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Transporters Through the Looking Glass: An 
Insight into the Mechanisms of Ion‑Coupled 
Transport and Methods That Help Reveal Them

1 Introduction
All cells and cellular organelles are protected by 
one or more hydrophobic membrane bilayers 
that segregate the internal constituents from the 
external environment. This phospholipid bilayer 
serves as a barrier to most compounds that seek 
to enter or exit the cell. Cells, however, require a 
controlled exchange of material including ions, 
metabolites or metabolic end-products and sign-
aling species to maintain normal physiologi-
cal processes. Consequently, most cellular and 
organellar membranes have integral membrane 
proteins in the form of ion-channels and trans-
porters to facilitate this regulated movement of 
small molecules, vital for the survival of cells.21, 

76 While most ion-channels serve as pores for 
the movement of ions in response to a stimulus, 
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Abstract | Cell membranes, despite providing a barrier to protect intra‑
cellular constituents, require selective gating for the influx of important 
metabolites including ions, sugars, amino acids, neurotransmitters and 
efflux of toxins and metabolic end‑products. The machinery involved in 
carrying out this gating process comprises of integral membrane pro‑
teins that use ionic electrochemical gradients or ATP hydrolysis, to drive 
concentrative uptake or efflux. The mechanism through which ion‑cou‑
pled transporters function is referred to as alternating‑access. In the 
recent past, discrete modes of alternating‑access have been described 
with the elucidation of new transporter structures and their snapshots in 
altered conformational states. Despite X‑ray structures being the primary 
sources of mechanistic information, other biophysical methods provide 
information related to the structural dynamics of these transporters. 
Methods including EPR and smFRET, have extensively helped validate 
or clarify ion‑coupled transport mechanisms, in a near‑native environ‑
ment. This review seeks to highlight the mechanistic details of ion‑cou‑
pled transport and delve into the biophysical tools and methods that 
help in understanding these fascinating molecules.
Keywords: Secondary active transport, Ion-coupled transport, Alternating-access, Uniport, Symport, 
Antiport
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transporters perform the task of gates that move 
substrates in a controlled fashion into or out of 
cells.21

The direction of substrate movement can be 
in the direction of the concentration gradient 
or against it.81 Transporters that facilitate move-
ment of substrate along the concentration gradi-
ent are referred to as uniporters.81 Transporters 
that move substrate(s) against their concentra-
tion gradients, couple the process to either ATP 
hydrolysis or to ionic-electrochemical gradients.74 
Primary active transporters use ATP hydrolysis to 
couple substrate movement, whereas most of the 
secondary active transporters employ ion-cou-
pling to achieve transport. The direction of ion-
flow can occur along the direction of substrate 
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movement in case of symporters or against it as 
observed in antiporters (Fig. 1a).66

Ion-coupled transporters in humans are also 
referred to as solute carriers (SLCs) that form 
the second largest group of membrane proteins, 
after GPCRs.10 Over 450 SLCs are known in 
humans and a large subset of them are drug tar-
gets.10 Together, SLCs are involved in shuttling 
ions, sugars, neurotransmitters, amino acids/
peptides, lipids, and drugs into or out of cells 
and organelles.66 The transporter classification 
database (TCDB) assigns an enzyme classifica-
tion style numbering of transport proteins and 
most of the ion-coupled “porters” are classified 
under the section 2.A (http://tcdb.org/searc h/
resul t.php?tc=2.a).62 Uniporters have very similar 
structural scaffolds to symporters and antiporters 
and are generally considered to be secondary active 
transporters without ion-coupling.81 Despite their 

extensive presence and obvious significance in 
physiology, secondary active transporters/solute 
carriers remain some of the least-studied among 
integral membrane protein families, prompting 
calls for enhanced research on these molecules.10

Although quite extensive in their number and 
substrate-specificity, ion-coupled transporters 
fall into a small set of structural scaffolds with 
fewer mechanistic discrepancies.15 Most second-
ary active transporters have an inherent symme-
try within them and their structural organization 
reflects this symmetry within the helical repeats 
(Fig. 1b).15 The presence of symmetry allows the 
transporters to undergo alternating-access, the 
primary mechanism through which substrates 
are driven across the membrane bilayer.18, 27 This 
review focuses on the mechanistic underpinnings 
of secondary active transport and discusses recent 
advances in structural and biophysical methods 
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Figure 1: a Modes of secondary active transport including uniport (facilitated diffusion), symport and anti‑
port. Direction of ion/substrate flux is indicated by arrows. b Membrane topology and X‑ray structures of 
LacY, LeuT and  GltPh. Topologies represent the broad mechanistic classification of transporters.
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that have immensely aided in deciphering the 
structure, dynamics and functional roles of ion-
coupled transporters. Although we primarily 
focus on transporters as a specific case, the meth-
ods described here are generally applicable to all 
integral membrane proteins.

2  Alternating‑Access
The concept of substrate movement across the 
membrane was envisaged by Peter Mitchell who 
proposed a carrier hypothesis for substrate trans-
location in response to a signal, in the form of 
phosphorylation. The process of translocation 
was akin to an enzyme catalyzing a biochemical 

reaction, whereas in case of a transporter, it 
involves conformational changes to catalyze 
movement across the membrane.49

Jardetzky in 1966 put forth a defined role for 
carriers wherein he proposed that transporters 
would undergo conformational changes that alter-
nately expose the binding site to either side of the 
membrane, but never at the same time.27 These 
conformational changes, that occur in response to 
substrate binding on one side of the compartment 
followed by its release on the other side, consti-
tutes the alternating-access mechanism (Fig. 2).

In the last two decades, high-resolution struc-
tures of transporters across different families have 
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Figure 2: Types of alternating‑access mechanisms. Orange and blue colors denote the transporter 
domains in a rocking‑switch model, b rocking‑bundle model. c In the elevator model, orange region rep‑
resents the static oligomerization domain, whereas the blue regions represent the transport domains.
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corroborated the presence of symmetrical halves 
that perform alternating-access, albeit with vari-
ations to the primary mechanism. Exceptions to 
alternating access do occur especially in the chlo-
ride channels (CLCs) which transport chloride 
ions and protons, but given the minimal struc-
tural transitions that happen, resemble channel 
like states.16 Despite implying the presence of only 
two states in alternating-access namely, open-
to-in (Oin) and open-to-out (Oout), structures 
of numerous transporters reveal the presence of 
asymmetric occluded states including outward-
occluded (Oocc) or inward-occluded (Iocc).15

In the recent past, transport was observed to 
occur in three independent modes while remaining 
within the bounds of alternating-access. Each mode 
correlates well with the structural fold of individual 
molecules (Fig. 2). These are the “rocking-switch” 
mechanism observed primarily in the major facilita-
tor superfamily (MFS),34 the multi-drug and toxin 
extrusion (MATE) family,59 the SMR (small multi-
drug resistance)63 family and the sugars will eventu-
ally be exported transporters (SWEETs) (Fig. 2a).17 
Incidentally, the MFS comprises of the largest set of 
transporters among all secondary active transport-
ers. The second mechanism is the “rocking-bundle” 
mechanism prevalent in the proteins with the amino 
acid, polyamine organo-cation superfamily (ApcT) 
that includes well-studied members like LeuT67 and 
Mhp1 (Fig. 2b).33 A third mechanism common to 
proteins of the SLC1 family homologues comprising 
of divalent anion:  Na+ coupled transporters is the 
“elevator” mechanism (Fig. 2c).7

Proton-coupled transport is also observed in 
the resistance-nodulation-division (RND) family 
of proteins that comprise of the AcrA/AcrB/TolC 
complex in Gram −ve bacteria. The ion-coupled 
transport, in AcrB, is driven by an asymmetric 
trimer mechanism by coupling proton gradients 
to antibacterial efflux. The mechanism is akin to 
the rotor mechanism of the  F1F0 ATPase system 
and has been reviewed extensively, elsewhere.56

2.1  Rocking‑Switch Mechanism
This is the most prevalent mechanism observed 
across a wide array of the aforementioned fami-
lies (Table 1; Fig. 2a). The mechanism involves 
conformational changes occurring upon sub-
strate binding on one side of the membrane, trig-
gering a symmetric rigid body reorientation of 
helices. This allows the bound substrate to gain 
access to solvent from the cytosolic compartment 
and subsequently get released. The SWEET trans-
porters represent a minimal structural organiza-
tion wherein two three-helix bundles (3 + 3) play 

a role in the transport process.71 The SWEET 
transporter structure revealed a near-symmetric 
occluded state which is generally not observed 
in transporters with greater number of helical 
domains. An interesting case of rocking switch 
mechanism is the small multidrug resistance fam-
ily member EmrE, a four TM helix protein that 
dimerizes to perform drug efflux.63 To add fur-
ther credence to this, LacY a prototypical member 
of the MFS, was observed to retain uptake func-
tion despite splitting it into two halves.5 The abil-
ity of these transporters to function as symmetric 
halves in trans indicates the possibility of gene 
duplication events resulting in formation of the 
multi-helix transporters as observed in MFS and 
MATE families.60

The MFS and the MATE transporters have six 
helix bundles that are symmetrically arranged 
(6 + 6).81 Each of the six-helix bundle, has two 
three-helix bundles that are symmetrically related 
(Fig. 1b). This results in helices 1, 4, 7, 10 being 
symmetric equivalents and in proximity to the 
substrate binding site; helices 2, 5, 8, 11 are long 
and act as rocker helices and partly line the bind-
ing site followed by helices 3, 6, 9 and 12 that 
make the outer ring, acting as support helices and 
interacting with the membrane environment.25 In 
some instances, where two additional helices are 
observed, as in the case of some peptide–oligo-
peptide transporters (POTs)53 and DHA2 mem-
bers of MFS, the additional helices are positioned 
in the intracellular loop that links the two six 
helix bundles forming a 6 + 2+6 arrangement.60 
The structures of a few members of MFS have 
been determined in different conformational 
states but no snapshots of a single molecule have 
been captured in all the states of Oout, Oocc, Iocc 
or Oin (Table 1). We, however, can piece together 
the transport cycle using snapshots of different 
molecules in alternate conformational states. For 
instance, LacY was captured in Oout and Oin con-
formations1, 34 while XylE was observed in Oocc 
and Iocc states.70 Structures of mammalian GluTs, 
involved in sugar uniport were also captured in 
Oout and Oin states.14, 54 Rocking-switch mode of 
transport is well observed in case of LacY wherein 
the two symmetrical halves undergo ~ 30° move-
ment to alternate from an Oin state to Oout state.34

In the case of mammalian GluTs, in compari-
son with occluded state structures of XylE, it was 
observed that the gating occurs through helices 
bending to create access to the binding site.54, 70 
Hinge movements in helices TM1, TM7 open the 
extracellular gate and helices TM4, TM10 allow 
opening of intracellular gate.54 In most cases, a 
series of electrostatic interactions are formed and 
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Table 1: List of transporters with unique structures.

PDB. id Transporter Source Function Conformations

Mechanism: clamp and switch

 Major facilitator superfamily

  1PV6, 4OAA LacY E. coli Lactose:  H+ symport Inward open, outward 
open

  4GBY, 4JA4, 
4JA3

XylE E. coli Xylose:  H+ symport Outward open-partly 
occluded, inward 
open, partially 
occluded inward 
open

  3O7P FucP E. coli Fucose:  H+ symport Outward open

  1PW4 GlpT E. coli Glycerol-3-phosphate 
antiport

Inward open

  4APS, 5OXP PepTst S. thermophilus Peptide:  H+ symport Inward open, 
occluded

  4M64 MelB Salmonella typhimurium Na+: melibiose symport Outward open- par-
tially occluded, out-
ward open inactive

  4LDS GlcPse S. epidermidis Glucose:  H+ symporter Inward open

  4IU8, 4IU9 NarU E. coli Nitrate: nitrite symport or 
antiport

Inward open-partially 
occluded, partially 
inward open

  4JR9, 4U4W NarK E. coli Nitrate: nitrite antiport Inward open, inward 
open-occluded

  5A2N NRT1.1 Arabidopsis thaliana Nitrate:  H+ symport Inward open

  4J05 PiPT Serendipita indica Phosphate:  H+ symport Inward open-occluded

  4IKV GkPOT Geobacillus kaustophilus Peptide:  H+ symport Inward open

  2XUT PepTso Shewanella oneidensis Peptide:  H+ symport Inward open-partially 
occluded

  4Q65 YbgH E. coli Peptide:  H+ symport Inward open

  4W6V YePEPT Yersinia enterocolitica Peptide:  H+ symport Inward open

  5AYO, 5AYM BbFPN Bdellovibrio bacteriovorus Divalent metal ion 
uniport

Inward open
outward open

  4zp0 MdfA E. coli Multidrug:  H+ antiport Inward open

  2GFP EmrD E. coli Multidrug:  H+ antiport Inward open-occluded

  3WDO YajR E. coli Inward open

  4PYP Glut1 H. sapiens Glucose uniport Inward open

  4ZWC Glut3 H. sapiens Glucose uniport Outward open

  4YB9, 4YBQ Glut5 B. taurus Glucose uniport Inward open

Rattus norvegicus Outward open

 MATE family transporters

  3MKT NorM Vibrio cholerae Multidrug:  Na+/H+ 
antiporter

Outward open

  4LZ6 DinF B. halodurans Multidrug:  Na+/H+ 
antiporter

Outward open

  3VVN PfMATE Pyrococcus furiosus Multidrug:  Na+/H+ 
antiporter

Outward open

  5YCK CasMATE Camelina sativa Multidrug:  Na+/H+ 
antiporter

Outward open

 SWEETs/semiSWEETs

  5CTH OsSWEET2B Oryza sativa Na+: solute symport Inward open

Mechanism 2: rocking bundle
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broken during the gating process to allow the 
transport of the substrate. Given the incidence of 
hinge movements of helices facilitating transport, 
as compared to large rigid body motions, the 
MFS transporters resemble a “gated-pore” with 
the “rocking-switch” mechanism being revised to 
a “clamp-and-switch” mechanism.58

2.2  Rocking‑Bundle Mechanism
Members of the amino acid, polyamine, organo-
cation transporters (ApcT) superfamily conform 
to this transport mechanism.66 The mechanism 
is a result of a majority of the TMs, in the trans-
porter, acting as a scaffold and a pair of sym-
metrical discontinuous helices moving inwards or 
outwards, to open or close the internal or external 
gates. While molecules having the rocking-switch 
mechanism resemble a “V”-shaped architecture, 
transporters with a rocking-bundle movement 
have a “K”-shaped architecture (Fig. 2b). This 

mechanism is best illustrated in case of LeuT, a 
bacterial amino acid transporter homologous 
to mammalian neurotransmitter transporters 
(Table 1).32, 33 LeuT and eukaryotic neurotrans-
mitter transporters have a pseudo-twofold sym-
metry between helices 1–5 and 6–10 with two 
additional helices TM11 and 12 that are outside 
these symmetric halves (Fig. 1b).80 While a bulk 
of the helices along TM3 and TM8 form the scaf-
fold domain, helices 1 and 6 which are discon-
tinuous, form the gating helices. TM1b and TM6a 
together form the extracellular gate, whereas 
TM1a and 6b form the cytosolic gates. The dis-
continuous region of the gating helices, at the 
core of the transporter, for the substrate and ion-
binding sites. LeuT was solved at a high resolu-
tion of 1.9 Å with a leucine bound in the binding 
pocket along with two  Na+ ions that are co-trans-
ported with the substrate.80 The conformation of 
this state resembled an Oocc conformation with 

PDB. id Transporter Source Function Conformations

 LeuT fold proteins (ApcT superfamily)

  2A65 LeuT Aquifex aeolicus Amino acid:  Na+ symport Occluded

  4US3 MhsT Bacillus halodurans Na+: l-tryptophan 
symport

Inward open-occluded

  3GIA ApcT M. jannaschii H+: amino acid symport Inward open

  3DH4 vSGLT V. cholerae Na+: sugar symport

  4M48 dDAT D. melanogaster DA:  Na+/Cl− symport Outward open

  5I6Z hSERT H. sapiens 5HT:  Na+/Cl− symport Outward open

  6C08 SLC38 D. rerio Amino acid:  Na+ symport Inward open

  3HFX CaiT E. coli Carnitine: butyrobetaine 
antiport

Inward open

  3WIT BetP C. glutaricum Betaine:  Na+ symport

  2JLN, 2JLO MHP1 Microbacterium  
liquefaciens

Hydantoin:  Na+ symport Outward open, 
occluded

  3NCY AdiC S. typhimurium Arginine/Agmatine 
antiport

Outward open

Mechanism 3: elevator

 1ZCD NhaA E. coli Na+:H+ antiport Inward open

 5BZ2 NapA Thermus thermophilus Na+:H+ antiport Inward open

 1XFH GltPh Pyrococcus horikoshii Dicarboxylate:  Na+ 
symport

Outward open

 5LLM EAAT1 H. sapiens Glutamate:  Na+ symport Outward open

 5X9R CitS K. pneumoniae Citrate:  Na+ symport Outward open

 5E9S GltTK Thermococcus kodaka-
rensis

Dicarboxylate:  Na+ 
symport

 4F35 VcINDY Vibrio cholerae Divalent anion:  Na+ 
symport

Inward open

 4R0C YdaH (AbgT 
family)

Alcanivorax borkumensis Drug efflux Inward open

Table 1: continued
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solvent having access to the vestibule, but the 
binding site is secluded from water due to the 
F253 residue acting as barrier, preventing solvent 
access to the binding pocket. Co-crystallization 
of a bulkier amino acid, tryptophan, allowed the 
outward movement of TM1b (~ 9°) and TM6a 
(5.5°)with a hinge-like movement observed in 
TM2 (~ 8°).68 In the Oin state of the transporter 
TM1a and TM6b move outward to provide access 
to the substrate binding pocket.32 TM1a in par-
ticular swings out nearly 45° into the membrane 
environment to facilitate this access.32 LeuT was 
never observed in an Iocc conformational state, 
although other homologues like ApcT65 and 
MhsT42 have been observed in this conforma-
tion. The gating movements in this family are also 
associated with the break and formation of salt 
bridges in the vestibule, much like the rocking-
switch mechanism. The movements of the out-
ward gate of LeuT are very similar to movements 
of dDAT gating helices in its Oocc state, suggest-
ing a conservation of this transport mechanism 
within this superfamily.78

2.3  Elevator Mechanism
The elevator mechanism is a specialized form 
of alternating-access that occurs primarily in 
oligomeric transporters involved in divalent 
anion:Na+ symporters that have structural simi-
larity to Pyrococcus horikoshii glutamate trans-
porter  GltPh.82 The transporters are oligomeric 
with the elevator mechanism observed in dimeric 
and/or trimeric molecules.15 The molecules 
can distinctly be separated into the transport 
domain and oligomerization domains (Fig. 2c). 
While the oligomerization domain remains fixed 
in its position, the transport domains translate 
perpendicular to the membrane plane allowing 
solvent-access to the substrate binding pocket.61 
The prototypical member of this set of proteins 
is  GltPh. Structures with similar transport mecha-
nism have recently been elucidated, including 
EAAT1,9 VcINDY,43, CitS79 and AbgT (Table 1).6 
Most of these transporters have distinct helical 
repeats within the oligomerization domain and 
in the transporter domain.7 The distinguishing 
feature for this fold of proteins is the presence of 
helical hairpin loops HP1 and HP2 that ensconce 
the substrate binding site and  Na+ binding sites 
in the vicinity, in close proximity to the discontin-
uous helix TM7.  GltPh in its Oout state resembles 
a chalice with a concave vestibule formed by the 
trimer.82 Upon substrate binding, the site between 
HP1 and HP2 loops moves perpendicular to the 

plane of the membrane by nearly 19 Å and corre-
lated with an 18° twist of the transport domain.61 
The vertical movements were also characterized 
in VcINDY using mutagenesis and in  GltPh using 
smFRET studies. A recent structure of EAAT1 
in outward-open state is also likely to follow the 
same mechanism.9

Another group of transporters that have the 
elevator mechanism but a different structural 
organization are the  Na+:H+ antiporters.38 These 
dimeric transporters have transporter domains 
without hairpin loops but have discontinuous 
helices that are crossed over to form the sub-
strate binding site.7 The proposition of elevator 
mechanism, in NHA members, was controver-
sial, although in recent past this mechanism is 
increasingly accepted.

A large fraction of mechanistic information 
has come from crystallographic studies of trans-
porters in different conformational states making 
X-ray crystallography the primary tool for under-
standing transporter structure and function. 
However, numerous tools help prepare constructs 
that are suitable for crystallographic studies and 
retain transport activity. Additional biophysical 
methods, useful to study transporter dynamics in 
solution are included in the later sections of the 
review.

3  Tools to Aid in Structure Determination 
of Transporters

3.1  Pre‑crystallization Tools
3.1.1  Fluorescence Detection Size Exclusion 

Chromatography (FSEC)
Gouaux and colleagues pioneered the use of tag-
ging a GFP molecule to membrane proteins and 
monitoring the crude membrane extract on a 
size exclusion column linked to a fluorimeter 
(Fig. 3a).28 The result was the ability to moni-
tor the profile of the membrane protein without 
using the purified material. The profile of the 
GFP-linked membrane protein provides infor-
mation on the homogeneity, expression level 
and aggregation propensity in the background 
of whole cell extract or solubilized membranes 
in particular detergent. This simple, yet elegant, 
screening tool has helped immensely in moni-
toring well-behaved orthologues, optimizing 
non-ionic detergents, stability measurements 
and tracking protein behavior upon purification. 
In recent variations of FSEC, the method was 
put to use to measure the stability of membrane 
proteins in different detergent/lipid conditions24 
and also to measure formation of heteromeric 
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complexes.50 This method is now a standard tool 
for any lab working on structures of novel trans-
porters or other membrane proteins.

3.1.2  Functional Assays to Monitor Inhibitor 
Binding

Limitations of FSEC lie in its inability to moni-
tor the function of the transporter. Inhibitor 
binding can effectively be measured in detergent-
solubilized material using radiolabeled drugs/
inhibitors. A binding technique that rapidly pro-
vides dissociation constants is the scintillation 
proximity assay (SPA), that employs copper or 
biotin coated beads that can interact with either a 
His-tag or a Strep-II tag.57 A radiolabeled inhibi-
tor that can bind the transporter with high affin-
ity, emits energy on binding the immobilized 
transporter, leading to scintillation of the beads, 
resulting in luminescence that can be quantified 
as binding (Fig. 3b). The method has extensively 
been applied to transporters including LeuT,33 
dDAT55 and hSERT.12 In case of the latter two, 
it was instrumental in optimizing and isolating 
thermostable mutants (described below). SPA 
also works for protein reconstituted in nanodiscs, 
as observed with LeuT reconstituted into nano-
discs,52 thereby allowing validation of samples 
meant for cryoEM data collection. FSEC and SPA 
are powerful complementary tools to perform 
pre-crystallization screening.

3.1.3  Construct Engineering Through 
Mutagenesis

Modification of membrane transporters 
either through single mutants or large-scale 

mutagenesis has proven to be an effective strat-
egy towards enhancing the stability and crystal-
lization propensity. This was first reported by 
James Bowie and colleagues for diacylglycerol 
kinase (DGK), where twenty out 121 residues in 
a stretch of sequence, were mutated to cysteines. 
The experiment yielded two cysteine substitu-
tions with greater thermostability than the native 
DGK. A combination of the two mutants yielded 
a significantly thermostabilized molecule.37 This 
strategy has since been expanded and employed 
through alanine or leucine scanning mutagen-
esis, particularly for the stabilization and struc-
ture elucidations of GPCRs64 and other integral 
membrane proteins, including transporters.22 
Examples of thermostabilized GPCRs include β1 
adrenergic receptors, neurotensin receptor and 
adenosine receptor.64, 73 The strategy involved cre-
ating single alanine mutants through the length 
of the receptor and identifying mutants that can 
retain inhibitor binding activity at high tem-
peratures compared to the wild-type constructs. 
This strategy allowed identification of a small 
subset of mutants that have a thermostabilizing 
effect on the receptor and eventually aid in crys-
tallizing them. A similar strategy was employed 
for the eukaryotic neurotransmitter transport-
ers dDAT and hSERT.12, 55 Briefly, a subset of the 
entire sequence, primarily in the TM regions were 
individually mutated to alanine, leucine and phe-
nylalanine resulting in a single mutant library. 
Individual mutants were then tested for their abil-
ity to retain binding towards an inhibitor, either 
3H-nisoxetine (dDAT) or 3H-paroxetine (hSERT), 
when subjected to high temperatures. Mutants 
that have a consistently improved binding activity 

Figure 3: a Schematic representation of fluorescence‑detection size exclusion chromatography (FSEC) 
technique using fluorescent protein‑tagged membrane proteins, b principle of scintillation proximity assay 
(SPA) done with Cu‑YSi scintillant beads and a radiolabeled inhibitor.
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were pooled together, resulting in an additive 
effect, culminating in thermostabilized con-
structs. Thermostabilized constructs of dDAT 
and hSERT retained binding activity at very high 
temperatures (~ 60–70 °C). Interestingly, in both 
studies, thermostabilization led to a complete loss 
of transport activity resulting in a conformation-
locked transporter, stabilized in an outward-open 
inhibitor-bound state.12, 55

Besides large-scale scanning mutagenesis, it is 
quite common to use single or double mutants, 
towards the purpose of crystallization stud-
ies. For instance, LacY, originally determined in 
the cytosol-open state, carried a single mutation 
C154G.1 Subsequently, a periplasmic open state 
of the transporter was created by a combina-
tion of G46W/G262W.34 Similarly, a multi-drug 
efflux pump MdfA that belongs to DHA1 of 
MFS, could be crystallized using a single mutant 
Q131R.25 Similarly, in GluT1 a combination of 
N45T and E329Q led to improved crystals of the 
transporter.70 Crystallization of altered confor-
mational states was also made possible by stitch-
ing together, mobile domains in transporters. A 
classic case is the disulfide crosslinking done with 
 GltPh to stabilize the Oin conformation. Muta-
tions K55C(TM2) in the scaffold domain and 
A364C(HP2) in the transporter domain allowed 
the formation of a disulfide cross-link that 
locked the elevator in  GltPh, in a cytosol facing 
conformation.61

It is generally observed in projects handling 
crystallization of recalcitrant molecules, that 
combinations of mutants, stabilizing certain 
conformations, coupled with the use of crystal-
lization chaperones, significantly enhance the 
chances of successful crystallization.26

3.1.4  Functional Analysis for Transport Activity
Substrate transport by reconstituted membrane 
proteins is an evidence for their ability to func-
tion independently of other cellular factors. Ear-
lier work involved whole cell-based approaches 
to study the substrate transport process; con-
versely, there are some disadvantages as cells have 
active metabolic mechanisms which can interfere 
through physical interactions or degradative pro-
cesses. Transport assays using crude membrane 
vesicles like spheroplasts or everted vesicles over-
come certain drawbacks of doing transport assays 
in whole cells, while keeping the transporter in 
its native environment.20 However, to under-
stand the process of transport with greater clar-
ity and accuracy, we need to see if the transporter 
can work in isolation. Reconstitution of integral 

membrane transporters in an artificial mem-
brane, can clarify whether the molecule maintains 
its functional integrity, in biochemical isolation. 
Transporters can function as electrogenic or elec-
troneutral, depending on the substrate charge 
and the number of co-transported ions, during 
the transport cycle. Based on the characteristic 
property of transport, different kinds of proteoli-
posomal transport assays can be devised to moni-
tor activity (Fig. 4).

For instance, the activity of GadC a GABA/
glutamate antiporter from Escherichia coli, was 
evaluated using a substrate-trapping approach 
wherein GABA was trapped inside the reconsti-
tuted vesicles and radiolabeled glutamate was 
added externally to monitor radiolabel accumula-
tion in the vesicle (Fig. 4a).41 Another approach 
to monitor  H+-driven antiport is to use the trans-
port of substrate, accompanied with the efflux of 
protons from the proteoliposome. The changes 
in internal pH are monitored using a ratiomet-
ric pH-sensitive fluorophore, pyranine that is 
trapped inside the liposomes (Fig. 4b).13 A recent 
study employed this method to monitor EmrE’s 
ability to transport guanidinium.30 In an alter-
nate setup, the  Na+/H+ antiporter NapA was 
evaluated through co-reconstitution of  F1F0 ATP 
synthase along with NapA. Addition of external 
ATP generated the required proton gradient for 
observing NapA transport and the process was 
monitored using a pH-sensitive dye 9-amino 
6-chloro 2-methoxyacridine (ACMA) (Fig. 4c).38 
Recently, measuring ion: substrate stoichiometry 
was made easier with a method developed by 
Mindell and colleagues wherein, the transporter 
reversal potential (Erev) is calculated using known 
values of Δψ and ion-gradients across the mem-
brane (Table 2; Fig. 4d). The method was applied 
to measure transport stoichiometry of VcINDY, a 
bacterial  Na+-coupled succinate transporter and 
further validated by confirming the known cou-
pling stoichiometry of vSGLT, a bacterial sugar 
transporter.51

3.2  Crystallizations Methods
Michel classified membrane protein crystals into 
two forms, type I and type II, based on packing 
of protein molecules in the crystal.47 While the 
type I crystals of membrane proteins appear as 
stacks of bilayers, the type II crystal form resem-
bles lattices formed by soluble proteins, with large 
aqueous channels surrounded by membrane pro-
teins (Fig. 5a, b). Type I crystals might represent 
a native bilayer-like arrangement of membrane 
proteins and are generally desirable over type II 
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crystals forms. Lipid-rich crystallization methods 
including (1) lipidic cubic phase (LCP) (Fig. 5c) 
and (2) Bicelle-based crystallization (Fig. 5d) 
have a greater tendency to yield type I crystals of 
membrane proteins.

Landau and Rosenbusch used lipidic cubic 
phase to obtain crystals of bacteriorhodopsin by 
mixing defined ratios of protein solution with a 
host lipid, monoolein.36 Monoolein or 9.9 mono-
acylglycerol (MAG) has a glycerol head group 
and a single oleic acid with an unsaturation at the 
9th carbon. A 3:2 weight ratio mixture of mono-
olein with water, results in the formation of a 
clear bicontinuous cubic phase (Pn3m) through 

self-association.8 Membrane proteins with or 
without a crystallization chaperone can be recon-
stituted into the cubic phase, which upon per-
turbation by crystallization conditions, results 
in the formation of lattice contacts leading to 
crystallization (Fig. 5c). The lattice parameter of 
the cubic phase and its curvature can be modu-
lated using alternate host lipids with shorter 
acyl chains or different location of unsaturation 
which yields cubic phase with reduced curvature 
and/or altered bilayer thickness. For instance, the 
bilayer thickness of 7.7 MAG is 41 Å, whereas that 
of monoolein is 51 Å. The radius of curvature is 
larger for 7.7 MAG at 56 Å, whereas monoolein 

a b

dc

Figure 4: Modes of proteoliposome based transport assays. a Substrate trapping method used for an 
antiporter. The unlabelled substrate  (S1) is trapped inside the liposome and the radiolabeled substrate 
(3H‑S2) is added externally. The accumulation of radioactive material inside the vesicle is measured. b 
Uniform pH is maintained across the membrane, transport of substrate added from outside causes altera‑
tion in pH inside the vesicle and detected using altered pyranine fluorescence. c  F1F0 ATPase co‑recon‑
stitution based approach is used for proton‑driven antiporters. Addition of ATP in presence of ATPase 
creates the required pH gradient needed for transport of the substrate. The change in proton concentra‑
tion due to active transport process is detected by pH sensitive dye ACMA (9‑amino 6‑chloro 2‑meth‑
oxyacridine). Valinomycin in presence of potassium ion helps to keep membrane potential constant. d 
Measurement of reversal potential of the membrane at equilibrium is used for electrogenic transporters; 
radiolabelled substrate (3H‑S1) is trapped in high concentration inside the liposome and unlabelled sub‑
strate is added in high concentration outside  (S2). The transport process is initiated by creating different 
potentials across the membrane using valinomycin in presence of potassium ions. The alteration of radio‑
active material is measured along with the reversal potential of the membrane.
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Table 2: Transport equation at Erev for transporters with different substrate:ion stoichiometries.

R is the universal gas constant, T is the temperature (in °K), F is the Faraday constant, a and b are the substrate and ion charges, 
respectively, Δψ is the voltage difference across the membrane, m and n denotes the number of substrate and ions, respectively. I, S 
denote ion and substrate, respectively. At equilibrium with conversion to the base 10 log, and approximating RT/F as 60 mV

Process Transport principle Stoichiometry

Uniport mSain → mSaout

Symport mSaout + nIbout ↔ mSain + nIbin Erev = �ψ = −60mV
(bn+am)

(

n log [I]in
[I]out

+m log [S]in
[S]out

)

when a = − 2, b = 1

Erev = �ψ = −60mV
(n−2m)

(

n log [I]in
[I]out

+m log [S]in
[S]out

)

when a = 1, b = 2

Erev = �ψ = −60mV
(2n+m)

(

n log [I]in
[I]out

+m log [S]in
[S]out

)

when a = 0, b = 1

Erev = �ψ = −60mV
n

(

n log [I]in
[I]out

+m log [S]in
[S]out

)

Antiport mSaout + nIbin ↔ mSain + nIbout Erev = �ψ = −60mV
(bn+am)

(

n log [I]out
[I]in

+m log [S]in
[S]out

)

when a = −2, b = 2

Erev = �ψ = −30mV
(n−m)

(

n log [I]in
[I]out

+m log [S]in
[S]out

)

when a = 1, b = 2

Erev = �ψ = −60mV
(2n+m)

(

n log [I]out
[I]in

+m log [S]in
[S]out

)

Type I crystal Type II crystal 

MdfA (4ZP0)MhsT (4US4)

a b

Lipidic cubic phase

c d

Bilayer Micelle Bicelles

Bicelles Protein in detergent Protein bicelle 
      mixture

Bicelles method

Protein Protein

Figure 5: a Type I crystal lattice of MhsT (4US4), bacterial sodium driven symporter (NSS family). b Type 
II crystal lattice observed in MdfA (4ZP0), a DHA1 multi‑drug efflux transporter. c Schematic representa‑
tion of Pn3m lipidic cubic phase (LCP) shown with induction of crystal nucleation at the centre (figure 
used from http://chere zov.usc.edu/resou rces.htm). d Pictorial representation of the bicelle crystallisation 
method.

http://cherezov.usc.edu/resources.htm
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has 52.2 Å.48 The use of LCP is quite extensive 
with GPCRs and is now the predominant method 
to crystallize them. Transporters also have suc-
cessful cases where LCP was helpful in obtaining 
crystals, although detergent based crystallization 
has also been quite successful in yielding diffrac-
tion quality crystals.19 Crystallization is gener-
ally done in glass sandwich plates consuming 
nanoliter volumes of the cubic phase bolus and 
reservoir solution. Crystals resulting from LCP 
tend to have lower solvent content, compared to 
detergent crystals, resulting in reduced mosaicity. 
However, the size of the crystals could be small, 
and prone to radiation damage, requiring data 
collection and merging of multiple datasets.40

Bicelles, on the other hand, are bilayers that 
have detergent at the periphery to resemble 
disc-like micelles (Fig. 5d). Bicelles are made 
by mixing lipids like DMPC and DPPC with 
detergents like CHAPSO, at ratios around 2.8:1 
(lipid:detergent).72 Bicelles are characterized by 
their ability to form gel-like state at room tem-
perature and a solution at 4 °C. Membrane pro-
teins incubated with bicelle solution can be used 
for crystallization screening, similar to deter-
gent micelles. Although a few proteins including 
LeuT77 and VDAC were crystallized in bicelles, it 
remains a minimally used method. Interestingly, 
both the lipid-rich systems can be doped with 
other membrane lipids like cholesterol or phos-
pholipids if they are specifically known to improve 
the behavior of the reconstituted protein.

4  Methods to Evaluate Dynamic 
Properties of Ion‑Coupled Transporters

4.1  EPR/DEER Measurements
Transporters, as observed in the earlier part of the 
review, tend to undergo small–large-scale domain 
movements to affect transport. While crystal-
lographic methods are exceptionally powerful in 
capturing snapshots of transporters in different 
states, molecular trajectories of how transport-
ers transition from one state to the other, is not 
very obvious through crystal structures. In the 
recent past, electron paramagnetic resonance 
(EPR) measurements using double electron–elec-
tron resonance (DEER), has been used extensively 
to calculate distance distributions using echo 
between two spin labels located on mobile ele-
ments of a transporter46 (Fig. 6a). DEER meas-
urements are capable of long-range distance 
measurements up to nearly 6–8 nm which is quite 
capable of observing the modulation between 
the scaffold domains and gating elements within 
secondary active transporters.46 Measurements 
are performed by chemical crosslinking of spin 
labels like 1-oxyl-2,2,5,5-tetramethylpyrroline-
3-methyl-methanethiosulfonate (MTSSL), with 
free cysteines strategically introduced in flex-
ible domains, whose dynamics are to be studied. 
Site-directed spin labeling (SDSL) also requires 
the removal of excess free cysteines in the pro-
tein of interest, to create cys-less, functional 
constructs. MTSSL labeled integral membrane 
protein dynamics can be measured in near-native 
environments, by studying distance distribu-
tions of protein reconstituted into liposomes or 
nanodiscs.

Figure 6: a Labeling a transporter at distinct sites using a spin label in case of DEER spectroscopy. b 
Distance distribution calculated from spin echoes in LeuT and their comparison with smFRET studies 
performed with fluorophores labeled at the same sites (a, b were adapted from Mchaourab et al.46 after 
obtaining the publisher’s consent). c Estimation of dynamic distance measurement for fluorophores in 
smFRET experiments. Effective distance lies between 1 and 9 nm (panel adapted from Lerner et al.39 after 
publisher’s consent).
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Measurements performed in LeuT by tag-
ging MTSSL spin labels at extracellular elements 
in EL2, EL4, TM6b, suggested that the extracel-
lular vestibule has improved solvent access in 
the presence of  Na+ and in a leucine-free state.11 
Addition of leucine reduces the distance distribu-
tions between labels, suggesting the contraction 
of TM1b, TM6a gates (Fig. 6b). Crystal structure 
of the substrate-free form of LeuT validated this 
measurement since it was in an Oout state.32 The 
high-resolution structure of LeuT in the leucine 
bound Oout state, reveals a clear inward move-
ment of helices and occlusion of the binding 
pocket thereby correlating with DEER measure-
ments. On the other hand, DEER measurements 
at the cytosolic elements of LeuT between the 
N-terminus and TM3 suggested that movement 
of TM1a is not as prominent as observed in the 
crystal structure, in solution.29

DEER has also been applied to MFS trans-
porters, LacY a symporter and LmrP an anti-
porter.44 In LacY, measurements at the cytosolic 
and the periplasmic regions allowed tracking the 
substrate-induced rocking switch movements in 
the transporters.69 In LmrP, DEER measurements 
aided in demonstrating pH-dependent gating of 
the transporter and also demonstrated the role 
of lipid head groups and their interactions with 
D68 in motif A, that resulted in modulation of 
drug efflux in LmrP.45 In addition to carrying 
out measurements in detergent-solubilized mate-
rial, DEER can also be carried out in transporters 
reconstituted in lipid nanodiscs that allows moni-
toring the effect of lipids on conformations asso-
ciated with the transport cycle.44

4.2  smFRET Reveals Transporter 
Dynamics

smFRET is an analogous method to EPR spec-
troscopy in providing distance information 
between FRET pairs, specifically labeled on the 
transporter. The “molecular-ruler” among FRET 
pairs extends within a dynamic distance range of 
1–9 nm allowing monitoring a molecule popu-
lating different conformational states (Fig. 6c).39 
Cy-3 and Cy-5 fluorophores were used to label 
the cytosolic gate of LeuT at H7 (TM1a) and R86 
(IL1). SmFRET between the sites, revealed the 
presence of two distinct states of the molecule 
that differ in distance of FRET pair by nearly 
13 Å, in the absence of  Na+.84 Incremental addi-
tion of  Na+ resulted in the loss of the second state 
and populated the Oout state, giving a glimpse 
into the gating mechanism. SmFRET studies 

were carried out on  GltPh to monitor transport 
dynamics by labeling the molecule with Cy-3 and 
Cy-5 to form donor–acceptor pairs. Sites chosen 
to label were within a distance to exhibit FRET 
signal but also undergo significant movements 
during the transport cycle. I294C at the intra-
cellular loop between HP1–TM7 and N378C at 
the extracellular surface between loop connect-
ing TM7–HP2 were the sites used to label  GltPh. 
The smFRET studies revealed that the transport 
domains can function independent of the other 
protomers and the apo state can cycle between 
the Oout and Oin state rapidly. Upon binding  Na+ 
and aspartate, the molecule was observed to pop-
ulate a low FRET Oout state while retaining flick-
ers of high FRET state suggesting, quick shifts to 
the Oin conformation.2 A subsequent study also 
revealed that the humanized version of the trans-
porter with R276S and M395R mutants results in 
the unlocking of the transport domains allowing 
the transporter to sample the inward-open states 
better, thereby allowing the rapid cycling of the 
glutamate uptake.3

5  Monitoring Interactions of Lipids 
and Transporters

An underlying theme of studying transporter 
structure and function is the ability of lipids to 
interact and modulate transport properties. For 
instance, it was shown through DEER measure-
ments that phosphatidyl ethanolamine (PE) sta-
bilized the inward-open conformation of LmrP, 
a multi-drug efflux protein, and cardiolipin was 
involved in the closure of the extracellular gate in 
LmrP.44 In case of BetP, a trimeric betaine trans-
porter with a similar fold as that of LeuT, it was 
observed to bind POPG lipid in the trimeric 
interface.31 The lipids were also observed close to 
the inner leaflet region surrounding TM1 which 
forms the cytosolic gate in case of the ApcT fam-
ily transporters. A similar occurrence of a eukary-
otic membrane lipid, cholesterol, was observed 
bound at the interface created by TM1a, TM5 and 
TM7 in dDAT suggesting a clear role in its ability 
to allosterically stabilize an inhibitor bound state 
of the transporter55 (Fig. 7a, b). Cholesterol was 
also observed in the hSERT structure but away 
from the TM1 site, in the outer leaflet close to 
the TM12 region.12 Recent computational studies 
using coarse grain simulations of hSERT, hDAT, 
and hNET models have nevertheless, indicated 
the binding of cholesterol at this site for all three 
transporters, with varying levels of occupancy.83
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5.1  Mass Spectroscopy of Transporters 
Associated with Lipid

More often than not, crystal structures do not 
reveal densities for bound lipid. In the recent past, 
mass spectroscopy of membrane proteins in gas 
phase has evolved to obtain signals from intact 
membrane protein complexes in micelles. This 
has allowed an unprecedented ability to monitor 
closely associated lipids that mediate transient or 
obligate oligomerization in membrane proteins. 
Carol Robinson and colleagues used ion-mobility 
mass spectroscopy (IM-MS) to observe that use 
of non-ionic detergents, above critical micellar 
concentrations (CMC), allows preservation of the 
membrane protein complexes, in vacuum using 
electrospray.4 At higher acceleration voltages, it 
was observed that the detergent could dissociate 
from the oligomer resulting in mass spectra cor-
responding to membrane protein oligomers.4 It 
was observed in a subsequent study that among 
non-ionic detergents, C8E4 (tetraethylene gly-
col monooctyl ether) had lower charge states, 
thereby, facilitating improved characterization of 
membrane proteins in gas phase.35 This allowed 
measurement of the stabilizing effects of protein-
bound lipids, on a wide array of integral mem-
brane proteins. A subsequent study from the 
same group on integral membrane transporters 
revealed the role of lipids, particularly cardiolipin, 
in the dimerization of LeuT. It was observed 
that one molecule of cardiolipin was bound per 
protomer of LeuT, in the dimer.23 Cardiolipin was 
also observed to stabilize sodium:  H+ antiporter 

NapA dimeric interface with the dimer falling 
apart, when cardiolipin was completely stripped 
from the protein.23

These advanced methodologies are some of 
the approaches through which membrane pro-
teins in general and ion-coupled transporters 
in specific have been characterized in the recent 
past. With the advent of more crystallographic 
structures and the application of the aforemen-
tioned tools, understanding the broad mecha-
nisms and the subtle variations incorporated by 
individual transporters in the alternating-access 
mechanism, will increasingly become evident in 
the near future.

6  Future Directions and Conclusions
A major tool for studying membrane protein 
dynamics is through computational studies that 
are not included in this review, since the focus 
was on experimental methods. Computational 
methods, including modeling of alternating 
access,18 all atom molecular dynamics and coarse-
graining of membrane proteins83 are extensively 
being used to tease out information ranging from 
mechanisms of alternating access, role of water 
and ions in transport process and lipid interac-
tions of membrane proteins. This information 
is valuable to bolster the findings from crystal-
lographic studies, since a lot of information on 
dynamics, binding sites, allostery and transport 
are not apparent, from molecular coordinates.

Out

In

a b

Figure 7: Crystal structures of membrane transporters with bound lipid. a dDAT crystal structure (4XP4) 
bound to cholesterol at the interface of TM1a, 5 and 7 and a cholesteryl hemisuccinate bound at TM2, 7 
and 11. b POPG molecules found at the interface of the BetP trimer (4C7R). A third molecule in the trimer 
was removed for clarity. Head group of the lipid is in close proximity to gating helices.



297

Transporters Through the Looking Glass: An Insight…

1 3J. Indian Inst. Sci. | VOL 98:3| 283–300 September 2018 | journal.iisc.ernet.in

In addition to computational tools, the advent 
of cryoEM to elucidate transporter structures is 
likely to happen, in the near future. Since most 
ion-coupled transporters are in the size range of 
40–60 kDa, cryoEM is still in a state where high-
resolution structural information is difficult to 
attain. However, novel EM tools like phase plates, 
and biochemical tools like antibodies that can 
enhance the size and reduce the conformational 
heterogeneity, will likely aid in structure deter-
mination of transporters through cryoEM in the 
near future.75 Given the important roles that the 
transporters play in physiology and disease and 
wide array of methodologies available to charac-
terize them, research in ion-coupled transporters 
is primed for rapid expansion in the near future.
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