in sugar preferences, kinetics, and tissue
localizations, e.g., four out of the 47 sugar porter members are
specific to pollen.56 Interestingly, some of the NRT1 members
have evolved to preferentially transport compounds very
different from nitrate and peptides, such as phytohormones
or glucosinolates.57 Phosphate is also a major substrate of the
plant MFS, where there are currently three families comprising
18 members in total, involved in phosphate uptake/trans-
location.56 In bacteria, MFS transporters are important for the
uptake of nutrients, and the extrusion of harmful compounds
such as antibiotics and heavy metals.58 For example, 19 out of
the 37 putative multidrug resistance (MDR) transporter genes
in E. coli belong to the MFS.59 As antimicrobial resistance
poses an enormous threat to public health, they have been
targeted by antibacterial approaches in clinically relevant
bacteria.

3.1. MFS Transporters As Drug Targets

In human, a number of MFS members are drug targets or
already have FDA-approved drugs targeting them.60,61 A subset
of MFS transporters belonging to the SLC22 family are further
classified as drug transporters, as they effect the pharmacoki-
netics of many orally administrated drugs (Figure 3).62 More
specifically, the MFS drug transporters belong to two separate
clades of the SLC22 family; the organic anion transporters

Figure 3. The distribution of human MFS-type SLCs and atypical SLCs. The proportion of MFS transporters have been grouped according to their
SLC designation (https://www.bioparadigms.org) (left). Each wedge is labeled with its respective short-hand TCDB classification (http://www.
tcdb.org). The atypical SLCs include proteins that are described as SV2 (synaptic vesicle protein 2), SVOP (synaptic vesicle-2 related protein),
MFSD (MFS domain containing proteins), SPNS (spinster homologue), Unc93 (Unc93 homologue) and CLN3 (ceroid lipofuscinosis, neuronal
3). The atypical SLCs have been classified or are currently unclassified into a number of TCDB groups (right). The TCDB abbreviations are as
follows: the sugar porter (SP) family, the proton-dependent oligopeptide transporter (POT) family, the monocarboxylate transporter (MCT)
family, the anion:cation symporter (ACS) family, the drug:H+ antiporter-1 (DHA1) family, the reduced folate carrier (RFC) family, the organo
anion transporter (OAT) family, the organic cation transporter (OCT) family, the equilibrative nucleoside transporter (ENT) family, the peptide/
acetyl-coenzyme A/drug transporter (PAT) family, the organophosphate:Pi antiporter (OPA) family, the ferroportin (FPN) family, the L-amino
acid transporter-3 (LAT3) family, the glycoside-pentoside-hexuronide (GPH):cation symporter family, the proton coupled folate transporter/heme
carrier protein (PCFT) family, the feline leukemia virus subgroup C receptor (FLVCR)/heme importer family, the unidentified major facilitator-14
(UMF14) family, the plant copper uptake porter (PI-Cu-UP) family, the endosomal spinster (Spinster) family, and the N-acetylglucosamine
transporter (NAG-T) family.
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(OATs) and the organic cation transporters (OCTs), which
are expressed in the intestine, liver, brain, and kidney.62

Roughly 30 out of the 32 SLC22 transporters have broad
substrate specificity, ranging from organic anions to organic
zwitterions and organic cations, as well as other molecules.62

This promiscuity enables them to transport a diverse range of
compounds, including bile acids, steroid conjugates, thyroid
hormones, anionic peptides, as well as numerous drugs, e.g.,
statins, nonsteroidal anti-inflammatory (NSAID) drugs, and
other xenobiotic substances.63 Their importance to the
pharmaceutical industry is highlighted by the fact that the
FDA recommends several of these MFS transporters are to be
tested for the transport of new drugs.63

Other MFS proteins that are well-known to be important to
human health and disease are the oligopeptide transporters
(PepT1 and PepT2; SLC15),64,65 the monocarboxylate
transporters (MCT; SLC16),66,67 and the glucose (GLUT;
SLC2)68,69 transporters (Figure 3). The oligopeptide trans-
porters are highly expressed in the intestine and have been
shown to be able to aid the absorption of orally administrated
drugs.64 Indeed, drugs such as antivirals valacyclovir and
valganciclovir have been modified into so-called “pro-drugs” to
improve their adsorption by the intestinal oligopeptide
transporter PepT1.64,70,71 MCTs are required in the H+-
dependent transport of L-lactate, pyruvate, and monocarbox-
ylate drugs.66,72 Many cancer cells have increased glucose
consumption and derive ATP primarily by aerobic glycolysis,
which is referred to as the Warburg effect.73,74 The increased
lactate is exported by the low-affinity lactate transporter MCT4
and taken up again into other cells by the high-affinity lactate
transporter MCT1.67,75 Thus, both MCT1 and MCT4 are
targets for anticancer drugs.75,76 The passive glucose (GLUT)
transporters have an essential role in maintaining whole-body
glucose homeostasis and are also highly expressed in many
tumors and metastases.74,77 In addition to cancer, aberrant
functioning of various GLUTs is also linked to many other
diseases such as type 2 diabetes, obesity,78 GLUT1 deficiency
syndrome, referred to as De Vivo disease,79,80 and Fanconi−
Bickel syndrome.81

3.2. Orphan MFS Transporters

Despite the importance of MFS transporters to cellular
physiology and drug development, up to 30% of SLC
transporters in the human genome are still considered orphans
in that their function remains unknown (Figure 3).60 Of the
orphan SLCs, there is a small subset of transporters that are
referred to as “atypical SLCs”. These transporters have
sequences similar to SLCs,30,82 but they deviate to such an
extent that they were “missed” during annotation of the SLC
family. The majority of atypical SLCs belong to the MFS
(currently 28 out of 30) and are sometimes found annotated as
MFS domain (MFSD) containing proteins. A number of these
MFSD proteins still cannot be clearly classified (Figure 3).
SLCs have well-established roles in the etiology and treatment
of several human diseases,1,2,60,83,84 however, the importance of
these MFSD proteins to human health is unknown. Indeed,
deorphanization of MFS transporters remains a large challenge.
Furthermore, even if a transporter has been shown to transport
a particular substrate, it is still unclear if this is the
physiological substrate and/or if there are others. For example,
human have 14 different glucose (GLUT) transporter isoforms
GLUT1−GLUT14, and although most are thought to
transport D-glucose, it is unclear why there are so many

different isoforms that appear to have overlapping substrate
preferences and kinetics.68 For example, the isoform GLUT5 is
thought to be the only isoform specific in the transport of D-
fructose, but it is also unclear why GLUT5 is expressed in the
brain where the levels of circulating fructose are very low.85

4. MFS TRANSPORTER METHODS AND
CHARACTERIZATION APPROACHES

The difficulty in characterizing substrates of MFS transporters
is several-fold. In general, their intrinsic dynamics and large
conformational changes undergone during transport86 means
that they are often unstable in detergent solubilized solution,87

making them difficult to purify. Furthermore, unlike other
highly dynamic membrane proteins, such as GPCRs that
typically bind ligands with high affinity (nM range) and
specificity,88,89 MFS transporters often bind their substrates
weakly (high μM to mM range) so that they can be
transported across membranes at physiologically relevant
concentrations,68,70,90−92 e.g., blood D-glucose levels needs to
be maintained around 5−7 mM.68 The low affinity of the
transporter for their substrates means binding assays are
difficult to carry out (see ref 93) and often requires that the
protein is first purified to remove interference from
endogenously expressed transporters where binding can be
assessed, e.g., using scintillation proximity assays (SPA).94−96

Even if it is possible to measure the substrate binding,
transport needs to be further assessed as binding does not
guarantee transport.3 If the cell has additional transporters with
overlapping activities and/or the substrate being analyzed is
metabolized, it is not always possible to test transport activities
in cell-based assays.97 In this regard, the yeast Saccharomyces
cerevisiae is often a useful expression host as its relatively easy
to genetically manipulate in the removal of competing
transporters.98 The use of Xenopus oocytes is also a useful
expression host due to its limited competition with
endogenous transport activity in the oocyte plasma membrane,
e.g., glucose (GLUT) transporters,99,100 but like yeast,
transporters may not be functional in Xenopus oocytes as
they may require mammalian cells due to the requirement for
certain lipids and/or complex N-linked glycosylation for
folding.101 Cell-based assays further have the limitation that
it is not possible to control the internal environment, which
might be critical for functional characterization of antiporters,
for example. This is particularly an issue if the MFS
transporters is localized to an internal compartment. Moreover,
while inhibitors are often used to validate the transport
catalyzed by a specific transporter, it can never be excluded
that inhibitors may have off-target effects.102

The reconstitution of a purified MFS transporter into
liposomes and the measurement of solute uptake into
proteoliposomes is considered the gold standard for validation
of a substrate transporter pairing (Figure 4).103,104 A
proteoliposome transport assay also makes it possible to
analyze the energetics and kinetics of vectorial transport in a
controlled fashion and is therefore necessary for detailed
mechanistic analysis. For instance, it becomes possible to apply
different driving forces to catalyze substrate transport, such as
either the application of Δp (PMF), ΔpH, Δψ, or under
counterflow or exchange conditions (Figure 4a).105,106 Under
Δp-driven conditions, substrate accumulation of a H+-coupled
symporter, for example, will require intact H+ translocation as
it does in vivo. Yet mutations that abolish H+ translocation
might still be able to carry out some of the steps in the
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transport cycle and are still active in counterflow trans-
port.90,106 To measure counterflow transport, proteoliposomes
are preloaded with a high concentration of the unlabeled
substrate and then diluted into a transport buffer containing
the radiolabeled substrate.90 The radiolabeled substrate will
only accumulate during resetting of the transporter on the
outside if a successful substrate-binding event has first taken
place on the inside, i.e., transport is able to be driven by passive
efflux of the unlabeled substrate. However, residues that need
to be protonated, in order for substrate to bind, will be
defective under both Δp-driven and counterflow conditions.
As such, one can use these transport methods, for example, to
help establish which residues are likely required for H+

translocation only versus what residue(s) are required for
both H+ translocation and substrate binding.107−109 One can
further determine substrate: ion stoichiometries and apply
separate ΔpH or Δψ gradients to establish if the overall net
transport is either electroneutral or electrogenic, as only the
later can transport be driven solely by a membrane potential
(Figure 4a). As will be discussed later, guided by structural
details and by the manipulation of different driving forces and
mutagenesis, one can then begin to establish meaningful
mechanistic mechanisms that are not readily tractable in most
cell-based assays, if at all. At a pragmatic level, proteoliposome-
based assays are further amenable to inhibitors that might
otherwise be toxic to cells and is further of critical importance
to confirm transport of drugs that may have off-target
recognition and are difficult to validate in vivo,102 such as
those transported by promiscuous organic-anion transporters
(OATs), for example.
Historically, the freeze−thaw sonication procedure has been

used, which consists of freezing a mixture of liposomes and a
transport protein solubilized in a nonionic detergent and then
slowly thawing these samples to enable reconstitution (Figure
4b).102,110 The addition of detergent such as Triton X-100
destabilizes the liposome and would often support efficient
reconstitution (Figure 4b).105,111 However, such detergent
medicated reconstitution procedures involve “co-micellization”
of the purified membrane protein in an excess of phospholipids
and detergent to form a solution of mixed lipid−protein−
detergent and lipid−detergent micelles. Therefore four
methods, i.e., dialysis, dilution, size exclusion chromatography
(SEC), and biobeads methods have been widely used to
remove detergents for the formation of closed lipid bilayers in
which the proteins eventually incorporate.104 Many examples
of proteoliposome-based assays have been carried out with
bacterial MFS transporters, which has provided a wealth of
mechanistic insights.90,105,112 Unfortunately, there are not as
many examples of mammalian MFS transporters reconstituted
into proteoliposomes.113−118 The reason for this discrepancy is
that it is still challenging to purify mammalian MFS
transporters, as they are often unstable in detergent
solution.119 Even if one can isolate functional material, it
may take many months or even years to optimize the
proteoliposome transport assay so that it is robust enough

Figure 4. Proteoliposome transport assays. (a) Schematic representa-
tions of different proteoliposme transport assays. (top left) Uptake of
a radiolabeled substrate (green pentagon) is driven by an inwardly
directed pH gradient for a H+-coupled symporter or without for a
passive uniporter (zero trans). (top right) As described in the left
panel except for H+-coupled transporters, a nonlabeled substrates can
alternatively be used and H+ transport is measured by pH sensitive
fluorescent dyes (e.g., either 9-amino-6-chloro-2-methoxyacridine
(ACMA) (star) or pyranine). (bottom left) The F-type ATPase can
be co-reconstituted with the transporter into liposomes to create a
proton motive force. Such a setup has been used to measure the
uptake of L-glutamate by VGLUT, which requires a positive inside
membrane potential and natively colocalizes in synaptic vesicles with
the V-type ATPase.121 Alternatively, K+ and valinomycin can be
added to dissipate the electrical potential generated by the ATPase to
meaure transport activity with an outwardly directed pH gradient
only. (bottom right) Proteoliposomes can be loaded with KCl, and
the addition of valinomycin establishes a negative inside potassium-
diffusion potential, which can be used to drive either antiporters or
symporters that are electrogenic. (b) Detergent mediated-reconstitu-
tion method. The detergent purified transporter (blue, orange) is
mixed together with liposomes (blue), which are typically small
unilamellar vesicles premade by rehydration of multilamellar stacks of
crude membranes by freeze−thawing and sonication. To facilitate
reconstitution, the liposomes are destabilized with a low concen-
tration of detergent such as Triton X-100 or cholate. The detergent is
subsequently removed from the mixture, leading to the incorporation
of the transporter into the liposomes. The detergent can be removed
by a number of different methods as shown here. For detergents with
a high critical micelle concentration (CMC) such as sodium cholate
or octyl-β-glucoside (OG), methods such as rapid dilution, dialysis or
size exclusion chromatography are typically used. For detergents with
a low CMC, adsorption to polystyrene biobeads in combination with
dialysis is more favored. However, rapid-dilution methods have also

Figure 4. continued

been successfully applied to GLUT transporters purified in low CMC
detergents like DDM.121 Multiple rounds of freezing in liquid
nitrogen and thawing helps to make uniform proteoliposomes and is
most often later combined with extrusion through filters of an
appropriate size (ca. 200−400 nm).

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.0c00983
Chem. Rev. 2021, 121, 5289−5335

5295

https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00983?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00983?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00983?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00983?fig=fig4&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.0c00983?rel=cite-as&ref=PDF&jav=VoR


for comparing the effect of mutations.120 Anecdotally, it seems
that the mammalian MFS transporters might be more sensitive
to the lipid composition than their bacterial homologues,119

adding a further layer of complexity in the development of a
robust functional assay in proteoliposomes (Figure 5a).
In addition to the difficulties in optimizing a robust

proteoliposome assay, one cannot further control the
orientation of the transporter during reconstitution into
liposomes, which can even be influenced by many factors
including the detergent used during reconstitution and its rate
of removal.122,123 Because substrate binding affinities can be
different on either side of the transporter a biased orientation,
a mixed orientation could lead to differences in transport
kinetic parameters (KM, Vmax) or in the case of competitive
inhibitors, Ki and IC50 estimates, i.e., the substrate binds with
higher affinity on the outside versus the inside.124 This is not

always the case, even for similar types of MFS transporters and
has to be experimentally tested. For example, while the
facilitative glucose transporter GLUT1 binds its substrate with
10-fold higher affinity on the outside,125,126 for the H+-coupled
lactose sympoter LacY, in the absence of a H+ electrochemical
gradient, galactoside affinity is essentially identical on both
sides of the symporter.127 Typically, the ratio of inside:outside
in proteoliposomes is estimated based on cysteine or protease
accessibility and, in many cases, the orientations are fairly
even.123 In E. coli at least, it is also straightforward to directly
isolate vesicles with preferred right-side or inside-out
orientations and, if there are no endogenous competing
systems, they can also be used for transport measurements
with the same driving forces applied.128

A major limitation to the deorphanization of MFS and SLC
transporters in general is that the direct measurement of

Figure 5. GFP-TS assay and comparing the lipid stabilization of bacterial versus eukaryotic transporters. (a) Box-and-whisker plots show the
distribution of thermostabilities for eukaryotic transporter (red bars) and bacterial transporters (black bars) before and after purification as assessed
by the GFP-TS assay; the median is shown as a line in the box, while bottom and top boundaries represent the lower and upper quartile,
respectively. Whiskers indicate the minimum and maximum apparent Tm. (b) Schematic representation of the GFP-TS assay for monitoring ligand
interactions, including lipids. (c) The GFP-TS melting curves for the bacterial monosaccharide transporter XylE (left) and rat GLUT5 (right) in
crude detergent solubilized membranes (black circles) and as a purified fusion (cyan squares). Error bars show the range of two technical replicates,
and the values reported for the apparent Tm are the mean ± SEM of the fit. (d) Supernatant fluorescence of detergent purified rat GLUT5-GFP
before heating at apparent Tm +5 °C (nonfilled bars) and that remaining after heating and centrifugation (black bars) in the presence of listed lipids
solubilized in the same detergent or detergent only (control); the asterisk indicates the most stabilizing lipid (bars show the range of two technical
replicates). (e) GFP-TS melting curves for purified rat GLUT5 in the absence (black) and presence of brain lipids (cyan); apparent Tm were
calculated as described in (b), and the values reported are the mean ± SEM of the fit. Reproduced with permission from ref 119. Copyright 2018
Nature.
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vectorial transport typically requires a labeled substrate.129

Radiolabeled or fluorescently labeled substrates are often
prohibitory expensive or commercially unavailable, making it
practically infeasible to screen for a large collection of
“potential” labeled substrate candidates using proteoliposome
assays.129 For known or suspected H+-coupled MFS trans-
porters, indirect methods, such as using pH sensitive
fluorescent dyes like 9-amino-6-chloro-2-methoxyacridine
(ACMA), can be utilized to follow transport in replace of an
labeled substrate (Figure 4a), however, these dyes still lack
adequate sensitivity for low turnover transporters to be useful
in a medium- to high-throughput setup.123 Nevertheless, if pH
sensitive dyes are developed with improved specificity and
sensitivity, it should be possible to use proteoliposome based
assays for H+-coupled MFS transporters in high-throughput
setting. For instance, ∼100 000 compound libraries have been
screened for K+ channel inhibitors using the pH sensitive dye
ACMA, wherein K+ efflux was converted into H+ influx by the
addition of a H+ ionophore in proteoliposomes.130 Alter-
natively, a more sensitive approach is to monitor transport
indirectly by following the charge displacement of an unlabeled
substrate across proteoliposomes, which is capacitively coupled
to a gold electrode by adsorption to a lipid monolayer using
solid support membrane (SSM)-based electrophysiology.131

SSM-based electrophysiology has been effectively applied to a
number of MFS transporters to determine kinetic parameters
and to dissect differences in H+-coupling mechanisms for a
number of sugar symporters132,133 and is now commercially
available as SURFE2R N1.131 Because the technology can
monitor the half-reaction, presteady-state kinetics is also
tractable to SSM-based electrophysiology, which opens up
the possibility to probe conformational dynamics134 and to
estimate rate constants linking the different conformational
states, for example.131,132 The SURFE2R N1 technology has
been applied as a rapid method to screen for potential
substrates of a non-MFS rocker-switch transporter,135 and the
96-well version of the system holds promise as a medium- to
high-throughput platform for substrate screening.131

One main drawback with proteoliposome-based assays is
that in the absence of known substrate for use as a positive
control, failure to show transport activity might be a problem
with the experimental setup itself rather than the substrate,
meaning that false negatives are a real concern,129 e.g., the
transporter might be too unstable to be incorporated efficiently
into liposomes and/or the lipid composition is suboptimal.
One avenue is to utilize information from large-scale screening
approaches and bioinformatic analysis to limit the number of
possible substrates to be biochemically tested. Functional
approaches, such as genome-wide RNA interference (RNAi)
screens, have been used to identify genes whose loss affected
the cellular function’s homeostasis.136,137 More recently,
CRISPR knockout and knockin experiments are being carried
out for phenotype mapping in the presence and absence of
compounds, like drugs, for example.138,139 If the MFS
transporter can be expressed in the yeast S. cerevisiae, then
this also opens the possibility of screening for substrates by
complementation, as there are many engineered yeast strains
where essential transporters have been knocked out, e.g.,
hexose deletion strains.140 Indeed, the Yeast Knockout (YKO)
Collection contains over 6000 gene-disruption mutants,
covering 96% of the yeast genes.141

An attractive complementary approach to find potential
substrates is to instead screen for binders. Specific binders

could turn out to be bona fide substrates or if not, they could
be inhibitors that might turn out to provide useful tool
compounds for characterization of a potential substrate in vivo.
Clearly, knowledge that a molecule binds will greatly facilitate
the deorphanization of an MFS transporter in vivo as well as in
proteoliposome-based transport assays. Arguably the most
efficacious high-throughput label-free binding assays are based
on monitoring the change in the thermostability of the target
in the presence of a ligand.129 The premise of the thermal-shift
assay (TSA) is to measure a change in its thermal denaturation
temperature by calculating its melting temperature (Tm) in the
absence and presence of a ligand.142,143 The most common
TSA is differential scanning fluorimetry (DSF), otherwise
commonly referred to as thermofluor assays, which monitors
protein unfolding upon heating by including an environ-
mentally sensitive fluorescent dye that increases binding and
fluorescence as the protein unfolds.144 For membrane proteins,
the hydrophobic sulfhydryl-binding dye N-[4-(7-diethylamino-
4-methyl-3-coumarinyl)phenyl]maleimide (CPM) has been
successfully developed for monitoring unfolding and ligand
binding to many different types of membrane proteins.87,129,145

Recently, the CPM assay was successfully applied to
demonstrate that it was possible to detect specific substrate
binding in a library of many different compounds to
mitochondrial carriers and also the MFS D-galactose trans-
porter GalP.129 Alternatively, following the change in intrinsic
tryptophan fluorescence upon thermal denaturation, it should
be possible to use nanoDSF to screen for potential substrates
in a high-throughput format.146

One major limitation of DSF is its demand for large amounts
of purified proteins, which can be difficult to obtain in some
cases and can sometimes suffer from a high background
originating from fluorescent compounds or hydrophobic
proteins.144 An alternative approach is to overexpress the
transporter with a C-terminal green fluorescent protein (GFP)-
fusion tag, which makes it possible to use less material and
monitor the melting temperature (TM) in either crude
membranes or as purified fusion by fluorescence-detection
size exclusion chromatography (FSEC);119,147 at least up to 76
°C as above this temperature GFP is no longer fluorescent.
Alternatively, if a generally “harsh” detergent like octyl-
glucoside (OG) is added after solubilization in a mild-
detergent (e.g., dodecyl-maltopyranoside (DDM), it is possible
to centrifuge the heat-induced aggregates and remove the
requirement for SEC, which has been termed the GFP-TS
assay (Figure 5b).119 Like the CPM assay, the GFP-TS is also
amenable in a 96-well format and offers an attractive
alternative for screening substrates using unpurified samples
to deorphanize SLC transporters.148 Indeed, using a test set of
nine different transporters, the melting temperatures by GFP-
TS correlated well with the unfolding estimates monitored
using the CPM assay.119 The GFP-TS assay has also been
utilized to study structural-functional relationships of SLC
transporters, in addition to deorphanization of several SLC
transporters.17,20 Moreover, the binding affinities (Kd) of an
ligand to the human SLC35A1 transporter could be calculated
from crude detergent-solubilized membranes and were
equivalent to the binding affinities estimated by isothermal
titration calorimetry (ITC) measurements using purified
transporter.119 As purification is not required, the GFP-TS
assay facilitates substrate binding measurements of many
mutants,149 an obvious advantage compared to the CPM assay
for poorly producing transporters, which would otherwise need
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to be purified to monitor substrate binding. A disadvantage of
the TSA is that in order to thermostabilize the transporter, the
assay requires the concentration of the ligand to be at least
several-fold higher than its binding affinity to the trans-
porter.129 Current small-molecule libraries are often in the μM
concentration range, and therefore the screening of substrates
may not be feasible, although it might be possible to detect for
inhibitors. Screening for substrates using TSA approaches may
instead require the construction of in-house targeted screens,
as previously demonstrated.129

Complementary to binding and transport assays is the
attainment of structural information. To date, there are around
110 structures of MFS transporters, including 24 unique
bacterial structures and 12 unique eukaryotic structures, of
which seven are mammalian, two are from plants, one is fungal,
and another one is protozoan (Table 2 and Figure 6). The low
number of mammalian MFS crystal structures reflects the
difficulties in isolating large amounts of detergent stable
protein.3,87 With the development of direct electron counting
detectors, single-particle cryoelectron microscopy (cryo-EM)
has proven to be a revolution in the determination of
membrane protein structures.150,151 Although we have seen
an explosion in single-particle cryo-EM structures of
respiratory complexes, ion channels, and GPCRs, the number
of MFS and SLC single-particle transporter structures is still
lagging behind.150 To date, there are only six single-particle
cryo-EM structures of novel MFS transporters: MCT1 and
MCT2 from Homo sapiens (PDBs 7BP3, 7CKR), vesicular
glutamate transporter VGLUT2 from Rattus norvegicus (PDB
6V4D), atypical MFS UNC93B1 from Homo sapiens and Mus
musculus (PDBs 7C76, 7C77),152 and ferroportin FPN
transporters from Homo sapiens (PDBs 6W4S, 6WBV) and
primates (PDB 6VYH). The problem is that assuming modest
amounts of ∼0.5 mg of the transporter can be purified, most

MFS transporters are monomers in detergent and are only
between 40 and 80 kDa in size, which is currently considered
still very challenging for structure determination by single-
particle cryo-EM on their own. They are also highly dynamic,
which means that even if it is possible to stabilize oligomers in
lipid-mimetics such as nanodiscs, it is still challenging to
determine their structures by single-particle cryo-EM. In
particular, MFS transporters often have small nonmembranous
domains, making it difficult to achieve accurate image
alignment due to the high contrast from either noisy detergent
micelles or lipid mimetics.150 Similar to crystallography,
conformational thermostabilization approaches and/or the
use of scaffolds, such as single-chain antibodies or fiducial
tags to aid alignment,153 might be essential for obtaining
structures of MFS transporters in many cases. Indeed, three
out of the five single-particle cryo-EM MFS transporter
structures were obtained in complex with Fab antibodies. In
the remaining examples, human MCT1 and human and mouse
UNC93B1 were in a complex together with single-TM
containing proteins harboring large soluble domains152,154

and human MCT2 could be isolated as a stable homo-
dimer.155−157

A static structure of an MFS transporter is an important first
step, but many different structures are required to build up a
full transport cycle. Because there are currently no examples of
a single MFS transporter with structures that have been
determined in all conformations of its transport cycle, in the
best case, one must rely on comparing structures of different
homologues and the obvious drawbacks associated in doing so.
In most cases, however, only one or two of the three major
conformations have been determined, such as the oligopeptide
transporter family, where a representative outward-facing state
is still “missing” despite numerous inward-facing crystal
structures.70,107,158−164 Moreover, the fully occluded con-

Table 2. Representative List of the Known MFS Transporter Structuresa

MFS family TCDB protein organism conformation ligand bound resolution PDB ref

sugar porter 2.A.1.1 XylE E. coli outward-
occluded

D-glucose 1.50 Å 4GBZ Sun et al.,
2012177

drug:H+ antiporter 2.A.1.2 EmrD E. coli occluded 3.50 Å 2GFP Yin et al.,
2006178

organophosphate:Pi antiporter 2.A.1.4 GlpT E. coli inward-open 3.30 Å 1PW4 Huang et al.,
200317

oligosaccharide:H+ symporter 2.A.1.5 LacY E. coli inward-open TDG 3.60 Å 1PV7 Abramson et
al., 200316

fucose:H+ symporter 2.A.1.7 FucP E. coli outward-open n-nonyl-β-D-
glucopyranoside

3.14 Å 3O7Q Dang et al.,
2010179

nitrate/nitrite porter 2.A.1.8 NarU E. coli partially inward-
open occluded

2.80 Å 4IUP Yan et al.,
2013180

phosphate:H+ symporter 2.A.1.9 PipT Piriformospora
indica

inward-occluded phosphate 2.90 Å 4J05 Pedersen et al.,
2013181

monocarboxylate transporter 2.A.1.13 SfMCT S. fumaroxidans outward-open L-lactate 2.69 Å 6HCL Bosshart et al.,
2019182

organic anion:cation symporter 2.A.1.14 DgoT E. coli inward-open D-gluconic acid 2.91 Å 6E9N Leano et al.,
2019183

proton-dependent oligopeptide
transporter

2.A.17 PepTSo S. oneidensis inward-occluded 3.62 Å 2XUT Newstead et al.,
2011159

glycoside-pentoside-hexuronide:cation
symporter

2.A.2.1 MelB S. typhimurium outward-partially
occluded

3.35 Å 4M64 Ethayathulla et
al., 2014184

equilibrative nucleoside transporter 2.A.57 ENT1 H. sapiens outward-open dilazep 2.30 Å 6OB7 Wright and
Lee, 201928

ferroportin 2.A.100 ferroportin Bdellovibrio
bacteriovorus

outward-open potassium 2.20 Å 5AYN Taniguchi et
al., 2015185

atypical SLC 2.A.1.2 MFSD10
(TETRAN)

H. sapiens outward-open 2.40 Å 6S4M unpublished

aThe first determined structure in each family is shown.
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formation is rarely captured yet is an important intermediate
for establishing how substrate binding and gating are
coupled.165 Even if a transport cycle can be reconstructed at
the molecular level, we further require methods such as
fluorescence resonance energy transfer (FRET),166−168 nuclear
magnetic resonance (NMR) and electron paramagnetic
resonance (EPR) spectroscopy,169−171 and hydrogen−deute-
rium exchange mass spectrometry (HDX-MS)172 to assess how
these conformations are connected together and their
population distributions under various driving forces. In this
regard, computational methods such as MD simulations and
direct coupling analysis (DCA) based on evolutionary-based
sequence contacts, are powerful tools to deepen mechanistic
understanding.86,173−176 With these caveats in place, we first

describe the generic structural basis for a “rocker-switch”
alternating-access mechanism used by MFS transporters before
focusing on particular transport systems that have developed
mechanistic models by using a combination of these different
methods.

5. A GENERIC OVERVIEW OF THE ROCKER-SWITCH
ALTERNATING ACCESS MECHANISM

Rocker-switch proteins are made up of two helical bundles that
are related by a pseudo-2-fold symmetry axis that runs through
the center of the transporter and perpendicular to the plane of
the membrane.16,17 At the most basic, the rocker-switch
mechanism involves nearly symmetrical movements of two
symmetrically related bundles around a centrally located

Figure 6. One representative from each one of MFS subfamilies where a structure has been determined. The canonical MFS fold is comprised of 12
TMs, made up of two six-helix bundles that are connected by a cytosolic loop. The N-terminal bundle is colored in pale-blue, while the C-terminal
bundle is colored in pale-yellow. TMs 1, 4, 7, and 10 are labeled and colored in deep-blue and red, respectively. The PDBs for each representative
structure are in parentheses as follows: GLUT3 (4ZW9), MdfA (4ZOW), GlpT (1PW4), LacY (1PV7), FucP (3O7Q), NarK (4JRE), PipT
(4J05), SfMCT(6HCL), VGLUT2 (6V4D), PepTSt (5OXN), MelB (4M64), human ENT1 (6OB7), BbFPN (5AYN), and MFSD10 (6S4M). The
first structure of a human atypical SLC, MFSD10 (TETRAN), is shown. Similar to MdfA, this is currently classified as a drug:H+ antiporter 1 in the
TCDB. Some MFS members deviate from the canonical 12 TMs and instead have 14 TMs with the two extra helices located between the two six-
helix bundles such as in PepTSt or have one less TM at the C-terminus and only 11 TMs as for human ENT1. Bound ligands are shown as gray
spheres.
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substrate-binding site (Figure 1a).3 In essence, the protein
moves around the substrate, alternately exposing the binding
site to each side of the membrane.3 The term “rocker-switch”
depicts the symmetrical rocking of the two structurally similar
bundles as would be expected by global transitions from
outward- to inward-facing states.3,16,17,186,187 This is in contrast
to “rocking-bundle” transporters, wherein the two bundles are
structurally different and the domains are not thought to move
symmetrically, but large conformational changes predomi-
nantly occur in only one-half of the transporter (Figure 1b).
Inevitably, however, a pure “rocker-switch” model breaks down
when structures of intermediate, occluded conformations are
also included. This is most easily observed by structures of
semi-SWEETs, which are parallel homodimers of just 3-TM

segments each.188−190 The “V” and “Λ” shaped conformations
are easily recognizable in the outward- and inward-facing
structures, but in the occluded SWEET structure, an “O”-
shaped conformation is observed.3 The reason is that rocker-
switch transitions are further coupled with local, gating
rearrangements from each of the two symmetrical bundles
during formation of the occluded conformation. Simplistically,
even rocker-switch transporters with the most basic
architecture use rearrangements of nonrigid bodies.
During global, rocker-switch structural transitions in MFS

transporters, cavity-closing contacts are predominantly formed
by TMs lining the central cavity (Figures 6, 7a,b), particularly
between TM4 and TM10 in the outward-facing conformation
and between TM1 and TM7 in the inward-facing con-

Figure 7. General structural architectures of MFS transporters. (a) Ribbon representation of open outward-facing rat GLUT5 (left) (PDB 4YBQ)
and open inward-facing bovine GLUT5 (right) structures (PDB 4YB9), viewed in the plane of the membrane. TMs 1 and 4 and TMs 2, 3, 5, and 6
in the N-terminal TM bundle are colored in blue and light-blue, respectively. TMs 7 and 10 and TMs 8, 9, 11, and 12 in the C-terminal TM bundle
are colored in red and light-orange, respectively. Cavity-closing contacts in the outward-facing conformation and predominantly formed between
TM4 and TM10 (dotted ellipse) and in the inward-facing conformation between TM1 and TM7 (dotted ellipse). Neighboring TMs 5 and 11 and
TMs 2 and 8 in the outward- and inward-facing states, respectively, also contribute to cavity closing by a varying extent. The intracellular domain
helices (ICH) unique to the sugar porters are shown in gray. (b) As in (a), viewed from the extracellular side. (c) MFS transporter structures of the
glucose sugar porter STP10 (left) (PDB 6H7D), the nucleoside transporter ENT1 (PDB 6OB7) (middle), and the drug:H+ antiporter transporter
YajR (PDB 3WDO) (right), where substrate-gating helices have been proposed as apparent by highly bent of broken helices in either TM1, TM4,
TM7, or TM10. These structures also highlight extra non-TM domains that can be located in an extracellular loop and/or in the cytoplasmic loop
located between the N- and C-terminal bundle and/or at the C-terminus or N-terminus (not shown).
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formation (Figure 7a,b).3,186,191 While these global, rocker-
switch transitions are structurally conserved, the local gating
events appear to be fine-tuned to the substrate being

transported. In contrast to the symmetrical semi-SWEET
proteins, where gating is acquired by symmetrical, local
rearrangements from both bundles,3 gating in the MFS

Figure 8. The major conformations in the transport cycle of an MFS transporter. (a) Schematic illustrating the six major conformations of an MFS
transporter cycle: outward-open, outward-occluded with bound substrate (pink sphere), occluded with substrate, inward-occluded with substrate,
inward-open and occluded with no substrate. (b) A structural based example of all the major conformations of the MFS transporter cycle as
illustrated here by monosaccharide sugar porters, which have a highly conserved fold and for which structures are available in all the major
conformations. The “fully-occluded” conformation of the hexose transporter from the malarial parasite Plasmodium falciparum was the last
remaining state to be observed within the rocker-switch alternating access mechanism. The observed structural states shown as surface transversal
cross sections and clockwise from the top left: “outward-open” rat GLUT5 (PDB 4YBQ), “outward-occluded” human GLUT3 (PDB 4ZW9),
PfHT1 “fully occluded” (PDB 6RW3), “inward-occluded” XylE (PDB 4JA3), and “inward-open” bovine GLUT5 (PDB 4YB9). In either the
forward or reverse direction, the attainment of the occluded intermediate is required. Below the structures is the principal component analysis from
the conserved MFS ensemble core (n = 17 structures from 16 PDB codes), which yields a major principle component one (∼65% of the total
structural variance) that tracks the 16° global rocker-switch motion between the bundles. Projections were colored according to their trajectory
angle. (b) Adapted from Qureshi et al.193
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transporters appears to be asymmetrical in many
cases.3,78,171,191−193 In some cases, it is clear that this
asymmetry is established by the asymmetry in the substrate
binding site, such as the glucose transporter GLUT3, where
the sugar is only coordinated by a single residue from the N-
terminal bundle.192 Indeed, in GLUT3 and related sugar
porters, sugar binding and substrate gating is primarily driven
by rearrangements in the C-terminal bundle.78,193,194 In many
cases, however, the substrate appears to bind evenly to both
domains, yet either the C-terminal bundle171,195 or the N-
terminal bundle is thought to contribute more to the opening
dynamics, such as in LacY196,197 or in the phosphate
transporter PipT.181 As a consequence, rather than only
three conformations of outward-facing, occluded, and inward-
facing MFS transporters have at least five distinct structural
conformations: outward-facing, outward-occluded, occluded,
inward-occluded, and inward-facing (Figure 8a). These
partially occluded states represent local changes by TMs that

are referred to as “gating helices”, which occlude the substrate
from exiting, but the MFS transporter is yet to undergo the
global rocker-switch conformations to its opposite-facing
conformation.193 In many cases, the substrate gating helices
are made up from one or two of the central cavity helices of
either TM1 or TM4 in the N-terminal bundle or TM7 and
TM10 in the C-terminal bundle,3,78,107,173,181,191,192 which are
often broken or highly flexible in the middle (Figure 6, Figure
7c). The central cavity helices that are also substrate gating
helices are not always easy to ascertain from apo outward- or
inward-facing crystal structures, as they might only contain a
well-conserved glycine or proline residues that will eventually
bend in the middle to accommodate substrate binding in
partially or fully occluded states, such as in LacY (Figure 6).107

In some cases, the substrate gating helices are clearer as they
are fully broken and contain unwound regions that connect the
two half-helices (Figure 7c).

Figure 9. Salt bridges are often formed within and between the N- and C-terminal bundles in MFS transporters. (a) Cartoon representation of the
fructose transporter GLUT5 as viewed from the cytoplasm in the outward- (PDB 4YBQ) (left) and inward-facing (PDB 4YB9) (right)
conformations. ICHs are not shown for clarity. The residues forming salt bridges are shown as sticks, and interbundle salt bridges are only formed
in the outward-facing conformation for the monosaccaharide sugar porters. Note, in most other MFS transporters, interbundle salt bridges are
formed in both outward- and inward-facing conformations. (b) The salt bridge forming residues are highly conserved and pseudosymmetrically
related. These residues make up the sugar porter motif together with ICH1, which was used before structures became available to identify sugar
porters. (c) Unique to the sugar porter structures is an intracellular helical bundle that can either have three or four intracellular helices between the
N- and C-terminal bundles and an intracellular helix at the C-terminal bundle. In the outward-facing GLUT5 structure ICH1−3 are linked together
by several salt bridges (side chains are labeled and shown as sticks in yellow). In contrast, no polar interactions are formed between ICH5 and
either ICH1−3 or cytoplasmic ends of N-terminal TM bundle helices. A salt bridge forms (dotted line in magenta), however, between E225 in
ICH3 and R407 in TM 11, which also forms part of the interbundle salt bridge network (side chains are labeled and shown as sticks in cyan). The
ICH domain functional role is proposed to act as a scaffold domain that further helps to stabilize the outward-facing conformation. Adapted from
Nomura et al.78
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The fully occluded conformation is thought to be metastable
and only transiently occupied during structural isomerization
between outward-occluded and inward-occluded states or vice
versa.45 Consistent with this line of reasoning, structures of
fully occluded conformations of MFS transporters are rare, and
out more than 110 determined MFS transporter structures, the
occluded conformation has clearly only been observed in three
cases: the multidrug transporter EmrD,178 the nitrate/nitrite
antiporter NarK,195 and the hexose transporter from the
malarial parasite P. falciparum Pf HT1(Figure 8b).193,198

Structural details from all of these different conformational
states have led to general themes of how substrate binding
catalyzes global rearrangements. Although the molecular
details are different for every MFS transporter, a clear
requirement is the breakage and reformation of salt bridges
that hold the N- and C-terminal bundles together, as first seen
in crystal structures of LacY16 and GlpT.17 Interbundle salt
bridges have consistently been observed in MFS transporter
structures and are often found proximal to the substrate
binding site.78,107,184,191,195 Indeed, on the basis of bio-
informatic analysis across all MFS subfamilies, a clear sequence
consensus emerges in many members, which has been called
the “A-motif”. The A-motif is located between the ends of
TM2 and TM3 and/or between the ends of TM8 and TM9,
and structures have shown these charged residues form salt
bridges that are often connected to the interbundle salt-
bridges, e.g., as seen in the sugar porter subfamily (Figure
9a).10,78,191,199 Notably, salt bridges are formed and broken in
both passive as well active MFS transporters, and therefore
ionic interactions are thought to establish the energetic barriers
to be overcome by substrate binding in most, if not all, MFS
transporters.
For active H+-coupled transport, the local and global

conformational changes must be coupled to avoid “forbidden”
transport of either the substrate or H+ on its own.200 Indeed,
most of the key residues for H+ translocation are located in the
central cavity helices, including TM1, TM4, TM7, and
TM10.201 As such, both the binding of a H+ and a substrate
is coupled and required for energized transport. Notably, as
shown for the melibose transporter MelB, the driving ion can
also be Na+ or Li+.202,203 To ensure concomitant binding, often
ionizable groups, such as aspartic acid and histidine, close to or
part of the substrate-binding site, must first be protonated for
the substrate to bind with measurable affinity.90,108,204

Typically, residues upstream of the substrate binding site,
however, are first protonated, which elicits a change in the local
electrostatic network, leading to the subsequent protonation of
the substrate binding residue.34,90 In some cases, these H+

binding residues reform salt bridges between the N- and C-
terminal bundles together,108 providing a clear explanation of
how substrate binding triggers larger, global conformational
changes. In other cases, substrate binding catalyzes salt bridge
breakage between the N- and C-terminal bundles distant from
the substrate-binding site.78,205 Most often, however, even with
structural details on hand, H+-coupling pathways are
mechanistically challenging to detangle. In the bacterial
MCT homologue SfMCT for example, a histidine residue far
from the substrate-binding site and located at the end of a helix
facing the extracellular space, was found to be essential for H+-
coupled transport.182 In some MFS members, the H+-coupling
pathway is stringent, and the neutralization of just a single
acidic residue can convert an H+-coupled symporter into a
passive transporter.194,206−210 For example, in the H+/galacto-

side symporter LacY, a glutamate residue (Glu325) in TM10 is
the primary H+-binding site.90,211 Although the glutamate
residue does not interact with galactoside directly, it is
connected to the sugar binding site via a histidine (His322),
which itself is salt-bridged to an aspartate residue.16,90 If either
the glutamate or histidine is substituted to alanine, LacY can
still carry out passive downhill transport of sugar, but cannot
perform active H+-coupled sugar transport.90,211 In LacY, it has
been shown that the Glu325 alanine mutant is still able to carry
out counterflow and exchange with rates similar to wild-
type.211 These findings demonstrate that substrate binding
drives the conformational rearrangements in both passive and
active H+-coupled transporters.68,106 In the latter case,
however, the presence of an ionizable group in the wild-type
transporter ensures that the substrate does not bind until key
residue(s) are first protonated.212

In some active MFS members, however, there appears to be
some flexibility in the H+ coupling pathway and is not thought
to be dependent on the protonation state of any one key
residue. For example, while three acidic residues in the yeast
sucrose sugar porter Mal11 were required for maximal active
transport, individual mutations to a neutral amino acid were
still able to utilize a H+ gradient to drive maltose uptake.109 It
was only when all three residues were neutralized that H+ and
substrate cotransport uncoupled, with no impairment to the
substrate binding site because the system is fully active in
downhill (counterflow) transport,109 i.e., mutation of all three
residues completely abolished H+-coupled transport, but still
enabled facilitated diffusion of the substrate. It was shown
recently that it was possible to evolve yeast strains to grow in a
medium only containing sucrose as a carbon source
complemented with the MalII triple mutant.213 Remarkably,
two of the suppressor mutants regained H+-coupled sucrose
transport through acidic residues now located in TM7 and
TM11, which are positioned parallel to the naturally occuring
position of the acidic residues that were mutated in TM1 and
TM4.213 In the melibose transporter MelB, both Na+ and H+

compete for binding to the same ion-binding site, but due to
their respective affinities and physiological concentrations, Na+

is thought to be the primary driving ion.214 Interestingly,
however, some sugar epimers can be coupled to either Na+ or
H+, whereas others can only use Na+.215 Ion-coupled
promiscuity has further been observed for oligopeptide
symporters and multidrug antiporters, where even the
H+:substrate stoichiometry can vary depending on the
substrate being transported.216−219 Such consequences can
change the energetics, as the net overall transport process can
then be either electroneutral or electrogenic.218 In the
multidrug exporter MdfA and LmrP, the H+-coupling residues
can be shifted to a different helix and still retain substrate-H+-
coupling.220,221 The ability of MFS transporters to alter energy
transduction through modifying vectoral H+-coupling path-
ways is remarkable. Such adaptability has not been observed,
so far, in other transporter folds and could explain why MFS
members in higher eukaryotes remain H+-coupled even when
sodium gradients are otherwise available.
In reality, a complete description of substrate translocation

requires the construction of a multidimensional energy
landscape that defines the relative probabilities of each of the
conformational states and the energetic barriers between them.
Simplistically, the equilibrium is thought to be shifted by the
binding of either substrates and/or ion-coupling. The substrate
binding and gating interactions in the different conformational
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states are all subtly different, which is fine-tuned to the
substrates that are being transported. Rather than describing
the molecular details of the alternating-access mechanisms for
many different MFS transporters, we have limited our focus to
the sugar porter (SP) and MFS multidrug resistance (MDR)
proteins belonging to the drug proton (H+) antiporter (DHA)
subfamilies for several different reasons: (i) both SPs and DHA
proteins represent large MFS subfamilies, (ii) crystal structures
are available in all (for SP) or multiple (for DHA) major
conformations of their transport cycle, (iii) SPs are either
uniporters or symporters, whereas DHA members are

antiporters, and (iv) SPs are highly specific for their substrates,

in comparison to DHA proteins that typically show substrate

promiscuity. Thus, the similarities and differences offered

between these two large families covers most of the deeper

mechanistic principles of the alternating-access mechanisms

found in most MFS transporters. Notably, recent reviews have

outlined detailed alternating-access mechanisms for oligopep-

tide transport,71 lactose permease LacY,90 and in this themed

issue for nucleoside transport.222

Figure 10. High structural conservation and coordination of D-glucose in distantly related sugar porter monosaccharide homologues harboring
different substrate preferences, kinetics, and binding affinities. (a) Cartoon representation of the outward-occluded human GLUT3 (PDB 4ZW9)
sugar binding site with D-glucose bound (yellow sticks), and the residues forming hydrogen bonds are labeled. The corresponding residues in the
outward-open fructose transporter GLUT5 (PDB 4YBQ) are also shown (pink sticks) and are labeled where different. (b) The sugar binding site
comparison between the D-glucose bound sugar porter structures for the glucose specific human GLUT3, glucose specific plant STP10 (PDB
6H7D), the xylose specific E. coli XylE (PDB 4GBZ), and the pan-specific P. falciparum PfHT1 (PDB 6RW3). While GLUT3 (KM = 1.3 mM) and
STP10 (0.005 mM) transport D-glucose, PfHT1 (KM = 0.9 mM) can transport many different sugars including D-fructose and D-xylose in addition
to D-glucose, and XylE cannot transport D-glucose but binds it with the same affinity as its preferred substrate D-xylose. All residues hydrogen
bonding to bound D-glucose are identical apart from the TM10a residue corresponding to TM10 residue, which is in an alanine in all structures
except GLUT3, where it is a glutamate. Most residues in the N-terminal bundle surrounding the D-glucose but not coordinating the sugar are also
highly conserved (not shown). (c) The substrate gating helices TM7b and TM10b control access of the sugar to the outside and inside,
respectively, in GLUT5. Interactions between hydrophobic residues between TM7b and TM10b in the outward-facing conformation (PDB 4YBQ)
(left) are lost in the inward-facing conformation (PDB 4YB9) (right) and may help to increase mobility of TM10b to catalyze interbundle salt
bridge breakage. Note that the residue corresponding to I295 has been reported as the key residue for fine-tuning D-glucose affinities as single-point
mutations can have 10-fold differences in KM values.241 (d) Schematic highlighting the local substrate gating rearrangements by TM7b from the
outward-open to the outward-occluded state and by symmetry-related TM10b from the inward-occluded to the inward-open state. (c,d) Adapted
from Qureshi et al.193
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6. THE ALTERNATING-ACCESS MECHANISM OF
GLUCOSE (GLUT) TRANSPORT

Typically, sugar transporters must be highly specific but bind
their substrates weakly to facilitate high sugar flux. One of the
most well-described model systems are the “passive” glucose
(GLUT) transporters, which work to maintain blood glucose
levels at ∼4−12 mM and do so with turnover rates (kcat) of up
to 6500 molecules/s reported.68 At these physiological glucose
concentrations, the GLUT transporters have high μM to low
mM Michaelis constants (KM) for the sugars, yet surprisingly
they maintain high specificity, i.e., not even stereoisomers of
the transported sugars are recognized. Human has 14 different
GLUT isoforms, and each isoform shows a distinct pattern of
tissue distribution, gene regulation, kinetic properties, and
substrate selectivity.68 For example, GLUT1 is distributed in a
wide range of tissues, including the blood−brain barrier, and is
essential for glucose transport into the brain, whereas GLUT4
is mostly localized to skeletal muscles and adipose tissue and is
the major insulin-stimulated glucose transporter.223,224 GLUT5
is the only member specific to fructose and together with
GLUT2 are the major fructose transporters in the body.225

The GLUT transporters belong to a subset of the MFS sugar
porter (SP) family (TC no. 2.A.1.1), called the facilitative
sugar transporter family SLC2A, which is responsible for the
majority of organism-wide sugar transport in mammals.226 The
GLUT proteins were one of the first transporters to be
functionally characterized and the substrate coordination
mapped, owing to their importance and the natural abundance
of GLUT1 in red blood cells.227,228 From a structural
perspective, they are the only MFS subfamily to date where
structures have clearly been determined in all of the major
conformations of the transport cycle (Table 2 and Figure 8b),
albeit from different organisms. Nevertheless, the high degree
of structural conservation, as observed when overlaying crystal
structures determined in the same conformation, demonstrates
that the approach of combining these different structural states
is robust enough to describe the major structural transitions.193

In addition to the canonical MFS-fold, these sugar porters have
an additional intracellular helical domain between the six-helix
bundles that is comprised of three to four intracellular helices
(ICH) in the N-terminal bundle and a short intracellular helix
at the C-terminus (Figure 7a).177,186,229 Interestingly, the sugar
porter motif used to classify MFS members as sugar porters is
an intracellular salt bridge network located at the ends of the
TM segments that connects the N-and C-terminal bundles
together in the outward-facing conformation (Figure
9a).10,199,230 The salt bridge residues are related by
pseudosymmetry as can be seen by superimposition of the
N- and C-terminal bundles (Figure 9b). The sugar porter motif
also includes ICH1, which further forms salt bridges with other
ICH’s (Figure 9c).78 Because this motif is separated from the
residues coordinating sugar,78 it remains unclear how many of
the members currently annotated as sugar porters are actually
sugar transporters.
Crystal structures of apo GLUT5 have been determined in

both outward- and inward-facing conformations (Figure 7a,b
and Figure 8b).78 GLUT3 was solved in outward-open and
outward-occluded states, with and without maltose/glucose
bound,192 and GLUT1 in an inward-facing state (Figure
8b).231,232 These GLUT structures are highly homologous to
the structure of the H+-coupled xylose transporter XylE from
E. coli determined in several conformational states177,194,205 as

well as the hexose transporter PfHT1 determined in an
occluded conformation (Figure 8b).193,233 Other monosac-
charide sugar porter structures include Staphylococcus epi-
dermidis (GlcPSe) in an inward-facing confromation206 and the
STP10 from A. thaliana in a glucose-bound outward-occluded
conformation (Figure 7c).234 Recently, 17 structures belonging
to the monosaccharide sugar porter family were aligned and
assigned across all conformations by statistically based
principle component analysis,193 which provided further
support that these structures could be assembled to reconstruct
a reliable structural basis for their alternating-access mecha-
nism (Figure 8b).

6.1. The Sugar Binding Site

The best structural understanding of D-glucose recognition is
apparent from the structure of human GLUT3 with D-glucose
bound at 1.5 Å resolution.235 In GLUT3, residues located in
TM7 and TM10 of the C-terminal bundle predominantly bind
D-glucose. Indeed, only a single residue in TM5 of the N-
terminal bundle contributes to D-glucose coordination (Figure
10a). Inverted-symmetry-related TM7 and TM10 make up
highly conserved sugar transporter signatures,199 and their
predominant role in sugar recognition is in agreement with
previous functional data.236−241 Indeed, prior to crystal
structures, the end of TM7 of GLUT1 was proposed to be
important in both the coordination of D-glucose and the
closing of the outside gate during translocation.242 The D-
glucose binding mode with the C1-OH and C2-OH groups
facing the inside, and the C4-OH and C6-OH groups facing
the exterior is perfectly consistent with the extensive
biochemical analysis of GLUT1 transporters, as concluded in
the 1970s (Figure 10a).69,228,243 As one might expect, the sugar
binding site in GLUT3 is very polar, with extensive hydrogen
bonding to all six oxygen atoms (Figure 10a). The sugar
binding site is very conserved, with only small side chain
differences between the high-affinity glucose transporter
GLUT3 and the fructose-specific transporter GLUT578

(Figure 10a). In fact, the sugar binding site is highly similar
to the xylose transporter XylE,177 the promiscuous sugar
transporter from the malarial parasite PfHT1193 or even the
bacterial GlcPSe and plant STP10 transporters, which are
specific to D-glucose and bind with very high affinities at ∼3−
30 μM (Figure 10b).206,234,244 From the structure of the sugar
binding pocket itself, it is thus unclear how monosaccharide
sugar porters recognize sugars with different binding affinities
and preferences.

6.2. The Determinants for Evolving Sugar Recognition and
Transport

It is becoming increasingly clearer that in monosaccharide
sugar porters, the environment around the central binding
pocket and the substrate gating helices themselves appear to
play a larger role in shaping substrate recognition than
previously anticipated. The residues in the N-terminal bundle
juxtaposed to the D-glucose binding site in GLUTs are
hydrophobic, which could push D-glucose toward the binding
site and increase its apparent affinity to the sugar binding
pocket in the C-terminal bundle. Consistently, it has been
proposed that the hydrophobic surface of the N-terminal
bundle in STP10 is important for D-glucose binding affinity.234

However, hydrophobicity in the N-terminal bundle is also a
general structural feature across a number of determined sugar
porter structures, and this feature alone does not adequately
explain these large differences.
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Figure 11. The extracellular gate TM7b forms the occluded state and is coupled to sugar binding by an asparagine residue. (a) The extracellular
substrate-gating helix TM7b. (left) A cartoon representation of TM7b of human GLUT3 in the outward-open conformation (PDB 4ZWC, red)
and the outward-occluded D-glucose bound conformation of XylE (PDB 4GBZ. salmon). During transition into the outward-occluded
conformation, a strictly conserved asparagine coordinates the C3- and C4- hydroxyl groups of D-glucose to stabilize the inward movement of
TM7b, as shown in the upper panel. Conserved tyrosine residues in TM7b form the occlusion. (left middle) Comparison between the outward-
occluded XylE (salmon) and outward-occluded human GLUT3. The crystallization lipid in human GLUT3 blocks the inward movement of the
occlusion-forming tyrosine, and TM7b does not transition into a full outward-occlusion. (right middle) Comparison between the outward-occluded
XylE (PDB 4GBZ, salmon) and the inward-open conformation of GLUT5 (blue). During transition into the inward-open conformation, the TM7b
asparagine and tyrosine move closer to the sugar, and TM7b breaks into an elbow-shaped conformation as shown in the upper panel. (right) A
cartoon representation of TM7b of GLUT5 (PDB 4YB9, blue) in the inward-open conformation, and the occluded-occluded D-glucose bound
conformation of PfHT1 (PDB 6RW3, red). TM7b forms the same elbow shaped structure as in the inward-facing conformation, demonstrating
that the full inward movement of TM7b and its breakage is a transition that occurs prior to the rocker-switch transition. (b) Cartoon representation
of the sugar binding site of occluded PfHT1 (green sticks) superimposed with outward GLUT5 (PDB 4YBQ, blue sticks), outward-occluded
GLUT3 (PDB 4ZW9 gray sticks), and inward GLUT5 (PDB 4YB9, orange sticks). Asn311 (dotted ellipsoid) is the only residue clearly
repositioning during the entire transport cycle. Adapted from Qureshi et al.193 (c) The highly conserved tyrosine residues that occlude the substrate
from exiting in the outward-occluded conformations of GLUTs are replaced by serine (S315) and asparagine (N316) in PfHT1. (d) Cartoon
representation of PfHT1 extracellular gating interactions between TM7b (magenta) and TM1 (blue). Potential hydrogen bond interactions are
indicated by dotted lines and prominent residue side chains labeled. (e) Transport activity for PfHT1 TM1−TM7b interacting residue mutants for
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One of the most insightful sets of biochemical studies to
tackle this question was carried out with the hexose
transporters from S. cerevisiae, wherein a comprehensive
chimeric screen was performed between the high-affinity
glucose transporter HXT2 (KM = 3 mM) and a low-affinity
glucose transporter HXT1 (KM = 46 mM). In brief, each TM
segment of HXT2 was replaced with the corresponding TM
segment in HXT1.245 It was revealed that TM1, TM5, TM7,
and TM8 of HXT2 were essential for high-affinity glucose
transport.245 Subsequently, these TMs were systematically and
individually replaced between HXT1 and HXT2, and with
further mutagenesis it was concluded that the asparagine
residue in TM7 (Asn331) was the most important residue for
the determining the affinity for D-glucose.246,247 Remarkably,
the replacement of this residue (Asn331) with each of the
other 19 amino acids yielded transporters with KM values for D-
glucose ranging from 0.87 to 54 mM, compared with a KM of
3.3 mM for the wild-type protein. To show that this is a
general site, it was further possible to engineer a TM7 mutant
with higher binding affinity than wild-type for a different yeast
hexose transporter, HXT7.248 Moreover, the corresponding
TM7 residue in GLUT1 (Ile287) was further substituted to
every other amino acid and analyzed by in-depth kinetics.241

Somewhat surprisingly, despite their sequence divergence, a
remarkably clear correlation between all 19 mutations was
observed.241 Substitution of this single TM7 residue could
drastically alter D-glucose binding affinities in GLUT1. It was
proposed that the TM7 residue likely “interacts with
surrounding residues within van der Waals distance that directly
communicates with the substrate and thereby contributes to the
f ine-tuning of the binding reaction at the presumed exofacial
site”.241 Consistently, the GLUT1 and other GLUT structures
have confirmed that the Ile287 residue is not coordinating the
substrate sugar but is sandwiched between a strictly conserved
TM7b asparagine that coordinates D-glucose and a glycine
residue that breaks TM7 into the half-helices TM7a and TM7b
(Figure 10c).78,235 It thus seems likely that the Ile287 has an
indirect influence on substrate binding by somehow affecting
the coupling between sugar binding and TM7b gating. Because
the equivalent residue in GLUT5 was found to only interact
with the gating helix TM10 in the outward-facing con-
formation, it was also postulated that perhaps this region might
also be important for the communication between TM7 and
TM10 gating helices (Figure 10c).78

6.3. The Extracellular Substrate Gating Helix TM7b

The asymmetry of sugar binding, predominantly by the C-
terminal bundle, is consistent with proposed asymmetric local
rearrangements of the substrate gating helices TM7b and
TM10b in the C-terminal bundle as first proposed in GLUT3
and GLUT5 (Figure 10a,d).3,78,191−194 As seen in MD
simulations,193 the extracellular gating helix TM7b is very
mobile and consistently in several of the outward-facing sugar
porter structures, lipids, detergents, or nonphysiological
substrates appear to interact to stabilize the TM7b
gate.177,231 TM7b gating dynamics is further consistent with
the fact that, even in the presence of maltose, GLUT3

crystallizes in both outward-open and outward-occluded
conformations.235 Although the exact coupling mechanism
between sugar binding and extracellular gating remains unclear,
the repositioning of an asparagine in TM7b to hydrogen bond
to the bound sugar is clearly an important first step (Figure
11a). In detail, between the outward and outward-occluded
conformations a strictly conserved asparagine residue (Asn288
in GLUT1), located at the beginning of TM7b, moves inward
to coordinate the most critical hydroxyl groups, 3-OH and 4-
OH, in D-glucose.235 Consistently, the TM7b asparagine
residue directly precedes the TM7a-7b breakpoint residue
(Ile287) that, as just discussed, is a key determinant for tuning
D-glucose binding affinities. During transition from an
outward-open into an outward-occluded state, a conserved
tyrosine residue (Tyr293 in GLUT1) located one helical turn
from the TM7b asparagine, moves inward to obstruct sugar
exit, although it does not interact with the substrate sugar itself
(Figure 11a).177,235 Extraordinarily, biochemical studies some
27 years ago had proposed that Tyr293 was required for
closing the exofacial site around C4-OH and C6-OH groups of
D-glucose.242 Notably, a crystallization lipid blocks the tyrosine
residue in TM7b of human GLUT3 to adopt a more occluded
state as seen in the outward-occluded structure of XylE (Figure
11a).
Upon superimposition of all the major conformation of the

GLUT transport cycle, the TM7b asparagine is the only sugar-
coordinating residue significantly changing its position during
the whole transport cycle (Figure 11b). It has been proposed
that GLUT transport must therefore be (primarily) driven by
conformational selection. Because the TM7b asparagine
residue is strictly conserved in all GLUT transporters and
related sugar porters, regardless of their sugar preference and
affinities, it appears this is a key and generic interaction
required for coupling sugar binding, extracellular gating, and
transport (Figure 11a).193 Of importance, in the occluded
structure of PfHT1, TM7b further breaks in the middle to
adopt an elbow-shaped helix (Figure 11a). In all inward-facing
states, the gating helix TM7b always adopts the same elbow-
shaped helix (Figure 11a).78,193,231 The structural transition of
TM7b takes place before transitioning into the inward-facing
state. Presumably, TM7b breakage is not spontaneous and only
a correctly bound sugar will induce formation of the occluded
state to achieve transport.
Intriguingly, the TM7b tyrosine residues that are important

for substrate occlusion in GLUT proteins have polar residue
counterparts of asparagine and serine residues in PfHT1
(Figure 11a,c). The TM7b residues were found to form
contacts with TM1, consistent with the cavity closing contacts
eventually formed between TM1 and TM7 in the inward-
facing state (Figure 7a).193 It is likely that TM7b sequence
differences have made it possible to capture the occluded
conformation of PfHT1 by crystallography. Consistently, MD
simulations have confirmed that the occluded state of PfHT1
was stable, whereas outward-occluded GLUT3 spontaneously
opens back to an open state even when D-glucose is present.193

However, there is no evidence that the transition intermediate
in PfHT1 is rate limiting; in fact, the malarial sugar transporter

Figure 11. continued

[14C]-D-glucose (black bars) and [14C]-D-fructose (white bars), respectively, residues in bold facing toward TM1 were determined to be just as
essential for sugar transport as residues coordinating D-glucose directly. Stabilization of cavity-closing contacts between TM1 and TM7 are essential
for stabilization of the occluded state. Data are mean ± SEM of N = 3 biologically independent experiments. Adapted from Qureshi et al.193
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PfHT1 is uniquely capable of transporting both D-glucose and
D-fructose with equal efficiency (KM, kcat) as the dedicated
high-affinity D-glucose GLUT3 and D-fructose GLUT5 trans-
porters, respectively.68,193,249,250 The PfHT1 sugar binding site
and the coordination of D-glucose is very similar to that seen in
human GLUT3192 and also with the D-fructose binding site
observed in rat GLUT5 (Figure 10a,b).78 Mutation of sugar
binding residues in PfHT1 made to match either GLUT3 or
GLUT5 binding sites failed to rationally shift sugar preferences
in PfHT1.193 For example, the mutation of the TM10
tryptophan to alanine to match GLUT5 did not shift the

sugar preference of PfHT1 to D-fructose but instead abolished
D-fructose transport, while D-glucose transport was unaffected.
This result was further unexpected, because in all GLUT
transporters harboring the TM10 tryptophan, it has been
critical for D-glucose transport.68

In contrast to the high conservation of the sugar binding site,
as discussed, TM7b tyrosine residues in PfHT1 have been
replacedby more polar residues (Figure 11c). Strikingly, in
PfHT1, the mutation of most TM7b residues to alanine
completely abolished transport and were found to be just as
critical for transport as the residues directly coordinating D-

Figure 12. Extracellular TM7b gating occlusion opens a potential allosteric pocket in sugar porters and TM7b and the lid domain in the plant
homologue STP10. (a) The high-affinity D-glucose transporter STP10 has an additional, extracellular helical loop domain between TM1 and TM2
that forms a covalent disulfide bond to the C-terminal bundle (dotted eclipse). A tyrosine residue in the loop domain contributes to the outward-
occlusion and a phenylalanine in TM7b. (b) In the outward-occluded conformation of STP10 (PDB 6H7D), TM7b adopts a position more similar
to an outward-open position (red) as can be compared to the outward-occluded state of XylE (salmon) (PDB 4GBZ). (c) Slab through the
electrostatic surface representation of PfHT1 in the occluded conformation (PDB 6RW3) opens an extracellular side vestibule that could be a site
for potential regulation by other ligands. (d) In the PfHT1 structure crystallized in the short-chain detergent n-nonyl β-D-glucopyranoside (PDB
6M20), the glucose headgroup of the detergent can bind in the open vestibule or between TM1 and TM7b and likely restrict TM7b dynamics
(yellow sticks). In other GLUT structures, crystallization lipids have also been modeled between the extracellular cavities, as shown here for human
GLUT3 in the outward-occluded conformation (pink sticks) (PDB 4ZW9). One of these crystallization lipids even forms direct hydrogen bonding
to D-glucose in the high-resolution human GLUT3 structure.192,193
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glucose (Figure 11d,e).193 This data illustrates that the gating
helix TM7b in PfHT1 can be considered as an extension of the
sugar binding site. The polar TM1 residues pointing toward
the TM7b breakpoint were also found to be important,
consistent with the fact that TM7b is required to break and
move closer to TM1 in forming the occluded state.193 A
number of TM7b mutants retaining transport showed a
reduced kinetic preference for D-glucose but not for D-fructose.
By making modifications to the TM7b gate, it therefore seems
possible to alter the coupling with the sugar binding site.
Rather than evolving the sugar binding site to be able to
transport so many different sugars effectively, it was proposed
that PfHT1 has evolved the extracellular gating helix TM7b
instead. Simply put, imply, it was concluded that PfHT1 has an
outside gate that shuts more easily and has therefore become
less stringent as to which sugars catalyze transport.193 Although
TM7b gating dynamics might be exaggerated in PfHT1, the
conceptual framework is consistent with the importance of the
TM7a−TM7b breakpoint residues that have found to be
important for fine-tuning D-glucose binding affinities in GLUT
transporters. Furthermore, in an exhaustive forward-evolution
approach of the yeast glucose transporter (HXT14) in S.
cerevisiae, only five residues with improved D-xylose uptake
could be identified.251 The only single mutation shifting sugar
preference from D-glucose to D-xylose in HXT14 was not
found in the sugar binding site, but in the middle of TM7b, the
residue equivalent to Asn318 in TM7b of PfHT1 (Figure
11d).251,252 Moreover, in several patients with GLUT1
deficiency syndrome, a missense mutation in TM7b, equivalent
to Asn218 in PfHT1, was also found to have shifted the KM for
D-glucose.253

The required and evolved coupling between the sugar
binding site and the extracellular gate TM7b offers a rational
explanation as to why XylE binds D-glucose in the same
position and with the same affinity as in human GLUT3, but is
incapable of transporting the sugar,34,177 i.e., the binding of D-
glucose in XylE is unable to induce the breakage of the TM7b
gate so that it can transition into the occluded state.
Consistently, the mutation of a sugar binding site residue
and a TM7b residue can be combined in XylE to enable the
transport of D-glucose. Specifically, while single-point muta-
tions of Gln175Leu and Leu297Phe in XylE were incapable of
D-glucose transport, combining both mutations enabled
transported of D-glucose while retaining 75% of wild-type D-
xylose transport.34 The Gln175 residue is located in the sugar
binding pocket, and the Leu297 residue is located in TM7b,
one helical turn from the TM7b asparagine (Figure 11d).
Lastly, mutation of the TM7a−TM7b breakpoint isoleucine to
a valine in GLUT7 abolishes D-fructose transport, while leaving
D-glucose transport unaffected.240

6.4. The Lid Domain of the Plant Homologue STP10
Controls Outside Occlusion

The plant homologue STP10 is a very high-affinity glucose
transporter (low μM affinity), yet the coordination of D-
glucose is almost identical to that seen in other D-glucose
bound sugar porter structures (Figure 10b). The most notable
structural differences between STP10 and the other sugar
porter structures for D-glucose is that STP10 has an additional
helical domain located between TM1 and TM2, which has
been referred to as the “lid” domain (Figure 12a). Surprisingly,
the lid domain harbors a cysteine residue that forms a disulfide
to a cysteine residue in TM11 in the C-terminal bundle and,

thus, covalently links the two bundles together in the outward-
facing conformation (Figure 12a).234 The disulfide linkage is
not essential for sugar binding and transport, however, as a lid
domain cysteine-to-alanine mutant has similar sugar binding
and kinetics as the wild-type protein; the cysteine mutant does
however alter STP10 activity at more neutral pH values, as will
be later discussed. Instead of TM7b, the lid domain now
contributes to the outward-occlusion through a different
tyrosine residue, whilst TM7 adopts a straighter helix (Figure
12b).234 While the STP10 structure could indicate that
extracellular TM7b gating is not a conserved mechanism, in
the more recently determined inward-open conformation of
STP10,254 TM7b has fully broken into the same elbow-shaped
configuration as seen in all other inward-facing sugar porter
structures.78,193,194,205,231 In the inward-facing state of STP10,
the lid domain has been pushed away and the lid domain
tyrosine has been replaced by the TM7b occlusion-forming
tyrosine.254 This result implies that STP10 will go through a
similar occluded intermediate. Consistently, mutation of either
the lid domain tyrosine or the TM7b tyrosine to alanine shifts
the KM for D-glucose from 20 to 300 μM.254 Therefore, the
TM7b gate is also contributing to the high sugar binding
affinities in STP10, and the lid domain located at the end of
TM1 has further evolved a unique coupling with TM7b gating.

6.5. Interbundle Salt Bridges and the Intracellular Gating
Helix TM10b

In GLUT and related sugar porters, no salt bridges are
observed near the central cavity, in either outward- or inward-
facing conformations,78,177,193,231,235 perhaps to avoid inadver-
tent H+ coupling. Instead, interbundle salt bridges are formed
far from the central cavity and only in the outward-facing
conformation, linking the cytoplasmic ends of TM3, TM4, and
TM5 in the N-terminal bundle to those of TM9, TM10, and
TM11 in the C-terminal bundle (Figure 9a).78,235 These
charged residues are the most conserved and make up the well-
described sugar porter signature motifs.10,199 The charged
residues are also structurally related by a pseudo-2-fold
symmetry axis that runs through the center of the transporter
and perpendicular to the membrane plane (Figure 9b).78 In
the inward-facing conformation, the interbundle salt bridges
are broken and are located far apart.3

In addition to the intracellular salt bridge network located
between the end of TM helices, there are further salt bridges
that latch intracellular helices on the N-terminal bundle with
an intracellular helix on the C-terminal bundle (Figure
9b,c).78,177,192 In the occluded PfHT1 structures, only a
portion of the C-terminal intracellular helix could be modeled
or not at all.193,233 As was the case for previously determined
inward-facing structures of human GLUT1, bovine GLUT5,
and E. coli XylE.194,205,231 Because the interbundle salt bridge
network was still intact in the occluded PfHT1 structure, it
seems that the ICH5 latch may move first to further weaken
salt bridge stability and enable subsequent transition into the
inward-occluded conformation. Consistently, long MD simu-
lations of GLUT1 found that the ICH5 interaction to ICH1−4
is a critical step for the transition between the inward- to
outward-facing states.255 Moreover, removal of the C-terminal
tail arrests GLUT1 in an inward-facing conformation.256 In
GLUT1, the return of the empty carrier from the inside to the
outside is reported to be the slowest step the GLUT transport
cycle.257,258 As such, one might expect that the rate of forming
the outward-conformation is fine-tuned by the intracellular salt
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bridge network.259 Consistent with this rationale, recent
mutagenesis between GLUT1 and GLUT3 in Xenopous
oocytes have shown that their turnover rates are changed by
selective mutations to the intracellular salt bridge forming
residues.259 Moreover, a bound chloride ion was found to
coordinate residues between N-terminal salt bridge inter-
actions of GLUT1 and STP10 in the inward-facing
structures,254,259 implying a potential allosteric site. In a similar
manner, GLUT activities are thought to be dependent on
anionic lipids because their negatively charged headgroups can
compete for interbundle salt bridge formation to facilitate salt
bridge breakage.113 Connected to the interbundle salt bridge
network is a strictly conserved glutamate residue in the
intracellular gating helix TM10b.3,78,235 Comparison of inward-
occluded and inward-open structures reveals that the largest
movement is TM10b,78,194,205,231 the symmetry related helix to
TM7b (Figure 10c,d).78 It has been proposed that during
formation of the occluded conformation, TM7b weakens its
interactions with TM10b, which becomes more mobile and
catalyzes interbundle salt bridge breakage.78

6.6. Asymmetrical Sugar Binding and Substrate Gating

Unlike the extracellular gate TM7b, the intracellular TM10b
gate itself appears to have a more passive role in regard to
sugar binding affinities or preferences, i.e., there is no
equivalent residue to the TM7b asparagine that dramatically
changes its positioning upon sugar binding. Furthermore,
unlike the strictly conserved TM7b asparagine, the highly
conserved tryptophan in TM10b is not always essential for
transport.193 Here, for the first time, we propose that the
different roles between the outside and inside gates are
correlated with the fact that sugar binding affinities are
(typically) asymmetric. As first demonstrated in the late
1970s,125 GLUT1 and related sugar porters have a ∼10-fold
higher affinity for D-glucose on the outside as compared to the
inside.120,260 Because the structure of the sugar binding site is
identical in either conformation, we propose that the higher
binding affinities from the outside are caused by differences
between the TM7b and TM10b gates. We propose that the
substrate sugar binds with higher affinity when it coordinates
to the coupling asparagine in TM7b and facilitates transition of
TM7b from a bent to an elbow-shaped helix in the occluded
state. If one considers the occluded state of the transporter as
analogous to the transition state of a soluble enzyme, then this
reasoning fits the classical description of enzyme catalysis, in
which there is relatively weak binding of the substrate to the
enzyme but tight binding of the transition state.261 This
comparison is consistent with the induced transition fit theory,
which introduced the important concept that the energy
barrier for conversion between states is lowered by substrate
binding (Figure 13).165,262 The main fundamental difference is
that in transporters the transition state is the activation energy
barrier for global conformational changes, whereas in enzymes
the barrier is imposed by substrate remodeling in the transition
state.165

Tighter binding of the substrate sugar in the outward-facing
state might be required to ensure the intracellular salt bridge
network is broken, which is also asymmetric as it is only
formed in the outward-facing conformation.3,78,186,191 It is
possible that the negatively charged lipid interactions to
interbundle salt bridges may further ensure that the occluded
state is not rate-limiting.263 However, TM10b only needs to
spontaneously close to transition through the empty-occluded

state. Consistent with sugar binding asymmetries, GLUT1
transport rates are asymmetric, with rates ∼100 times faster

Figure 13. An energy diagram for GLUT transport based on the
induced transition fit (ITF) model for transport catalysis. Klingenberg
introduced the ITF model165 that stipulates, similarly to enzymes, the
substrate has a higher affinity for the transition state. The difference to
enzymes is that substrate binding provides the catalytic energy for the
rearrangements of the transporter, in contrast to providing the
transition strain or destabilization of the substrate in an enzymatic
reaction; to date, the induced transition fit theory model has largely
been used to described the alternating-access mechanism of ADP/
ATP exchangers.271 The energy barriers are low between empty (Cout,
Cin) and bound outward- or inward-substrate-bound complexes
(CoutSout or CinSin) because of the poorer fit of the substrate but are
larger going into the transition state, and substrate binding largely
compensates for the catalytic barrier (ΔG°). In more descriptive
terms, between the outward- and outward-occluded conformations
(PDB 4YB9, 4ZW9), the extracellular substrate-gating helix TM7b is
mobile and samples either state (magenta and transparent). Substrate
binding via an asparagine reside in TM7b conformationally stabilizes
the outward-occluded state, thus increasing the likelihood for TM7b
to break in the middle, completely close over the substrate, and
interact more tightly with the substrate (see Figure 11). In the
occluded state, the salt bridge interactions between ICH5 in the C-
terminal bundle and ICH1−4 are weakened, which indirectly
destabilizes the highly conserved intrabundle salt bridge network.
Breakage of the intrabundle salt bridge network catalyzes the 16°
global rocker-switch rearrangements of the N- and C-terminal bundles
(Figure 8b). In the inward-occluded conformation (PDB 4JA3), the
intracellular gating helix TM10b (cyan), which is related by inverted
symmetry to TM7b, spontaneously moves from the inward-occluded
to the inward-open conformation (PDB 4YB9). After sugar release,
the sugar porter spontaneously resets itself to the outward-facing
conformation through an “empty” occluded-state, but TM10b does
not need to break. Spontaneous resetting means that the energetic
barriers separating opposite-facing states must be low enough that the
occluded state can form in the absence of sugar binding. Nevertheless,
substrate binding catalyzes transport rates are significantly faster
through “substrate-bound” versus “empty” occluded-state transitions.
Adapted from Qureshi et al.193
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through a substrate-bound occluded conformation than
through the empty occluded conformation,68,264 i.e., lacking
energy from substrate binding to catalyze structural transitions
through an empty occluded state (Figure 13). Moreover, the
KM of GLUT1 for D-glucose is 10-fold lower at 7 °C than at 47
°C,265 and whilst enzyme rates increase to an optimum
temperature,266 in GLUT1 the lower temperature selectively
widens the differences between influx and efflux ki-
netics.264,267,268 In other words, at a lower temperature, the
reduced GLUT1 dynamics selectively increases D-glucose
binding affinities to the outside. Consistently, principle
component analysis places the occluded state structurally
closer to the open outward-facing conformation than the open
inward-facing conformation (Figure 8b).193 Remarkably, the
disease causing TM7b mutant in the GLUT1 deficiency
syndrome (Thr294Met) was found to enlarge the differences
between influx and efflux kinetic asymmetries 10-fold in
comparison to the wild-type protein at room temperature.253

Taken together, the most likely answer to the some 50-year-old
conundrum of how GLUT1 can have a single binding site
when it binds D-glucose with much higher affinity on the
outside than the inside, is because the gates are not symmetric.
During influx, TM7b must break and close to accommodate
the substrate in formation of its transition state, whereas during
efflux, TM10b does not rearrange but simply closes. The
GLUT kinetics is consistent with the proposed role of the
TM7b extracellular gate for fine-tuning sugar affinities and
kinetics via controlling the height of the energy barrier in the
formation of the occluded state.193

Although sugar porters have a single binding site that the
protein rearranges around, we cannot rule out the possibility
that TM7b gating might be further sensitive to weak
interactions between sugars and the external cavity during
influx. In formation of the occluded state, the inward
movement of TM7b opens an extracellular vestibule on the
surface, which likely opens a hotspot for allosteric regulation
(Figure 12c).193,233 In one of the occluded crystal structures of
PfHT1, in addition to D-glucose binding to the canonical
sugar-binding site, several D-glucose headgroups from the
detergent nonyl-β-D-glucoside could further be modeled on
either side of TM7b (Figure 12d).233 Thus, it seems entirely
plausible that TM7b gating dynamics could further be
modulated by low affinity sugar interactions in either the
cavity or the extracellular vestibule and would not be
inconsistent with the concept of the “multisite” model.269

Although sugar asymmetry appears to be a common theme in
sugar porters, GLUT4 has reported to bind sugar symmetri-
cally, and the influx and efflux kinetics are equivalent.270

Chimera studies between GLUT1 and GLUT4 mapped the
differences in these kinetic barriers to TM6 in the N-terminal
bundle.270 While substrate binding and gating appear to have
predominantly evolved in the C-terminal bundle, the N-
terminal bundle could nonetheless influence overall dynamics
to influence how the transporter spontaneously resets, or
relaxes itself, through the empty occluded conformation.

6.7. A “Latch” Mechanism for Proton-Coupled
Monosaccharide Sugar Porter Symporters

While the substrate sugar is sufficient to catalyze the energy
barriers between opposite-facing states, a proton-coupled
mechanism ensures this process is coupled. The presence of
an acidic residue in TM1 of proton-coupled sugar porters is
key for H+ coupling.34,206,207 The mutation of the aspartic

residue to asparagine in TM1 of XylE (Asp27) or GlcPSe
(Asp22) converts the transporter into a variant capable of only
downhill sugar transport.34,206 Most GLUT transporters have
an uncharged alanine or asparagine in the equivalent position.
In the outward-occluded structure of XylE, Asp27 in TM1
forms a salt bridge to Arg133 in TM4 (Figure 14a).177 The

Asp27 residue is located 12 Å from the bound D-xylose. Given
its salt bridge interaction with Arg133, the Asp27 must be in a
deprotonated state, consistent with MD simulations.272 Yet,
the fact that the substrate can bind in this conformation
implies that protonation of Asp27 is not a prerequisite for
substrate binding in XylE, unlike in LacY and other H+-
coupled symporters, where protonation of a key residue in the
substrate binding site is required in the wild-type situation.90

In contrast to LacY, the transporter XylE, like many of the
monosaccharide sugar porters, lacks an ionizable residue in the
sugar binding pocket (Figure 10b). Consistently, an Asp27Asn
mutant in XylE and an Asp22Asn mutant in GlcPSe binds D-
xylose and D-glucose with the same affinity as wild-type,
respectively.34,273 The structure of the H+-coupled glucose
symporter STP10 was determined from crystals grown at low
pH.234 At low pH, the equivalent aspartate (Asp42) is thought
to be in the protonated state and no longer forming a salt
bridge to the equivalent arginine (Arg142), and TM1 has
moved in toward the bound D-glucose (Figure 14a). Indeed,
MD simulations of STP10 have calculated an pKa of 8 for
Asp42, and a salt bridge was only formed and maintained with

Figure 14. A latch mechanism for proton-coupled monosaccharide
sugar porter symport. (a) Superimposition of the D-glucose bound
structures of E. coli XylE (PDB 4GBZ) and plant STP10 (PDB
6H7D) showing the difference in the position of TM1 when the
critical TM1 residue for H+ coupling (D27 in XylE) is protonated due
to crystallization at a low pH of 4 and no longer interacts with the
TM4 arginine. (b) A latch mechanism for H+-coupling for
monosaccharide sugar porters. Protonation of TM1 aspartic acid in
the outward-open state allows it to move closer to TM7b. If TM7b
has bound a substrate, then the interactions with TM1 will catalyze
formation of the occluded state, which is a prerequisite for alternating-
access. In this model, both intrinsic TM1 and TM7b dynamics and
interactions are also important to achieve H+-coupled symport, and
therefore protonated symporters are not the equivalent of uniporters.
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Arg142 when Asp42 was deprotonated and in the negatively
charged state.254 Because STP10 is required to be functional
under low pH conditions, it is thought the lid domain controls
its solvation to the outside so that Asp42 can still be efficiently
protonated.234 It was proposed that protonation of the aspartic
acid of STP10 and the inward movement of TM1 favors D-
glucose binding as TM1 hydrophobic residues (Phe39 and
Leu43) stabilizes the sugar binding pocket.234 This model,
however, does imply the protonation of Asp42 was a
prerequite for D-glucose binding; unfortunately, as far as we
are aware, the binding affinities of the Asp42 to asparagine
mutant are not known.
Here, we suggest a “latch” mechanism that considers the

occluded PfHT1 structure193 represents a common transition
state structure that is formed by all the monosaccharide sugar
porters. In the occluded conformation, the extracellular TM7b
gate is broken and has moved closer to TM1 (Figures 11a, 12a,
and 14b). It seems likely that TM1 needs to be mobile enough
to interact fully with TM7b to facilitate its transition from a
bent to elbow-shaped helix. Indeed, in PfHT1, point mutations
of polar residues in TM1 interacting with TM7b abolishes
transport (Figure 11d,e).193 Simply put, a deprotonated TM1
aspartic acid forming a salt bridge to the TM4 arginine,
restricts the movement of TM1 so that it cannot come close
enough to TM7b and facilitate its transition into the fully
occluded conformation (Figure 14b). Protonation of the
aspartic acid, however, removes this “latch”, enabling TM1 to
come close enough to TM7b. If TM7b interacts with a bound
substrate and has moved to an outward-occluded state, then
TM1 can facilitate TM7b into the occluded state. Consistent
with this rationale, recent HDX-MS and MD simulations of
XylE concluded that (i) when Asp27 is negatively charged, the
binding of D-xylose stabilizes the outward-facing state and is
stably bound, (ii) upon Asp27 protonation, TM1 become
more dynamic and increased water solvation that leads to D-
xylose adopting multiple states, and (iii) that Asp27
protonation is a critical switch for conformational transition
into the inward-facing state.272

What is appealing with this simple “latch” mechanistic
concept is that it also means the intrinsic dynamics of both
TM1 and TM7b helices are important in achieving H+

coupling. Indeed, the Asp27Asn mutant in XylE is not capable
of sugar influx (so-called zero trans transport) but can only
uptake radiolabeled D-glucose when driven from the inside
(counterflow transport)34 and, as such, the Asp27Asn mutant
is nonfunctional in E. coli.274 In other words, the Asp27Asn
mutant creates a defective outside gate, as the TM1 mutant
cannot facilitate TM7b occlusion. On the other hand, the
intracellular TM10b gate is unaffected by the TM1 Asp27Asn
mutation and can still be used to drive sugar uptake by
counterflow. Although the TM1 mutant is defective, it still
retains an ability to enable spontaneous closing of TM7b and
uptake low levels of radiolabeled sugar from the outside.
Consistently, MD simulations show that the energetic
landscape in XylE and GLUT1 are different beyond the
presence or absence of an acidic residue in TM1.274

Interestingly, a seven amino acid mutation was constructed
in XylE based on differences in conformational contacts in
GLUT1 versus XylE. This XylE mutant was now able to
transport low levels of D-xylose in E. coli.274 Three out of the
seven mutants identified map onto the TM1 and TM7b
interface, further providing support for importance of TM1
and TM7b interactions and dynamics.

On a more general level, evolved TM7b gating dynamics and
the interaction with TM1 further provide an explanation as to
why other GLUT isoforms, such as GLUT2, harbor an aspartic
acid in TM1 but are not H+-coupled.34 Nevertheless, a more
quantitative description of the free energy sugar porter
landscape and the role of dynamics in H+ coupling in sugar
porters are required to develop deeper mechanistic models.
For example, SSM-based electrophysiology measurements of
GlcPSe have shown that, unlike XylE, H+ and sugar transport
may not always be strictly coupled.132 The potential
explanation for this behavior is that GlcPSe lacks a nearby
glutamate residue that can further fine-tune the pKa of the
TM1 aspartate as it does in XylE.132,272 Though unclear, the
data nonetheless implies that the energetic differences between
H+ bound and unbound events can be low enough that H+ and
sugar translocation are not always strictly coupled. Indeed, just
as mutants can be found that abolish the requirement for H+-
coupling, other mutants can also lead to H+-leaks as shown in
LacY.275,276 H+-leak pathways are best characterized by
comparing presteady-state and steady-state kinetics.200 Un-
coupled substrate and H+ transport is unlikely under most
normal conditions as it would create a futile transport cycle
and dissipate the electrochemical gradients established by the
cell.4 However, it has been put forward that “slippage” could be
important under conditions of transitory high intracellular
accumulation or large transmembrane ion gradients by acting
as a sort of safety valve.4

6.8. Summary of the Rocker-Switch Mechanism in
Monosaccharide Sugar Porters

Most MFS transporters, with the exception of antiporters, must
spontaneously reset themselves from an inward-facing
conformation to an outward-facing conformation. This
requirement means that both local- and global-conformational
rearrangements have to take place in the absence of substrate
binding. This requirement implies that the energetic barriers
separating opposite-facing conformations must be fairly low, as
if they were not, the transporter would be arrested in an
inward-facing state after releasing the substrate. One can start
to understand how weakly binding substrates can drive
seemingly large conformational changes. The binding of a
substrate is just required to conformationally stabilize a state
that can already be spontaneously populated. However, for a
sugar to be a substrate, it not only has to bind but must also
induce formation of the transition state.
To summarize the rocker-switch alternating-access mecha-

nism for GLUTs and related monosaccharide sugar porters, in
the outward-open and outward-occluded conformations, the
substrate-gating helix TM7b is mobile and samples either state.
Substrate binding on the outside conformationally stabilizes
the outward-occluded state by recruitment of the TM7b sugar-
coordinating-asparagine, thus increasing the likelihood for
TM7b to break in the middle as fine-tuned between
interactions with TM1 and possibly other transient sugar
binding interactions to TM7b. A bound sugar, that is also a
transported substrate, enables TM7b to break and completely
close to fully accommodate the sugar. If the sugar porter is H+-
coupled, then the TM1 aspartate first needs to be protonated
to remove its salt bridge “latch” so that TM1 is mobile enough
to interact with TM7b and facilitate its transition into the fully
occluded state. In the occluded conformation, the salt bridge
interactions between the C-terminal bundle intracellular
helices and the N-terminal intracellular helices are broken,
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removing one of the restraints between the N- and C-terminal
bundles. Further, with weakened contacts between the TM7b
and TM10b gates, a more mobile TM10b triggers destabiliza-
tion of the interbundle salt bridge network. Breakage of the
interbundle salt bridge network catalyzes the global rocker-
switch rearrangements of the N- and C-terminal bundles. In
the inward-occluded conformation, the intracellular gating
helix TM10b spontaneously moves to the inward-open
conformation. After sugar release, the sugar porter sponta-
neously resets itself to the outward-facing conformation
through an “empty” occluded state that is typically the rate-
limiting step of the transport cycle, which is further fine-tuned
by the rate of interbundle salt bridge reformation and specific
lipid−protein interactions (Figure 14).

7. THE ROCKER-SWITCH MECHANISMS OF MFS
MULTIDRUG RESISTANCE (MDR) TRANSPORTERS

The most widespread and understood microbial MFS-MDR
transport systems belong to the 12-TM drug:H+ antiporter 1
(DHA1) and 14-TM drug:H+ antiporter 2 (DHA2)
families32,277 (TC nos. 2.A.1.2 and 2.A.1.3, respectively).
MFS-MDR transporters are antiporters, which recognize and
extrude a large range of structurally unrelated drugs from the
cell using the free energy released from the downhill flux of
ions along their electrochemical gradient.91,217,278 MFS-MDR
transporters are found across all kingdoms of life, but are most
highly represented among microbial genomes, where they
render cells resistant to multiple drugs.32,58 These transporters
contribute significantly to drug resistance in Gram-positive
bacteria in particular. Efflux pump-mediated antibiotic
resistance is a growing problem for the treatment of pathogenic
bacterial infections. The first characterized microbial MFS-
MDR transporter was NorA, which was discovered in
quinolone and methicillin resistant Staphylococcus aureus
clinical isolates.279 Elevated expression levels in plasmid
borne copies of the 14-TM QacA and QacB MFS-MDR
pumps have further shown a high degree of drug resistance in
clinically relevant isolates of S. aureus.280,281

Bacterial genomes harbor MFS-MDR transporters that are
also capable of exporting native cellular constituents, and
therefore MFS-MDR activities are not always contributing to
drug resistance.282 For example, a putative Gram-positive
MFS-MDR transporter known as Blt exports a number of toxic
molecules from the cell, but it is encoded in a polycistronic
operon with an enzyme that catalyzes the acetylation of a
cellular polyamine.283 It has been shown that Blt can remove
polyamine from the cell and, based on its genetic arrangement,
it is likely that polyamine is its physiological substrate.284

Another example is the bacterial homologue of mammalian
VMAT, which in mammals transports monoamine neuro-
transmitters into presynaptic neuronal vesicles.285 The
Brevibacillus brevis monoamine transporter (BbMAT) trans-
ports not only monoamines but also multiple drugs.286 While
MFS-MDR transporters show substrate promiscuity, the
drug:H+ antiporter MdtM in E. coli is only thought to catalyze
Na+(K+)/H+ exchange in order to regulate intracellular pH
under external alkalization conditions.287 Thus, MFS-MDR
transporters do not only expel drugs but can have other,
specific and physiologically relevant substrates.
Putative MFS-MDR transporters are widely distributed in

pathogenic fungi such as Candida, Cryptococcus, and
Aspergillus,288,289 but many of the analyses regarding MFS-
MDR transporters come only from studies in the non-

pathogenic baker’s yeast S. cerevisiae, as it is tractable to
genetic engineering and knock-in/-out studies.290,291 In total,
22 putative MFS drug transporters have been reported to be
present in the genome of S. cerevisiae.292 ATP-binding cassette
(ABC) transporter and MFS transporter are two major families
potentially contributing to pleiotropic drug resistance in fungi.
However, compared with the ABC transporters, the role of the
MFS transporters in MDR is still poorly understood. One
possible reason is that MFS transporters often share over-
lapping drug specificity with ABC transporters.289 For example,
Flr1p (MFS) contributes to resistance to the antifungal agent
fluconazole and cycloheximide,293 but Pdr5p (ABCG) also
mediates tolerance to both of these compounds and is clearly a
major determinant in the resistance phenotype to these
drugs.294 In fungi, the physiological roles of many of MDRs
are well investigated, e.g., review for S. cerevisiae.295 For
example, Dtr1 from S. cerevisiae was shown to be essential for
biosynthesis of the spore wall by facilitating the translocation
of bisformyl dityrosine through the prospore membrane during
spore wall maturation.291 Another example is polyamines
transporters. Four DHA1 family proteins (Tpo1−4) are
involved in polyamine transport among the DHA1 family,
which are essential organic cations for regulating nucleic acid
and protein synthesis.296 Tpo1−4 confers resistance to toxic
concentrations of the polyamines spermine, spermidine, and
putrescine.296 As such examples shown, due to the relative ease
of handling yeast genetics, most of the understanding of
physiological functions has been identified in S. cerevisiae.
Contrarily, only a few DHA transporters have been linked to
antifungal drug resistance in pathogenic fungi.288,297 For
example, two MFS transporters, CaMDR1298 and Flu1,299 in
C. albicans are involved in azole and fluconazole resistance,
respectively, but the native function of these transporters is not
known, most likely due to a lack of characterization efforts.295

In higher eukaryotes, the roles of MFS-MDR transporters
are even less well understood. In plants, MFS-MDR trans-
porters make a primary contribution to cellular detoxification
processes but also contribute to numerous processes essential
for optimal plant growth and development.56,300 The multi-
antimicrobial extrusion (MATE), the ATP-binding cassette
(ABC), and the major facilitator superfamily (MFS) are the
main plant transporter families.56,300 A number of MFS-MDR
homologues are present in plants, and they transport a variety
of nutrients, such as phosphate, nitrate, and amines as original
function,301 but only a few have “MDR-like” functions
reported. One example is the ZIF1 and ZIFL2 proteins that
protect cells from toxic effects: ZIF1 from noxious
concentrations of zinc and ZIFL2 from cesium and excess
potassium.302 Some transporters might unexpectedly confer
MDR activity. The tetracycline transporter-like protein
(TETRAN) is an example of this. In the process of searching
for resistant genes for nonsteroidal anti-inflammatory drugs
(NSAID), the DHA1 family Tpo1 member was identified in
yeast. Overexpression of TPO1 enabled NSAID resistance. A
possible human orthologue of Tpo1, referred to as TETRAN,
has also been identified and in cultured human cells caused
resistance to some NSAIDs.303 In mammals, MDR has been
focused on the ABC transporters, such as P-glycoprotein,304

while MFS-MDR members belonging to the DHA family are
less understood. While monocarboxylate transporter (MCT),72

oligopeptide transporters (PepT),70 and organic anion (OAT)
and organic cation (OCT)62 are all MFS members capable of
transporting drugs, the MFS-MDR members belonging to the

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.0c00983
Chem. Rev. 2021, 121, 5289−5335

5313

pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.0c00983?rel=cite-as&ref=PDF&jav=VoR


DHA1 and DHA2 families specialize in drug export. Here we
have focused on MFS-MDR proteins belonging to these
families only, but it is worth mentioning that the mechanistic
themes are likely to be applicable to other promiscuous MFS
transporters.
MFS-MDR transporters use the proton motive force to drive

the efflux of chemically distinct substrates. MFS-MDR
transporters are able to expel either charged or neutral
substrates, meaning that they are also capable of electrically
distinct transport reactions. The characteristics of the bacterial
inner membrane (Δψ, inside negative, and ΔpH, inside
alkaline) and the degree to which these features contribute to
the movement of a given solute, explains the versatility of efflux
pumps in handling electrically distinct substrates. A prominent
characteristic of MFS-MDR transporters is that many have
overlapping substrate profiles, and most appear to have
promiscuous substrate-binding sites. To achieve flexible
recognition of structurally divergent compounds, the substrate
binding pockets are typically large and flexible and bind
substrates through a number of nonspecific electrostatic and
hydrophobic interactions.148 A shared feature of compounds
recognized by MFS-MDR members is that they are highly
hydrophobic and harbor at least one aromatic moiety.217 Much
of understanding of the molecular mechanisms of drug
transport in MFS-MDR transporters have been developed on
several bacterial transporters. Several MFS-MDR antiporter
structures belong to the DHA1 family have been determined
from E. coli, namely EmrD,178 YajR,305 MdfA,306−311 SotB,312

and LmrP from Lactococcus lactis.221

More recently, the first DHA2 family MDR transporter
NorC from S. aureus was determined, which in contrast to
DHA1 members have 14-TMs.313 MdfA and LmrP are
biochemically well-characterized, while the functional analysis
of YajR, EmrD, SotB, and NorC is less well-known.312

Structures of MdfA have been captured in multiple states
over the past few years, including an apo-form of the outward-

open conformation and several mutant structures in the
inward- and inward-occluded conformations with either
cationic, neutral, or detergent molecules bound (Figure
15).306−311 Very recently the sugar efflux member SotB from
E. coli was determined in multiple inward-open states and an
occluded conformation with substrate bound.312 For the other
MFS-MDR proteins, single or single-facing conformational
states have been determined in the occluded conformation
(EmrD178), or outward-open conformation (YajR305 and
LmrP221). The NorC structure was determined in an
outward-open conformation in complex with a single-domain
camelid antibody bound at the extracellular cleft of the NorC.
The complementarity determining region (CDR) of the
antibody was deeply inserted into the outside cavity and was
thus blocking substrate accessibility.

7.1. The Drug Binding Pocket and Promiscuous Substrate
Recognition

In MdfA, the highly conserved TM1 acidic residues Glu26 and
Asp34 are both required to achieve H+-coupled efflux of
positively charged substrates, whereas only one out of these
two residues are required to expel noncharged sub-
strates.217,220,314 While the substrate binding residues vary, all
substrates directly form electrostatic interactions with Asp34 in
TM1, which also serves as the principal H+-coupling residue
(Figure 16). Despite the variation of substrate-binding modes,
mutation of substrate coordinating residues significantly
reduces the efflux of monocationic compounds and neutrally
charged drugs. Remarkably, however, it is possible to remove
both acidic residues in TM1 (Glu26Thr and Asp34Met) and
then add back to an acidic residue to TM5 (Ala150Glu) to
recover H+-coupled drug efflux.181 Interestingly TM5MdfA
mutant structure shows that the substrate reorients ∼180° in
the binding pocket to fulfill H+ coupling with electrostatic
interactions to Glu150.311 Moreover, with the addition of a
third acidic residue in the wild-type substrate binding site (as

Figure 15. The major conformations in the transport cycle of an MFS-MDR DHA family transporter. Schematic illustrating major conformations
of an H+-coupled MDR-MFS transporter cycle: outward-open, outward-occluded with bound substrate (light-yellow hexagon), occluded with
substrate, inward-occluded with substrate, and inward-open and occluded with no substrate. N-terminal (light-blue) and C-terminal bundles
(yellow) are shown. The order of protonation and substrate bind/release is not fully confirmed yet. The abbreviations are as follows:
chloramphenicol (CLM), deoxycholate (DXC), n-dodecyl-N,N-dimethylamine-N-oxide (LDAO), isopropyl β-D-thiogalactoside (IPTG), methyl
viologen (MV), phosphatidylglycerol (PG), and Indian Camelid antibody (ICab).
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Ile239Thr/Gly354Glu), MdfA is now able to efflux the doubly
charged compound methyl viologen (MV).218 The crystal
structure of this gain-of-function mutant shows that it might be
capable of transporting two zwitterionic LDAO detergent
molecules by binding at two distinct sites. Specifically, one
LDAO molecule interacts to the principle H+ binding site
(Asp34), whereas the other binds to the newly introduced

glutamate (Glu354) (Figure 16b). Collectively, biochemical

and crystal structures highlight the remarkable and inherent

plasticity of the MdfA substrate binding pocket to expand both

its drug profile and energetics to do so.311 Consistently, it has

been shown that shifting the H+ coupling site in LmrP also

preserves H+-coupled drug efflux.315

Figure 16. Promiscuity of substrate binding in MdfA. (a) The central substrate binding cavity of MdfA viewed from the membrane side. Bound
substrates (sticks) observed in crystal structures are superimposed in a single structure (PDB 4ZP2). Depending on the substrate and MdfA
mutant, a varying subset of residues are involved in substrate binding. The residues from both N- and C-terminal domain directly make contact to
the substrate. N-terminal and C-terminal bundles were shown as blue and light-yellow, respectively, with substrate (LDAO (orange),
chloramphenicol (CLM-yellow), deoxycholate (light-green), and methyl viologen (MV) as black sticks). The acidic residues interacting with the
substrate via electrostatics interaction are shown in yellow. (b) The LDAO binding site in MdfA mutants, Q131R (PDB 4ZP2), E26T/D34M/
A150E (PDB 6VS2), and I239T/G354E (PDB 6OOM) reveals that the substrate is hydrogen-bonded to an acidic residue. LDAO1 interacts with
D34 via long charge−charge interactions due to rearrangement of interaction caused by the mutation I239T and G354E. The LDAO2 molecule
occupies the site 5.5 Å away from the LDAO1 molecule toward the cytoplasmic side of the binding pocket and is hydrogen-bonded to Q357. The
residue G354E interacts via a long charge−charge interaction. (c) The CLM binding site in Q131R (PDB 4ZOW) and E26T/D34M/A150E (PDB
6VRZ) mutant. (d) The MV, a dicationic compound, binding site in a I239T/G354E (PDB 6OOP) mutant. MV interacts via long charge−charge
interaction with the D34 and G354E.
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The flexible nature of the substrate binding site was apparent
in computational simulations of EmrD, whereby fluctuations of
side chains were modeled to have a considerable effect on the
cavity’s flexibility, even in the absence of substrate.316 Intrinsic
EmrD dynamics reveals states in which the cavity is wider than
necessary for the substrate CCCP. This could indicate that
EmrD is able to simultaneously accommodate multiple
substrates in the central cavity.317 In the recently determined
LmrP structure,221 a lipid molecule was bound to the central
cavity together with the substrate Hoechst 33342, which is a
cell-permeable DNA staining dye. It is not fully understood but
is plausible that specific lipids may control the substrate
binding pocket itself, contributing further to substrate
promiscuity. The flexibility of H+ coupling and substrate
binding appears to be a conserved feature of MFS-MDR
transporters, with obvious physiological benefits. As previously
mentioned, substrate promiscuity is a clear feature of other
MFS transporter members, such as the oligopeptide trans-
porters that appear to be able to accommodate peptides with
different binding modes318−320 and H+:substrate stoichiome-
tries.216 Indeed, like MdfA, the prototypical E. coli oligopeptide
transporter YdgR has been also shown to be able to transport
chloramphenicol,321 which is analogous to the ability of human

PepT1 and PepT2 homologues to transport β-lactam
containing antibacterial and antiviral compounds.64,71,322

7.2. Proton−Substrate Coupling

MdfA is a promiscuous drug transporter as it couples the
extrusion of cationic, neutral, and zwitterionic compounds
using the proton gradient with a drug/H+ stoichiometry of
1:1.217,220,314 However, how and when proton coupling takes
place is still unclear. The triple MdfA mutant Glu26Thr,
Asp34Met, Ala150Glu, sheds some light into proton coupling
pathways, as the introduced Glu150 becomes the only acidic
residue in the substrate-binding pocket. Titration experiments
have demonstrated that while the MdfA Gly354Glu mutant
binds two zwitterionic detergents and releases two proton’s
(1:1 stoichiometry), the triple mutant only triggered the
release of a single proton. The addition of an acidic residue to
wild-type MdfA in a different location to Glu150 (position
Gly354), however, handles the H+/substrate coupling differ-
ently, as Asp34 and the newly added acidic residue are
functionally not equivalent, being located at opposite ends of
the binding site (Figure 16).218,310,323 Collectively, Asp34 in
TM1 has a central role in the wild-type MdfA,310 but if the
acidic residue is removed and placed elsewhere in the binding
cavity (e.g., Glu150 in TM5), the substrate can adapt how it

Figure 17. Proposed transport cycle of MdfA. (a) Exposure to the low pH periplasmic space in the outward-open state allows acidic residue D34
protonation. (b) Upon protonation of D34, the periplasmic region of MdfA begins to close, leading to an occluded state. (c) A H+ is likely to be
released from Asp34 to the cytosol in a Glu26-mediated manner (this state is not confirmed yet) upon substrate binding. (d) Substrate bound
inward-facing form. Substrate binding triggers a conformational switch that exposes the substrate binding pocket to the extracellular side
(periplasm). (e) Substrate is released to the periplasmic side. The helix bending and twisted motion of TM5 (black arrow) and the expansion of
hydrophobic cluster in the periplasmic facing domain between TM1 and TM2 are likely to be important for driving the conformational cycle. This
process possibly occurs the state between (b) and (d). Key functionally important residues (Glu26, Asp34, and Arg112) are shown. The schematic
representation of transport cycle of MdfA (center) with functionally important TM1 that has a protonation site shown in blue (Asp34, star; cyan,
deprotonated; red, protonated state) and the gating helix TM5 in either green (bent helix) or pink (straight). The substrate is shown as a yellow
hexagon. The order of protonation/deprotonation and the connection with substrate binding and release has not yet been established in detail.
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binds.311 In other words, the same substrate is coordinated by
different residues so that it maintains an interaction with at
least one acidic residue, which is essential for substrate binding
(Figure 16). In this case, the change of overall structure is
subtle with only small substrate-induced differences.
In contrast to MdfA, an electrogenic drug/nH+ (with n ≥ 2)

transport mode is the default coupling stoichiometry in the
MFS-MDR antiporter members LmrP, NorA, and QacA.324 In
LmrP from L. lactis, the proton motive force drives the
extrusion of propidium with an apparent propidium2+/3H+

antiport stoichiometry.325 There are three negatively charged
residues, Asp142TM5, Asp235TM7, and Glu327TM10, that can
take part in H+/substrate coupling between the N- and C-
terminal bundles. Replacement of these carboxyl groups alters
the drug/nH+ stoichiometry, i.e., 3H+/propidium2+ to electro-
neutral mode, 2H+/propidium2+, 2H+/ethidium1+ to 1H+/
ethidium1+.325 While the two carboxyl groups are required for
propidium binding, loss of one of these carboxylates in the C-
terminal domain was not required for ethidium transport. This
data suggests that a dedicated H+ binding site, as well as a
flexible H+/ligand binding site is required, depending on the
charged status of the exported substrated.325,326 In LmrP, the
addition of an acidic group in the central cavity had wild-type-
like electrogenic transport for both propidium and ethidium,
whereas its placement in a different location could only recover
electrogenic transport for ethidium but not for propidi-
um.315,325 These findings further highlight the functional
redundancy in the H+ binding sites and, given the large
distances to the substrate binding site at ∼15 Å, highlights the
plasticity of proton coupling.315

7.3. Conformational Switching

How does proton and/or drug binding catalyze conformational
rearrangements? The MFS-MDR transporters harbor an
“antiporter motif” localized to TM5.280,327,328 The antiporter
motif “XPXXXP” containing the interspersed proline residues
is highly conserved and is expected to have an essential role in
antiport activity.277 Studies have shown that the antiporter
motif acts as a molecular hinge for the N- and C-terminal
bundles to rock against each other.327,329 In the outward-facing
conformation, TM5 in MdfA has a 15° kink that is
accompanied by a ca. 45° clockwise twist that terminates
with the two proline residues in the antiporter motif (Figure
17a,b,e). In the inward-facing conformation, TM5 in no longer
bent (Figure 17c,d).306,308 How TM5 bends in the outward-
facing conformation is unclear, but the bending motion could
be a general mechanism for conformational switching in the
MFS-MDR. In addition, the hydrophobic cluster in TM4 has
slightly shifted its position between outward- and inward-
facing conformations. In the outward-facing structure of MdfA,
the cytoplasmic side is closed off by numerous interactions
between the N- and C-terminal bundles. In particular, TM5
juxtaposes against the ends of TM8 and TM10, and TM11
nestles between the ends of TM2 and TM4. Hydrophobic side
chains from each of these helices pack against each other to
form a hydrophobic seal to the cytoplasmic face, supported by
further electrostatic interactions.
MD simulations of MdfA have concluded that the

protonation of Asp34 in the outward conformation immedi-
ately leads to an occluded state of MdfA with an energetically
favorable direction,308 but TM5 remains kinked (Figure 17b).
The protonation of Asp34 in the inward-facing conformation
also leads to an occluded state with a kinked TM5. This

implies that the protonation of Asp34 in both the outward and
apo-inward facing conformations drives occlusion; indeed, in
EmrD, an acidic residue (Glu227) was also proposed to be
important for the transition between the occluded to the
outward-open state.316 In MdfA, the conformational rearrange-
ments between the occluded to the inward-facing conforma-
tions may result in the untwisting of TM5. Notably, the
orientation of an TM4 residue (Tyr127) could be coupled
with movement of an arginine residue (Arg112), which is
essential for transport.220 The buried guanidinium moiety is
part of an elaborate hydrogen bonding network involving a
buried glutamine, a glycine carbonyl, an asparagine, and Asp34.
Changes in the bulk solvent (e.g., substrate binding and/or
protonation) could drive the observed reorganization of the
hydrophobic cluster immediately adjacent to the arginine. In
turn, communication of this change coupled with H+ or
substrate binding dictates the position of TM5 and
repositioning of the hydrophobic clusters associating with
large conformational changes. Indeed, in MdfA there are
tyrosine residues (Tyr127) located in TM4, which are
rearranged by the hydrogen bonding network that also
includes a glutamic acid (Glu26).
What is the preferred conformation in MdfA? The answer to

this question is unclear, but MD analysis308 cross-linking
experiments309 have indicated that the inward-facing (most
likely inward-occluded) conformation was preferred upon
protonation of Asp34 under physiological conditions. In
contrast, electron paramagnetic resonance (EPR) data in
detergent has shown that MdfA was a predominantly in an
outward-open conformation.330 More recent EPR data for
MdfA embedded into nanodiscs, have rather concluded that
MdfA samples both outward- and inward-occluded conforma-
tions.331 These results probably reflect the low energetic
barriers between opposite facing conformations, which are
almost certainly shaped by the lipid bilayer composition.
Interestingly, either the monocationic substrate TPP or
protonation of Asp34 did not induce large conformational
changes in MdfA-embedded nanodiscs.331 These results
suggest that MdfA in lipids may not open up to “the
conventional wide-open cavity” observed in crystal structures
but rather that it may use smaller rearrangements to achieve
alternating access. Indeed, it is possible that hydrophobic
substrates could enter into the substrate binding cavity through
lateral diffusion from the lipid bilayer itself.331

As in most MFS transporters, interbundle salt bridges are
broken and reformed during transport. The initial structure of
MdfA was determined for a Gln131Arg mutant in the N-
terminal bundle, which is nonfunctional as it confers almost no
resistance against either chloramphenicol or cationic com-
pounds.309 It was, however, possible to restore some activity
for the MdfA mutant (Gln131Arg) by removing a positively
charged residue in the C-terminal bundle. The double mutant
Gln131Arg/Arg336Gln, could transport some but not all of the
different compounds of the wild-type protein and was
therefore less promiscuous.309 Interestingly, a single positive
charge inserted into this location also inhibited transport
activity.309 The impaired transport might be caused by
electrostatic repulsion between the two positively charged
residues in each of the bundles and could partially limit the
drug-induced conformational response. Although the turnover
rates of the different mutants are not known, a likely
explanation is that the loss of extra charged interactions
makes the barriers between inward and outward-facing states
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somewhat lower, and so the crippled transporter is only
capable of transporting substrates that require less catalytic
energy.

7.4. Local Gating Mechanisms in MFS-MDR Transporters

Owing to larger structural differences between different MFS-
MDR members, it is difficult to reach a consensus for the
conserved conformational changes by comparing multiple
states of different homologues. MdfA is the only MFS-MDR
member where structures have been determined in both
outward- and inward-facing conformations. The most obvious
local rearrangements are centered on TM5 in the N-terminal
bundle, which changes between a bent and straight
configuration during rocker-switch global rearrangements.308

In SotB, there are two structures in the inward-facing
conformation that differ by the width of the distance between
the N- and C-terminal bundles, highlighting the inherent
flexibility between the two bundles.312 SotB is able to efflux
IPTG and arabinose in E. coli.332 Interestingly, SotB has also
been determined in an inward-occluded state with IPTG
bound.312 Although the physiological function of SotB is
poorly understood, between the inward-open and the inward-
occluded states, most of the rearrangements can be described
as rigid-body rearrangements showing classic rocker-switch
transitions. Comparing just the inward-facing conformation
that has a narrow intracellular cavity with the inward-occluded
conformation, shows that the N-terminal helices TM4 and
TM5, however, may need to move more than their symmetry
related helices in the C-terminal bundle.312 Nevertheless, it was
concluded that nonlinear rigid-body rearrangements were
apparent in both the N- and C-terminal bundles and, indeed,
the substrate is evenly coordinated by TMs in both N- and C-
terminal bundles.312

Overall, there are no obvious gating helices driving substrate
occlusion observed for MFS-MDR members to date. Yet, given
the large structural diversity of this family, it seems likely that
some members will show large asymmetry during transport.
Indeed, in the MDR antiporter YajR,305 the structure clearly
has a broken N-terminal bundle TM4 helix (Figure 7c), which
indicates that substrate occlusion could be achieved by local
gating rearrangements in the N-terminal bundle; currently, the
substrate preferences for YajR are unknown. Moreover, YajR
has been used for modeling the structure of the vesicular
monoamine transporters (VMAT), which belong to the DHA1
family. Indeed, three gain-of-function mutations in rat VMAT
enable the transport of drugs,333 and the bacterial homologue
BbMAT is capable of transporting multiple drugs.286 Using the
homology model based on YajR,305 a cytoplasmic gate has
been proposed between TM5 and TM1145 yet is unclear if the
N-terminal bundle will contribute more than the C-terminal
bundle to gating. In EPR studies of LmrP, flexible motions of
TM8 was observed in the presence of substrate and this helix is
thought to act as a substrate-gating helix.334 Molecular
dynamics analysis of EmrD have also suggested that TM8
might act as a gating helix316 but lacks experimental evidence.

7.5. Comparison of Rocker-switch Mechanisms between
Sugar Porters (SP) and MDR Antiporters

Well-established models of monosaccharide sugar porters and
MDR transporters are likely to represent opposite ends of an
MFS alternating-access spectrum. MDR transporters, as
typified by MdfA, have large substrate binding cavities that
are used to select compounds based on their overall size and
charge through long-range electrostatic interactions. This

flexibility enables them to recognize many different com-
pounds as well as enabling flexibility in H+ coupling in order to
energize transport, presumably to enable them to transport
multiple-charged substrates if needed. Monosaccharide sugar
porters, as typified by the GLUTs, on the other hand, have
narrow polar cavities with a highly conserved sugar binding
site, which is highly specific for certain sugars. When H+

coupled, such as in the bacterial homologues XylE and GlcPSe,
a single residue is strictly required to energize transport and, to
date, there is no evidence that the acidic residue can be shifted
to a different helix and retain active transport. Rather than
changes to the chemistry of the substrate-binding site, they
appear to have evolved the extracellular gate TM7b to fine-
tune their substrate preferences and kinetics. Indeed, sugars are
only coordinated directly by a single residue in the N-terminal
bundle, while all other residues are located in the C-terminal
bundle, predominantly on the TM7b and TM10b gating
helices. In contrast, substrate binding residues in MDR
transporters appear to be evenly distributed in both N- and
C-terminal bundles and local gating rearrangements are
thought to be either minimal or spread evenly across both
bundles.
Taken together, while the MFS-MDR crystal structures

determined to date appear to operate more closely with a
classical rocker-switch definition, the GLUT transporters
almost blur the lines between “rocker-switch” and “rocking-
bundle” alternating-access definitions, in which conformational
asymmetry is immediately apparent by their structures. If one
considers the GLUT transporters as analogous to rocking-
bundle proteins (also referred to as gated-pores), then their
ability to allosterically modulated by their extracellular gate
becomes an even more obvious characteristic, e.g., in the
rocking-bundle transporter SERT the extracellular half-helix
TM1a is a well-established site for allosteric modulation by
ligands.335 In the recent structure of the malarial parasite
transporter PfHT1, an antimalarial compound was also found
to enable selective inhibition by blocking TM7b gate
closure.233 It should be stressed, however, that we retain
using separate “rocker-switch” and “rocking-bundles” defini-
tions and, although partly historical-based, it is not intended
that they represent absolutes but are rather useful starting
schematics for which mechanistic details can be compared with
and built upon. Owing to the large variety of MFS-folds and
substrate gating rearrangements, within the large family sugar
porter and DHA subfamilies, we expect other MFS members
will demonstrate conformational changes and transport
behavior that are more similar to one another than these
examples highlighted here. For example, similar to DHA1
members, in the disaccharide sugar porter Mal11, it was
possible to retain H+ coupling by relocating the acidic residues
to a different helix.109,213 Furthermore, the structure of the
DHA1 member YajR,305 in particular, indicates that substrate
occlusion might still be achieved by local gating helices from
one of the two bundles in some cases.
Sugar porter and MFS-MDR rocker-switch mechanisms

highlight the remarkably adaptability of the MFS fold for
accomplishing substrate translocation. At a more general level,
it seems that as the structural asymmetry between the two
bundles increases, the substrate promiscuity decreases.3,336 For
example, while there is highly specific Na+-coupled rocking-
bundle and elevator proteins to reuptake individual neuro-
transmitters from the synaptic cleft after neurotransmitter
release, the transporters exporting the neurotransmitters into
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synaptic vesicles are the lower-affinity H+-coupled transporters
VMAT and VGLUT. As discussed, VMAT is able to transport
all monoamines, and while VGLUT shows specificity for
glutamate, it binds glutamate with much lower affinity than in
the elevator-protein homologues (EAATs) and is also capable
of transporting inorganic phosphate.115

8. MFS TRANSPORTER COMPLEXES AND
REGULATION BY LIPIDS

8.1. Regulation of MFS Transport by the Lipid
Composition

Membrane bilayers are assembled from different lipid classes
with varying biophysical properties.337 Lipids regulate the
functional activity, stability, and oligomerization state of many
membrane proteins,337,338 including MFS transporters.172

Despite this prevailing view, due to technical hurdles, it is

often difficult to dissect if it is the lipid bilayer properties
themselves that are indirectly influencing functional activity
and/or specific lipid−protein interaction(s) to the protein of
interest.119,339 Furthermore, the majority of studies have
analyzed the effect of different lipids to bacterial MFS
function,172,340−342 in part due to the technical challenges in
developing robust proteoliposome assays for eukaryotic MFS
transporters.
The inner membrane of E. coli is made up of ∼70%

phosphatidylethanolamine (PE), ∼25% phosphatidylglycerol
(PG), and ∼5% cardiolipin (CL).343 From the few studies
analyzing the influence of the lipid composition in MFS
transporters, we know that the folding of LacY in E. coli
requires the presence of PE,340 which can be restored upon the
induction of a gene required for PE synthesis.344 PE is a
nonbilayer forming lipid, and its presence increases membrane
fluidity as well as introducing packing defects in the

Figure 18. Lipids and MFS transporter complexes. (a) Annular lipids (left) can indirectly influence transporter function by modulating lipid bilayer
fluidity and packing; (left middle) lipids can directly interact with the transporter to regulate activity; (right middle) lipids can promote
oligomerization such as cholesterol or cardiolipin; (right) lipids can behave like ligands and form part of the substrate binding site to promote or
potentially inhibit transport. (b) Oligomeric stability scale (green) with buried surface area shown in parentheses, highlighting the weaker
oligomeric surfaces become more dependent on lipids as measured by native MS (PDB 2A65 (LeuT), 4QND (Semi-SWEET), 4AU5 (NhaA),
4BWZ (NapA), 4GPO (β1-adrenergic receptor), 4DKL (μ-opioid receptor), and 4DJH (κ-opioid receptor)). (c) Glycoprotein targeting chaperone
complexes between Basigin (green) and human MCT1 (blue and light-orange; PDB 6LZ0 and 7DA5) in the outward- and inward-open
conformations (left, middle left), CDC98hc (red), and the LAT1 transporter (blue and light-orange; PDB 6JMQ) (middle right), and TLR3
(cyan) and the UNC93B1 (blue and light-orange; PDB 7C76). (b) Adapted from Gupta et al.350
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membrane.337 The endoplasmic reticulum membrane is highly
enriched in PE lipids, and this is where eukaryotic membrane
protein’s fold via the Sec61 translocon.337 However, not all
MFS transporters require PE for obtaining the correct
topology, as shown for the melibose transporter MelB, which
obtains its correct fold in an E. coli PE deletion strain.342

Assuming proper MFS transporter folding, how do lipids
influence activity? As previously discussed, MFS transporters
harbor salt bridges within and between N-and C-terminal
bundles, which are broken and reformed during the transport
cycle.191 It is well-established that lipid headgroups can interact
with charged groups to fine-tune energetic barriers imposed by
salt bridge interactions. In LacY, for example, mutant cells
lacking PE dramatically effects its turnover with a Vmax that is
5−10-fold lower relative to cells containing PE, with an KM
that was unaffected.345 In LacY, after the release of sugar on
the inside, deprotonation of Glu325 in TM10 is thought to
trigger the resetting between inward- and outward-facing
conformations.90 MD simulations of LacY have shown that the
PE lipid headgroup interacts with Glu325 and facilitates its
deprotonated and subsequent reformation of a salt bridge to
Arg302.86 In contrast, when MD simulations were carried out
in phosphatidylcholine (DMPC) lipids, the lipid headgroups
were unable to interact in a similar manner to Glu325 and
LacY remained too static.86 These results imply that the PE
lipid is required to facilitate dynamics to enable correct proton-
coupling rather than influence substrate binding (Figure 18a).
Indeed, in the absence of PE lipid, LacY is still able to carry out
passive downhill sugar transport.345

For the melibose transporter MelB, it was shown that in an
E. coli mutant strain lacking PE, both Na+ and H+-driven
uptake were greatly impaired,342 despite controls showing that
PE-lacking cells still establish the appropriate electrochemical
gradient.345 In contrast, an E. coli strain lacking PG and CL
dramatically diminished H+-coupled symport, but not the Na+-
coupled symport of melibose. Because the presence of these
lipids was not associated with sugar binding, it is likely the lipid
composition has an indirect effect on MelB conformational
dynamics and ion coupling,342 perhaps through interactions
with ionic networks that are connected to the ion-coupled
pathways.
In agreement with the results obtained for LacY and MelB,

EPR data of LmrP346 and HDX-MS measurements combined
with MD simulations for XylE, GlpT, and LacY, respectively,
have also concluded that the headgroup of the PE lipid
competes for ionic interactions to modulate preferred
conformational states.172 In particular, the interbundle salt
bridges that stabilize the outward-facing conformation.172 It
appears that direct hydrogen bond(s) interactions between the
PE headgroup and the transporter influences conformational
dynamics, because if the amino headgroup in PE is methylated
it affects both activity and conformational dynamics.346

Nevertheless, in all these cases, no clear PE binding sites
have been uncovered, and so it is also plausible that the
influences of PE are indirect through membrane bilayer
properties.342,346 Given that 70% of the E. coli inner membrane
is composed of PE lipids, although its presence is clearly
required for function, it seems unlikely that the PE lipid is
acting as a regulatory fashion through specific lipid-binding
sites. In fact, there are only a few MFS transporters structures
with clearly defined bound lipids. As previously mentioned, in
the crystal structure of LmrP, a PG lipid was found bound to
the central cavity, forming contacts with the cocrystallized

substrate (Figure 18a).221 MD simulations indicate that the
negatively charged lipid stabilizes the N-terminal bundle
through ionic interactions that favor substrate binding.221 It
will be interesting to ascertain if LmrP has evolved specific
lipid-binding sites to expand substrate promiscuity.
Given the diversity and complexity of lipids in eukaryotic

membrane bilayers, one might expect that eukaryotic MFS
transporters might even be more finely tuned to their lipid
composition. Indeed, in a large study monitoring the
thermostability of transporters including MFS members, it
was found that bacterial detergent-solubilized transporters
were just as stable before and after purification in a mild
detergent, whereas the eukaryotic transporters become
significantly more unstable (Figure 5b,c).119 While the
mammalian transporters like GLUT5 could be stabilized by
the addition of brain lipids to the detergent purified samples,
the addition of E. coli lipids had no stabilizing effect (Figure
5d,e).119 Given that dynamics and function are intimately
entwined, this study implies that the greater sensitivity of the
eukaryotic proteins to their environmental lipid composition
might be connected with their clearer ability to be allosterically
regulated by them. The greater sensitivity to their lipid
composition could anecdotally explain why there are so few
successful examples of eukaryotic transporters reconstituted
into liposomes.120 From the few studies analyzing the role of
lipids in eukaryotic transporters work on GLUT transporters,
for example, it was concluded that functional activity requires
the presence of anionic lipids as well as the inverted-cone lipid
PE.113 Furthermore, it is thought that anionic lipids, such as
phosphatidylserine (PS), are required to compete with the
interactions between the interbundle salt bridges (Figure 9).172

Consistently, in both GLUT3 and GLUT4, an increase in
anionic or conical lipids PE and DAG lipids increased turnover
number linearly but had no measurable change on the
Michaelis constant KM.

113 This data highlights how sensitive
GLUT transporters are to their lipid composition and how
lipids can directly fine-tune the rate-determining step in their
transport cycle. Interestingly, FRET studies analyzing the
population dynamics of the oligopeptide transporter DtpA in
detergent and lipid mimetics have also found the protein highly
sensitive to its lipid environment, where negatively charged
lipids POPA and POPS stabilize inward-open states.168 Given
the intrinsic dynamics of MFS transporters167 and the high-
frequency of salt bridges in MFS transporters between the ends
TM2 and TM3 and/or between TM8 and TM9 (i.e., motif
A),14,191 it is likely that turnover rates of many MFS
transporters are likely to be fine-tuned by a composition of
negatively charged lipids and lipids affecting membrane
packing and fluidity.

8.2. Lipids, Oligomerization, and Complexes

The lactose transporter LacS is a dimer and coexpression of
WT with a nonfunctional mutant abolishes H+-active transport,
demonstrating cooperativity.347 Blue-native page and negative
stain electron microscopy of the human H+-coupled folate
MFS transporter PCFT demonstrates it is also a dimer.348,349

Interestingly, coexpression of wild-type PCFT with an inactive
mutant, dramatically increases transport activity.348 By using
native mass spectrometry approaches, it has been proposed
that membrane protein’s with weak oligomerization interfaces
are more dependent on lipids to enable oligomerization
(Figure 18b).350 Certainly, this analysis could explain why
many MFS transporters, such as GLUT transporters, have
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been reported to be oligomers in membranes351,352 but
nonetheless have been extracted, purified and crystallized in
detergent as monomers.78,192,231 Cholesterol was also found to
be stabilizing to GLUT5 (Figure 5d), and given cholesterol is
such a high fraction of the plasmamembrane,337 it is possible
that this lipid may modulate oligomerization. A number of
non-MFS neurotransmitter sodium symporters (NSSs) mem-
bers have been found to have cholesterol binding sites that
appear to promote homodimerization through TM11 and
TM12 of their scaffold domains.350,353 Although the functional
consequences of oligomerization and the role of lipids to
influence higher oligomeric states is currently unclear, it is
tempting to speculate that oligomerization could stabilize
either the N- or C-terminal bundles during transport. In the
rocking-bundle and elevator-alternating-access mechanisms, it
becomes increasingly clear that lipids and oligomerization are
important for stabilization of the less mobile domain elements
during transport.3,119,354 Using this rationale, one might expect
that oligomerization might be more important in MFS
transporters, where one of the domains participates less in
substrate-gating and transport and could therefore be less
labile, e.g., the N-terminal bundle of sugar porters. Along these
lines, the sugar porter PfHT1 purifies and crystallizes in a mild
detergent as a dimer though interactions in the N-terminal
bundle.193

Although dimer formation by interactions between the N-
terminal bundles intuitively makes the most sense in sugar
porters, there are examples of structural oligomers that have
been found in the bacterial oligopeptide transporters that are
mediated instead via the C-terminal bundles. In particular,
orthologues sharing 23% sequence identity from Shewanella
oneidensis (PepTSo and PepTSo2) are found to exist as either a
monomer or a dimer and tetramer, respectively.159,355 A recent
single particle cryo-EM structure of the 200 kDa PepTSo2
tetramer at 4.1 Å in the lipid mimetic saposin356 confirms the
earlier crystal structures355 and the lower resolution cryo-EM
reconstruction.357 Tetrameric organization of PepTSo2 is
mediated through a small extracellular loop domain in the C-
terminal bundle of one protomer and two asparagine residues
in TM12 of the C-terminal bundle of another;356 the loop
domain sequence is not found in PepTSo. It has been put
forward that such an assembly might be regulated by lipids,356

yet the rationale and physiological significance of a tetramer
remains unclear. Furthermore, because intracellular gating
helices in PepTSo and PepTSo2 both involve the local
movement of TM10 and TM11 in the C-terminal bundle in
the transition from inward-occluded to inward-open
states,107,355 it further makes such oligomeric assembles
difficult to rationalize as this could potentially restrict local
gating. Interestingly, bacterial oligopeptide transporters often
have two additional helices to the canonical 12 TM fold
(referred to as HA and HB), which are inserted after TM6 with
the HA helix following the N-terminal bundle and HB the C-
terminal bundle.107,159,355,358 At a structural level, the HA and
HB helices appear separated from the rest of the transporter,
and while these two helices would seem the most obvious
regions to mediate homodimerization, this has not been
observed to date and their functional role is also unclear.
As well as oligomeric contacts between either the N- or C-

terminal domains, in the recent cryo-EM structure of the
human monocarboxylate transporter 2 (MCT2), an extensive
dimer interface of 5100 Å2 involving 4 TMs from both the N-
and C-terminal bundles was observed.156 Because N- and C-

terminal rocker-switch movements would be restricted by side-
by-side dimerization of both bundles, the alternating-access
mechanism of transport has been postulated to occur
predominantly by only gating rearrangements.156 MCT2 has
an unusually high number of broken helices in that TM1,
TM2, TM5, TM7, TM8, and TM10 are all discontinuous; in
contrast, GLUTs and related sugar porters typically have only
two broken helices at most. It is plausible that these half-
helices could support gating rearrangements, and biochemical
evidence supports cooperativity between the two substrates.156

However, a more recent cryo-EM structure of human MCT1
in complex with Basigin-2 was found to be highly similar to
MCT2.154 In MCT1, the comparison of outward- and inward-
facing structures of the monomer were instead consistent with
a conventional rocker-switch mechanism, as initially deduced
from the monomeric bacterial homologue structure from
Syntrophobacter fumaroxidans (SfMCT)154,182 (Figure 18c).
Taken together, while structural information appears to
support the biochemical analysis of MFS transporter
oligomers, in most cases the physiological assembly and
significance is still unclear.
Basigin is a transmembrane glycoprotein with two

immunoglobulin-like domains.359 Basigin has also been given
a CD name, CD147. The cell surface glycoprotein Basigin is
thought to be connected to a number of biological functions,
and it is associated with a number of human diseases.360

Basigin interacts tightly with MCT1 and MCT4 and acts as a
trafficking chaperone.361 In detail, a loss of Basigin in knockout
mice reduces MCT localization, leading to an impairment of
lactate excretion in photoreceptor cells and impairs their
activity.362 MCT4 and Basigin are both commonly expressed
in glioblastoma363 and inhibiting their interaction may be an
effective approach to inhibit tumor progression.364 In the
recent human MCT1-Basigin-2 cryo-EM structure, the
extracellular domain harboring the flexible immunoglobulin-
like domains was found to extend over the extracellular surface
of MCT1 (Figure 18c).154 The single TM segment of Basigin-
2 interacts with the peripheral helix TM6 in MCT1, mostly
through hydrophobic interactions and likely also through polar
interactions through a glutamate residue in Basigin and an
TM6 asparagine residue in MCT1.154 Despite the complex
structure, the molecular basis for the trafficking function of
Basigin-2 is unclear and whether the complex affects the
function of MCT1 in any other way, such as helping to recruit
lactate to the transporter and oligomerization. Interestingly,
analogous to the MCT1-Basigin-2 complex structure, the non-
MFS transporter belonging to the SLC7 family, LAT1 (L-type
amino acid transporter (1) forms a similar complex with CD98
heavy chain (Figure 18c).365,366 Similar to Basigin, the
glycoprotein CD98hc acts as a trafficking chaperone for
LAT1.367 The main difference is that CD98hc forms a disulfide
bridge to LAT1, which enables a closer association to the
extracellular side of the transporter as compared to the Basigin-
2 with MCT1.365 It has been proposed that this association
may directly affect extracellular gating of LAT1,365 but again
the functional role of the ancillary subunit remains unclear.
One interesting proposal is that the lipid cholesterol was found
at the complex interface and cholesterol binding could
promote homodimerization.368 In support for this notion,
the polar headgroups of phosphatidic acids interact with a
conserved arginine in CD98hc, and the mutation of this
arginine abolishes the transport function of LAT.366 Clearly,
the role of lipids and further their association between MFS

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.0c00983
Chem. Rev. 2021, 121, 5289−5335

5321

pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.0c00983?rel=cite-as&ref=PDF&jav=VoR


transporter complexes is likely to be important, but
mechanistic details are lacking.368 In regard to MCT, it is
further unclear if the differences between MCT1 and MCT2
transport models are based on nonphysiological complexes or
reflect adaptions that can take place.
One of the most extensive system analyzed for the role of

oligomerization in MFS transporters is for the plant nitrate
transporter NRT1.1, which physiologically is in a dynamic
equilibrium between low and high affinity states.369 Under high
nitrate levels (>1 mM) NRT1.1 is a low-affinity transporter
(KM ∼ 4 mM), but when nitrate levels drop to less than 1 mM,
NRT1.1 is turned into a high-affinity transporter (KM ∼ 40
μM).370 The transformation between a low and high affinity
nitrate transporter is due to phosphorylation of a threonine
residue (Thr101) by the CIPK kinase.369 In the crystal
structures, the threonine residue is not located near the
substrate binding site but at the membrane interface on the
cytoplasmic side. A Thr101Asp mutant mimicking phosphor-
ylation in NTR1.1 destabilizes the protein.371,372 It has been
proposed that destabilization is a result of the protein
switching between its dimeric (low affinity) and monomeric
(high affinity) states.372,373 However, the Thr101Asp mutant
does not shift the binding affinity for nitrate.371 Thus, the
monomer vs dimer kinetic differences appears to be result of
changes of overall transporter dynamics, highlighting their
importance to elucidate, i.e., just like GLUT1, in which the KM
for glucose changes 10-fold between high and low temper-
atures.
In addition to specific lipid binding sites and intrinsic

regulation by direct phosphorylation of the MFS transporter,
extrinsic factors can also regulate MFS transport activity
indirectly. Bacteria import sugars by a predetermined
preference.374 Glucose is the most preferred sugar as it can
directly enter glycolysis. The phosphoenolpyruvate (PEP):car-
bohydrate phosphotransferase system (PTS) controls the
uptake of non-PTS sugars.375,376 The phosphotransferase
protein IIAGlc of PTS, plays a key role for the regulation of
carbohydrate metabolism by binding to sugar transporters and
other proteins to modulate their activities.374 LacY and MelB
are examples of sugar transporters regulated by IIAGlc.
Binding analysis by ITC experiments have shown a direct
interaction between the IIAGlc protein to LacY and MelB in a
1:1 ratio.377−379 IIAGlc binding to LacY and MelB is thought

to restrict conformational dynamics and decrease the binding
affinity for sugar.379 In the presence of glucose IIAGlc is
unphosphorylated, which binds to LacY and inhibits galacto-
side binding. As such, the PTS is induced in the presence of
glucose, and alternative carbon sources are not taken up, a
process referred to as inducer exclusion.374

Although the same components for regulation take place in
LacS from Streptococcus thermophilus, the regulation mecha-
nism is thought to be different. LacS consists of a membrane-
embedded carrier domain and a hydrophilic IIA domain, which
is homologous to IIAGlc-like domains of the PEP−PTS
system.380 To ensure efficient metabolism of lactose, the
phosphoryl transfer protein HPr plays a central role in
regulating LacS expression and activity. The histidine-
phosphorylated form of HPr phosphorylates the IIA domain
of LacS and thereby affects transport.381 The unphosphory-
lated LacS-IIA does not functionally interact with the carrier
domain. Instead, only the phosphorylated form of LacS-IIA
interacts with the carrier and stimulates lactose counterflow
transport.382 The regulation differs from “inducer exclusion”
mechanism in E. coli, i.e., the function of LacY and MelB are
inhibited by the unphosphorylated form of IIAGlc, whereas
LacS is inhibited by phosphorylated form of intramolecularly
LacS-IIA. These results are consistent with the dimeric form of
LacS.347,383,384 Despite the clear effect of IIAGlc and HPr
complex interactions on sugar transporter kinetics, the
structural basis for their extrinsic regulation it still poorly
understood. Compared to bacterial MFS transporters, addi-
tional and longer loops and tails are more frequent in
eukaryotic MFS transporters. These nonmembrane regions are
likely interaction sites for extrinsic regulation of MFS
transporters by the binding of allosteric modulators. For
example, the oligopeptide transporter PepT1 has a 19 kDa
extracellular loop domain between TM9 and TM10 that has
been proposed to be the binding site for trypsin, which would
be a means to couple the generation of peptides directly with
their H+-coupled symport.385

9. NOVEL FUNCTIONS OF MFS TRANSPORTERS
Although the majority of MFS transporters are assumed to be
single proteins such as glucose transporters (Figure 19a),
examples of fusions with enzymatic, regulatory, or signaling
domains have also emerged. In bacteria, various MFS-fusion

Figure 19. Schematic representations of an MFS transporter and MFS transporter complexes. (a) A mammalian glucose (GLUT) MFS transporter
protein in the outward open conformation, which facilitatively binds and transports glucose across the membrane bilayer. (b) A bacterial
lysophospholipid (LplT, TC no. 2.A.1.42) MFS transporter that facilitatively translocates 2-acyl-GPE into the cytoplasm. Following translocation,
2-acyl-GPE is then acylated by a fused bifunctional enzyme comprised of two domains: a putative 2 TM lysophospholipid acyltransferase (PlsC)
domain and an acyl-CoA synthetase (ACS) domain. (c) An MFS transceptor and signaling complex, using Rgt2 or Snf3 from yeast as an example.
An intracellular signal for the upregulation of hexose transporters is generated upon glucose binding to Rgt2/Snf3. Glucose binding is proposed to
activate phosphorylation of the repressor proteins Mth1 and Std1 (by Yck1/2), which further subjects them to ubiquitination (by the SCFGrr1

ubiquitin−protein ligase) and then degradation at the proteasome.
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proteins have been identified, including some that are not yet
characterized.386,387 A lysophospholipid transporter LplT was
the first MFS member shown to use a lipid substrate in the
transbilayer movement of lysophospholipid 2-acylglycerophos-
phoethanolamine (2-acyl-GPE). Interestingly, 2-acyl-GPE is
thought to be acylated by a fused bifunctional enzyme known
as acyltransferase/acyl-ACP synthetase to form phosphatidy-
lethanolamine (Figure 19b).388

Some MFS transporters have been classified as “trans-
ceptors”,389,390 which are essentially transporters with a
receptor-like function for detecting substrates. Tranceptors
have been identified in many organisms ranging from bacteria
to mammals389 and can either be substrate sensors, which
transport their own substrates, or substrate sensors that bind
their substrate but are incapable of transport. The simplest
example of a transporter with a signaling function is the H+-
coupled nitrate symporter NRT1.1 in plants, as dis-
cussed.391,392 Another example is the glucose-6-phosphate
(G6P) sensor protein UhpC from E. coli that induces
expression of the G6P transport protein UhpT via the
UhpABC signaling cascade but has also been shown to possess
G6P transport activity itself.393,394 UhpT and UhpC are both
members of the MFS and share 32% sequence identity.
Maintaining glucose homeostasis is an essential, but

complicated cellular process. In yeast, Rgt2 and Snf3 are
thought to act as energy sensors that bind D-glucose, but are
not capable of transport.395−397 Sugar binding elicits a myriad
of intracellular responses that up-regulate the expression of
several hexose transporters.395−397 Specifically, Rgt2 functions
as a low-affinity glucose sensor and Snf3 functions as a high-
affinity glucose sensor. There are at least 20 known or
predicted sugar porters in yeast that are highly conserved,
sharing between 50 and 100% sequence identity.395 Rgt2 and
Snf3 only share ∼25% sequence similarity to these related
proteins,97,398,399 but should nonetheless adopt a fold similar
to that seen in GLUT transporters.395 A major feature
distinguishing Rgt2 and Snf3 from their relatives is the
unusually long 337 residue C-terminal tail on the cytoplasmic
side.400 The C-terminal tail is thought to be a hub for the
recruitment of signaling factors.396 It is postulated that the
intracellular signal generated by these proteins activates the
membrane-bound casein kinase I (Yck1/2), which then
phosphorylates proteins Mth1 and Std1 bound to the C-
terminal tail of the respective sensor, rendering them as
substrates for the SCFGrr1 ubiquitin−protein ligase that further
targets them to the proteasome (see schematic, Figure
19c).401−404 Mth1 and Std1 are required for repression of
hexose transporter gene expression,397 and when glucose binds
to the transceptors, activation of these proteins by phosphor-
ylation is believed to be the rate-limiting signaling event.396

Thus, it is not the extended C-termini of Rgt2 and Snf3 that
are directly responsible for glucose signaling, they instead serve
to enhance signaling in a receptor-mediated fashion.396,397 This
occurs without any apparent glucose transport,405 but the
molecular details of glucose activation are unclear. What is
known is that disruption of the predicted salt bridge network in
Rgt2 as seen in the GLUTs (Figure 9), actually increases the
upregulation of hexose transporters. This indirectly confirms
that the Rgt2 activity is unlikely linked to D-glucose transport
because the mutations should only form the inward-facing
conformation.396 It is possible that these “transceptors” have
evolved from former glucose transporters, and sequence
changes have hindered their ability to switch between the

conventional outward-facing and inward facing conformation
upon glucose binding.3,186,396 As yet, however, these complexes
and models for allosteric regulation and signaling are yet to be
experimentally validated using purified components.
Rgt2/Snf3 represent examples of MFS proteins that are

thought to be incapable of substrate transport. Another is the
atypical MFS mammalian transporter UNC93B1,152 which is
not thought to have a transporter function but instead acts as a
dedicated trafficking chaperone for Toll-like receptors
(TLRs).406,407 Nucleic acid-sensing TLRs are important to
recognize microbial DNA and RNA and activate the innate
immune response.408 TLRs are single-spanning TM glyco-
proteins, which are made up an extracellular leucine-rich repeat
domain and a cytosolic Toll/interleukin-1 receptor do-
main.152,408 The atypical MFS transporter UNC93B1 is
essential for the trafficking nucleic acid-sensing TLRs from
the endoplasmic reticulum to the endosome.406,407 Recently,
cryo-EM structures of human and mouse UNC93B1 were
determined in complex with TLR3 and TLR7.152 Interestingly,
the TLR3 protein forms a similar complex with UNC93B1 as
Basigin does with MCT1,154 with protein−protein interactions
also formed between the transmembrane domain of the
glycoprotein and TM6 of the MFS transporter (Figure 18c).152

The functional roles, however, are reversed with the MFS
transporter UNC93B1 now having the role as the trafficking
chaperone rather than the glycoprotein. Although there might
still be an unidentified transport function for UNC93B1, these
studies nevertheless highlight how the MFS-fold has been
adopted for physiological roles outside of substrate transport.

10. CONCLUDING REMARKS
During the past decade, MFS transporter structures and their
biochemical, biophysical, and computational characterization
has provided a richer insight into the molecular basis for their
alternating-access mechanisms. Although their large global
rearrangements resemble the early sketches of rigid rocking-
bodies, molecular movies of “simple” transporters, such as the
passive GLUT transporters, have rather demonstrated the
complexity and the intricate coupling of the numerous
conformational states formed to achieve substrate trans-
location. Elucidating the energetic barriers between each of
these conformational states and how these barriers are
modulated by substrates, proton(ion)-coupling, and the
membrane bilayer itself, is an overarching goal that needs to
be addressed in developing more meaningful mechanistic
models. These goals will require the development of methods
that can monitor transporter dynamics, not just in detergent,
but in lipid bilayers, such as NMR, EPR, and also population
dynamics, such as FRET and HDX-MS. First, however,
considerable effort must be placed on the development of
proteoliposome assays for MFS transporters, particularly for
the mammalian MFS transporters. We would argue this is
important first step for developing deeper kinetic models and
for monitoring conformational dynamics in an environment
that will be meaningful to the physiological situation and for a
better understanding of the role of lipids in fine-tuning
transport. At the other end of the spectrum, however,
considerable effort is still required to determine the
physiological substrates for many of the orphan MFS
transporters. The molecular basis for how MFS transporters
are allosterically regulated by the binding of extrinsic factors is
also unclear, as is how they could contribute to signaling
cascades. With improvements in single-particle cryo-EM, it is
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likely that in the next 10 years, we see an even larger expansion
in structural data. We envisage that these molecular details will
be the driver for structure−function analysis of these intricate
machines to reveal novel, conceptual insights in MFS
transporter biology.
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D-23538 Lübeck, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.chemrev.0c00983

Notes

The authors declare no competing financial interest.

Biographies

David Drew is a professor of Biochemistry at Stockholm University.
Dr. Drew completed his university studies in New Zealand and moved
to Stockholm University in Sweden for a doctoral position, where he
developed the use of GFP as a tool for monitoring production and
purification of membrane proteins. In 2006, he continued method
development and structural studies of membrane transporters as an
EMBO postdoctoral fellow with Dr. So Iwata at Imperial College
London. In 2009, Dr. Drew started his independent lab at Imperial
College as a Royal Society University Research fellow on the
structural elucidation of SLC transporters and later returned to
Sweden as a Wallenberg Academy Fellow. Dr. Drew has established a
team focusing on developing mechanistic models of SLC transporters,
with a particular emphasis on glucose (GLUT) transporters and Na+/
H+ exchangers. Dr. Drew is a reviewing editor for eLife (2020−
present) and has been recognized with several awards and distinctions
for his work on small molecule transporters, including the Arrhenius
medal from The Swedish Chemical Society and Göran Gustafsson
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