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Abstract

During their mechanistic cycles membrane transporters often undergo extensive conformational
changes, sampling a range of orientations, in order to complete their function. Such membrane
transporters present somewhat of a challenge to conventional structural studies; indeed,
crystallization of membrane-associated proteins sometimes require conditions that vary vastly from
their native environments. Moreover, this technique currently only allows for visualization of single
selected conformations during any one experiment. EPR spectroscopy is a magnetic resonance
technique that offers a unique opportunity to study structural, environmental and dynamic
properties of such proteins in their native membrane environments, as well as readily sampling their
substrate-binding-induced dynamic conformational changes especially through complementary
computational analyses. Here we present a review of recent studies that utilize a variety of EPR
techniques in order to investigate both the structure and dynamics of a range of membrane
transporters and associated proteins, focusing on both primary (ABC-type transporters) and
secondary active transporters which were key interest areas of the late Professor Stephen Baldwin
to whom this review is dedicated.

Introduction

Membrane transporter proteins comprise a wide variety of proteins which underpin a diverse range
of functions — from the import of vital solutes to the efflux of a multitude of drugs — making this class
of proteins a clear target for a plethora of therapeutic treatments in the bid to tackle a myriad of
medical challenges. Resolving their 3D structures at a molecular level is an integral part of
understanding their functional mechanisms. However, the issues that arise when attempting to
solve the structures of such dynamic proteins often render the more typical methods unsuccessful.
Such problems include the fact that it can be difficult to solubilize membrane-associated proteins for
crystallization, and that X-ray crystallography relies on the arrangement of protein into a regular
assembly. This often means that only single conformations can be sampled, leaving much of the
dynamic cycle of these proteins unobserved and continually debated [1]. Additionally, membrane
transporters may consist of large proteins, or can exist as multidomain complexes making them
difficult to measure for size-limited methods such as NMR spectroscopy (though recent advances in
solid state NMR are starting to minimize this limitation) [2]. There are numerous examples in the
literature and in the PDB database, which demonstrate that membrane proteins are also especially
susceptible to conformational changes due to environmental changes e.g. when being extracted
from their native membrane [3].

There are only a few biophysical methods which can provide both structural and dynamic
information on the molecular architectures, offering reliable and precise distance determination in
the range 1.5—-10 nm. EPR spectroscopy is one such technique (another being the fluorescence-
based technique FRET spectroscopy). Both are now being more widely used, especially in
combination with molecular dynamics approaches as complementary structural biology techniques,
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being called upon to overcome such obstacles mentioned above. The readers are referred to an
excellent recent review of the application of single molecule FRET techniques to study ABC
transporters [4]. Here we will only focus on EPR, which can be harnessed in many ways to also
provide structural constraints that aid visualization of the structure and dynamics of a protein in a
range of states throughout its mechanistic cycle, as will be demonstrated in this review. Importantly,
the method can also be applied to instances where the protein is situated within a membrane
environment (either in vivo or reconstituted into proteoliposomes or even styrene maleic acid lipid
particles, SMALPs [5]), allowing it to be used to obtain information about the protein in or as close to
its native crowded environment as possible. The studies reviewed here aim to demonstrate the
application of EPR to investigate the structural elements and mechanistic dynamics of a range of
primary (ABC-type transporters) and secondary active membrane transporters.

EPR spectroscopy is a spectroscopic technique that detects the interaction of unpaired electrons
with microwave radiation within a magnetic field. Initially developed as a physical magnetic
resonance spectroscopy following its discovery in the USSR in 1944, it soon developed in a key
biophysical method for studying biological systems contain- ing intrinsic paramagnetic species,
especially those involved in bioenergetic electron transfer and metalloproteins. The development of
this method over the past seven decades has resulted in the emergence of a broad range of
techniques that can be employed to study paramagnetic species and their surrounding
environments [e.g. 6—8]. These methods have been reviewed in several excellent monographs and
review articles over the past 10-20 years and the reader is referred to the following review articles
and references therein [9-12].

Arguably one of the major turning points in the development of EPR methodology from being a
rather niche technique into a key structural biology technique was the introduction of site-directed
spin labelling (SDSL). This is a technique that allows attachment of a stable paramagnetic probe to a
specific site (often made possible using site-directed mutagenesis) within proteins or nucleic acids
without any intrinsic paramagnetic centres, thus making previously EPR-inactive diamagnetic
proteins now accessible to this technique. One of the leading figures in this development is Prof.
Wayne Hubbell (UCLA, USA) who has reviewed recent developments in the field [13]. Much of these
recent advances have resulted from essential improvements in instrumentation, especially in
sensitivity [14,15]. Compared with NMR or X-ray studies the SDSL methodology does not yet [but see
14-16] provide global structural models but rather contributes sparse structural constraints which
require essential supporting analysis packages [e.g. 17,18]. Clearly questions can be asked with
regard to the site-directed modification of proteins:- does a labelled protein still function correctly;
how physiologically relevant is measuring a distance (or distances) at cryogenic temperatures; are
purified, detergent-solubilized membrane proteins true reflections of a functional proteinin a
membrane, however with that in mind here we aim to focus on the key information that has been
extracted from the application of EPR spectroscopy to the study of a range of primary (ABC-type
transporters) and secondary active membrane transporters especially determination of longer
distances [19], distance editing [20], resolving not only distances but also relative orientations [21-
23], measuring distances under physiological conditions [24] or in native environments (whole cells
or oocytes) [25,26]. To summarize, EPR and especially in combination with SDSL is able to provide a
wealth of detailed information both for the mechanistic structural biologist and the computational
chemist to contribute to advancing our understanding of membrane transporters (see Figure 1).

Membrane transport proteins

We will not aim to cover all the published EPR data on the large family of membrane transporters
since this is a vast area. Instead we aim to focus on recent developments on a few key areas



including primary active transport and ATP-binding cassettes (ABC) as well as facilitated
diffusion/secondary active transport systems. Figure 2 shows some examples of the families of
structures of the various transporters for which we are reporting spectroscopic data.

Primary active transport and ATP-binding cassettes
Substrate-binding proteins

Also known as periplasmic-binding proteins (PBPs), substrate-binding proteins (SBPs) are a class of
proteins that form complexes with membrane proteins. Commonly used for transport or signal
transduction, SBPs can be found to be associated with ATP-binding cassette (ABC) transporters [27]
and more recently in other membrane protein complexes [28,29].

EPR studies of SBPs have been mainly limited to the maltose transporter MalEFGK2. The
maltose-binding protein (MBP) is associated with the ATP-binding MalFGK2. Hall et al. [30] used both
room temperature (RT) continuous wave (cw)-EPR and low temperature EPR techniques to
demonstrate that there are two modes of ligand binding in the MBP; one being active and the other
inactive, depending on the ligand orientation. They argue that the inactive mode hinders the closure
of MalE, which prevents the complex from interacting with the inner membrane domain. They found
that ligand binding did not affect the mobility of the spin labels attached to the protein, and
deduced that the spectral broadening which occurred upon the addition of maltose was a result of
an increase in spin—spin interaction in the double spin-labelled proteins. Using low temperature EPR
techniques they found that upon maltose binding the

spin distance between the two domains changed from 16.5 to 10.5 A" (1 A° =0.1 nm).

Further to this, Austermuhle et al. [31] used SDSL techniques to study the interaction of MBP with
the transmembrane domain of the transporter. ATP hydrolysis during the closure of the MalK dimer
interface coincides with the opening of MBP. They deduced this from the spin—spin interaction
between spin labels: one on MBP and the other on the transmembrane domain. In a vanadate-
trapped transition state intermediate, all free MBP became tightly bound to MalFGK2 and spin labels
in both lobes were completely immobilized. In addition spin—spin interactions were lost, suggesting
that MBP was in an open conformation.

Building on Austermuhle et al.’s previous work, Orelle et al. [32] discovered that both MBP and ATP
are required for the closure of the nucleotide binding domain (NBD) MalK. Again, the use of SDSL
and cw-EPR spectroscopy was used to study the opening and closing of the NBD. They found that
after ATP hydrolysis the NBD is in a semi-open configuration, which is distinctly different from the
open state. They propose that the release of inorganic phosphate (Pi) happens concurrently with the
reorientation of the transmembrane domain to an inward-facing conformation.

Grote et al. [33] used doubly spin-labelled mutants of the maltose transporter MalFGK2-E to further
investig- ate the mechanism of the transport cycle mediated by transmembrane signalling. The EPR
data revealed that MBP is bound throughout the transport cycle. The reciprocal communication
across the membrane gives information on the effect MalE has on ATPase activity, as they regard it
to be an important mechanistic feature of receptor-coupled ABC transporters.

They suggested that further characterization of the inter- domain relationships during substrate
transport is needed to elucidate details of the conformational changes brought about by the SBP.
They suggest that studies of spin-labelled MalE variants should be undertaken to investigate
distances between positions within both the SBP and the transporter. They note that although their
model is specific to the maltose transporter, similarities may be found in the BtuCD- F complex.



Although it is often used as a model for type 1 ABC transporters, MalFGK2 has some distinct
differences from the vast majority of other transporters of this kind. As such, other transporters
have been studied using EPR. One such system is the histidine transporter, HisQMP2. Sippach et al.
[34] used DEER (or PELDOR) spectroscopy to study the conformational changes of HisQMP2. The
system works with a SBP similar to MalE, HisJ, that has a high affinity for histidine. Their results show
that the distances measured resemble those of the maltose transporter throughout the cycle. In the
presence of HislJ, the closed conformation of the NBDs is found. These observed conformational
changes lead them to propose that there are three different conformations of NBD; open, semi-open
and closed. These conformations are regulated by SBP binding.

Figure 1

A schematic view of how EPR can be used to study membrane transporters using in silico attachment
of spin label rotamer libraries to the crystal structures of P-glycoprotein (Mus musculus, PDB 3G5U,
left) and MsbA (Salmonella enterica, PDB 3B60, right)

Clusters in red demonstrate the use of cw-EPR mobility studies to investigate local structure and
topology; pink shows the use of accessibility studies and paramagnetic quenchers to elucidate local
environment; blue presents the use of pulsed EPR for distance measurements to study
conformational dynamics.
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Figure 2
A comparison of different types of transmembrane transporter

(a) The multidrug transporter P-glycoprotein (Caenorhabditis elegans, PDB 4F4C), an ATP-powered
pump; (b) the uniporter cyclodextrin glycosyltransferase (Bacillus
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Import

Pneumococcal surface adhesin A, PsaA, plays a vital role in the virulence and colonization of the
Streptococcus pneumoniae pathogen [35] and is a vital component of the Mn2 + -specific ABC-type
transporter, PsaBCA permease [36]. The Mn2 + ion serves to negate the effects of oxidative stress on
the protein by neutralizing reactive oxygen species (ROS) [37].

A combination of SDSL and EPR approaches were taken to investigate the protein environment. In
order to determine the conformational flexibility of the PsaA protein, five PsaA variants (L56C, S58C,
$266C, 1125C and 1236C) were labelled with the nitroxide MTSL and characterized using cw-EPR. The
combination of MD simulations and cw-EPR spectra allowed for elucidation of the flexibility of the
PsaA protein lobes, hypothesizing various interactions with other proteins comprising the PsaABC
complex [38]. Since the intrinsic metal (Mn2 + ) is also paramagnetic, these single variants can be
used for distance determination using multi- or rather frequency (34 and 94 GHz) cw-EPR as has
previous been demonstrated [39].

The MolIBC type Il importer transports molybdate ions in bacteria, vital for carbon and nitrogen
cycling [40]. Cw- EPR spectroscopy was applied to MolBC reconstituted into proteoliposomes to
elucidate the transport mechanism; MTSL was used to label the S180C and D173C residues on gates
of MolB, which are responsible for the transfer of molybdate ions through the transporter. It was
deduced that in the presence of ATP the conformation of the periplasmic gate converts to an open
position allowing passage of the substrate. This was seen through an increase in mobility at the
D173C label position. Once ATP was hydrolysed a shift back to the original conformation was noted.
The MolBC-S180C in complex with substrate-free MolA was seen to decrease spin label mobility;
however, on addition of ATP, the S180C label demonstrated increased mobility [41].

PELDOR and cw-EPR have been applied to the maltose ABC transporter MalEFGK2 [33]. MalF-P2
domain double mutants were spin labelled, along with a triple mutant with sites present in the MalK
and P2 domains. For the MalF-P2 double mutant, interspin distances were determined using both
cw-EPR and pulsed EPR methods, allowing for determination of rearrangements of the protein
during ion transport. Furthermore, the labelled MalK domain showed communication between
protein domains, and analysis of the changes of conformation in the cytoplasmic and periplasmic
domains of the ABC transporter highlighted the importance of communication between these two
domains for transport. Shifts in spectra were evident on binding showing the dependence of ATP
and MalE for conformational change of the protein [33].

The conformations undertaken by the BtuCD-F ABC transporter have also been elucidated through
EPR analysis of spin-labelled mutants reconstituted in proteoliposomes. This complex is responsible
for the translocation of vitamin B12 in Escftericftia coli [42,43]. Resulting spectra of BtuCD compared
with BtuCD-F highlighted the differences in conformation adopted. After the addition of BtuF-B12,
coupling between spin labels at residues 141 and 168 within BtuC was seen, suggesting that the
distance between the two labels had decreased [44].

Efflux

The multidrug exporter MsbA shares sequence similarity with a class of ABC transporters, which are
linked to multidrug resistance and cancer [45,46]. PELDOR studies have revealed large-scale
movement in opposite directions in the periplasmic and cytoplasmic parts of the transporter upon
ATP hydrolysis. A 33 A® change in distance was measured upon formation of the trapped post-
ATP hydrolysis intermediate, and inhibited structural changes caused by lipopolysaccharide (LPS)
binding. Results also indicate that ATP hydrolysis powers transport of LPS into an open



cytoplasmic chamber before its translocation by alternating access, involving conformational
changes of 10-20 A° [47].

The Cus CFBA efflux system within E. coli is a copper- regulating system which helps maintain cellular
concentra- tions [48,49]. Combinations of cw-EPR and PELDOR have revealed the importance of
residues M36 and M38 of CusB in both Cu(l) coordination to the CusBNT (N-terminal) domain, and
interaction with CusF. Additionally, it was found that K32 is essential for interaction with CusF —
mutation removed the exchange interaction, suggesting differences in protein folding and
separation of CusBNT monomers. It is thought that mutations of lysine residues might affect the
conformational structure of CusBNT, thereby interfering with Cu(l) coordination [50].

LmrA is a multidrug ABC transporter isolated from Lactococcus lactis that extrudes hydrophobic
drugs from the membrane [51]. Initial EPR studies involved labelling the TMDs in order to analyse
the relationship of drug recognition, transport and coupling with the hydrolysis cycle [52]. PELDOR
later showed that LmrA samples far fewer conformational states upon nucleotide binding when
compared with its apo state; ATP binding alone, rather than hydrolysis, is sufficient to trigger this
change. It is only when the protein cycles back to its apo state that this relatively fixed conformation
is lost. Results strongly suggest that alternating between two states, with distinct differences in
dynamics and structure, is necessary for substrate translocation [53].

Another ABC-type efflux pump of interest is ABCB1 (also referred to as P-glycoprotein, or P-gp),
which confers anticancer therapy resistance. In one study mechanistic details were elucidated from
changes in the mobility and accessibility of spin-labelled transport substrate verapamil with ABCB1
reconstituted into liposomes [54]. Following this, a study used spin-labelled ATP to specifically
investigate the structure and dynamics of the NBDs [55]; results of this support a two-state model of
a resting open conformation with readily accessible NBDs and an ATP-trapped transition- like state
where the nucleotide is buried in the protein. Doubly labelled variants of P-gp in proteoliposomes
were used with PELDOR to obtain distance constraints [56]. Measurements revealed disagreement
with crystal structure data [57]; this, combined with the broad distance distributions indicated high
protein mobility. Shorter NBD interdomain distances were measured following ATP addition. cw-EPR
accessibility experiments were performed on a range of spin- labelled variants in the resting,
nucleotide-bound and post- hydrolytic states [58]. Results were rationalized using MD simulations
and supported models of the protein with a central cavity involved in an alternating access
mechanism.

Facilitated diffusion/secondary active transport

Secondary active transport describes the movement of substrates using the electropotential
difference of a con- centration gradient across the membrane; the movement of ions along their
concentration gradient (i.e. facilitated diffusion) allows the second solute to be transported against
its own electrochemical gradient (i.e. active transport). The simultaneous transport of the ion and its
coupled substrate can occur either together in the same direction (symport) or in opposite directions
(antiport). Multidrug and toxic compound extrusion or multidrug antimicrobial extrusion (MATE)
proteins, small multidrug resistance (SMR) proteins and the major facilitator superfamily (MFS)
represent three of the five major classes of bacterial multidrug efflux transporters [59,60];
specifically, these proteins are responsible for the efflux of harmful or toxic compounds via coupled
proton or sodium cation antiport.



Symport

One of the best known groups of cotransporters is the ubiquitous sodium-solute symport
superfamily (SSS, comprises 11 subfamilies), which utilize the energy harnessed from sodium motive
force to drive the transport of the second solute against its concentration gradient [61].

One of these, PutP (Na+ /proline symporter) has been studied using a range of different EPR
techniques. The earliest study exclusively used RT cw-EPR on a range of spin-labelled variants to
probe label mobility and accessibility [62]. This study supported the then-recently proposed 13-helix
model [63] and focused on several transmembrane domains and loops; spin labels predicted to be
buried in the TMs were more restricted and less accessible than those attached to residues
proposed to sit exposed on the surface with the least restricted and most accessible labels located
towards the middle of the loop regions. Only 2 of the 17 variants indicated any spectral change upon
substrate binding, pointing towards the possibility that the associated areas (TM Il and loop 2)
undergo binding-induced conformational change.

A later study used a combination of cw-EPR and PELDOR to measure interspin distances and how
they change upon substrate binding [64]. None of the double Cys variants demonstrated the dipolar
interactions associated with interspin distances <1.8 nm; PELDOR was required to measure distances
of ~2—-8 nm. However, the data obtained for one pair were contradictory to the cw-EPR data, due to
loop regions being flexible; the broad nature of the associated distance distributions supports this
explanation. The L4/L7 distance was measured to be 4.8 nm; this agrees with the previous model,
indicating that these loops are on opposite sides of the membrane. Subsequent addition of sodium
and proline caused minimal changes.

Another study focused on the structure of the backbone of TM IX, using PELDOR to measure 16
double Cys variants [65]. This TM domain had recently been suggested to be involved in the
translocation pathway [66]. The results of the measurements determined that this transmembrane
domain was kinked; the bend was suggested to act as a hinge, sealing the inward-facing cavity upon
substrate binding and opening for substrate release into the cell.

A more recent study specifically targeted extracellular loop 4 (EL4), proposed to act as a gate to
ligand binding sites [10,67]; the study used cw-EPR to investigate mobility, polarity and accessibility
profiles, and PELDOR to measure interspin distances of PutP reconstituted into liposomes. The
results of these studies show that EL4 consists of two a- helices connected by a loop region (similar
to LeuT and vSGLT). One of the residues within EL4 is demonstrated to have hydrophobic contact
with the cTM1 (ten of the TMs of the 13-helix model are ‘core’, or cTMs), sealing the extracellular
gate upon substrate binding.

Another member of the SSS is Mhp1, a Na+ /benzyl-hydantoin symporter, believed to operate via
the alternating access model [68,69]. A single EPR study on this system has been published, using
PELDOR to determine interspin distances to investigate the movement of transmembrane domains
under different ligand conditions [70]. The results of the study indicate that sodium binding does not
induce a conformational change; instead it is the second substrate (in the presence of sodium) that
shifts the conformational equilibrium. This is contrary to previously published crystal structures and
suggests that LeuT-fold proteins may have at least two different coupling mechanisms.

The small hydrophobic amino acid transporter LeuT is a bacterial homologue of the
neurotransmitter/sodium symporter (NSS) family, one of the subgroups that make up the SSS. It is
responsible for the cotransport of leucine and sodium cations and is a homodimer [71] although this
is disputed. Only a single EPR group has studied this protein, using mobility and accessibility



experiments alongside measurements of distance constraints [e.g. 72]. These studies reported
results that suggested that the crystal structures at the time represented inhibited conformations.

BetP, a Na+ /glycine betaine symporter, is one of the most studied osmo-regulated uptake systems;
it is another member of the LeuT-fold group of proteins, physiologically existing as an asymmetric
homotrimer [73,74]. An EPR study using cw- and pulsed EPR methods [75] resulted in determination
that the C-terminal domain weakly interacts either with corresponding domains in adjacent BetP
monomers, or with the lipid bilayer (the latter agreeing with a proposed functional model) [76]. It
was also suggested that the packing within the trimer determined from experimental distance
constraints differs significantly from that seen in the crystal structures.

The galactose permease GalP system is involved in monosaccharide transport using chemiosmosis. It
is a member of the MFS; it has a 12 transmembrane a-helix fold with both the N-terminus and C-
terminus located in the cytoplasm [77]. Crystallography of the protein reconstituted into liposomes
shows that it exists functionally in trimers [78]. Conventional cw-EPR (i.e. label mobility studies) and
saturation transfer EPR techniques showed that the labelling site was oriented into a densely packed
interhelical region and that the packing of the helices is less tight than the proposed models [79].
Prior to the publication of any crystal data, EPR was used to investigate the stoichiometry and
selectivity of the lipids around the protein in a membrane environment [80].

Another member of the MFS is LacY, a H+ /B-galactoside cotransporter; the crystal structure was
first solved in 2003 [81], with various structures published since; it is purported to function via the
alternating access model [82]. Distance measurements performed using PELDOR appear to support
this assertion, with ligand-induced conformational changes resulting in opposite movements of the
cytoplasmic and periplasmic ends of the transmembrane bundles [83].

GltPh is found within chemical synapses and couples aspartate transport to the symport of three
sodium ions within synapses. PELDOR measurements on twotrimerization-domain mutants
taken for both the apoprotein, and the protein in the presence of coupling ions and substrate
indicated that the trimerization-domain forms the stable core. Measurements performed on
mutants of transporting domains showed sampling of multiple conformations in all states to similar
extents; this is consistent with large- scale movement during the transport cycle. Conformations
favoured in the membrane environment are different from those favoured in detergent micelles
[84]. A simultaneous study by Georgieva et al. [85] demonstrated that the domain motions involved
in the outward-to-inward transition occur both in detergent and in membranes, and energies of the
outward-facing and inward-facing states were similar both in the presence and absence of substrate.

Antiport

Among the most studied and best characterized antiport systems is NhaA of E. coli, a Na + /H +
cotransporter thought to regulate pH and use proton motive force to expel sodium [86,87]. cw- and
pulsed EPR techniques were used to confirm the assertion that this protein can exist as a dimer [88].
Further experiments suggested that the dimerization equilibrium is moderately pH-dependent.
Building on this, NhaA was reconstituted into liposomes in conjunction with PELDOR to determine
the physiological dimer structure [89]. Two points of contact within the homodimer were found,
contradicting preceding high-resolution crystal and cryo-EM data (though it is stated that further
investigation with varying pH is required to confirm or refute these claims). NHE1, or Na+ /H +
exchanger isoform 1, is one of nine mammalian isoforms similar in structure and function to the
bacterial NhaA protein; studies of this protein have been based on the structural model of NhaA,
with EPR being used to map and measure distance constraints to support this [90]. OxIT, a member



of the MFS, is responsible for the exchange of oxalate for formate in Oxalobacter formigenes [91].
Much of the work done on this system has been modelled on other members of the MFS, many of
which are mentioned in this review (e.g. LacY, GalP etc.). PELDOR was used to measure long-range
distances and it was found that OxIT adopts the inward-open and outward-open states in the
presence of substrate [92]; this is contradictory to previous homology- modelled predictions, which
suggested the conformation in which the cytoplasmic side is sealed and periplasmic side is open
would not be significantly populated.

Pho84 is an MFS phosphate/H+ antiporter of Saccftaro-myces cerevisiae. The crystal structure of the
protein has not been solved, but has been modelled on other MFS members; a cw-EPR label mobility
study has been used to investigate the accuracy of a homology-modelled structure using GItP [93].
Results were promising, suggesting the model was accurate, though further studies would be
required to confirm this as not many sites on the protein were sampled.

LmrP is an MFS multidrug transporter from L. lactis that couples proton translocation to the
extrusion of cytotoxic molecules [94]. Initial EPR studies undertaken gave evidence of distinct
structural changes upon ligand binding orprotonation of specific residues; — most profound was
the rearrangement of helix XIll upon substrate binding, strongly indicating that the C- and N-terminal
interface plays an important role in controlled drug access [95]. Subsequent cw-EPR and PELDOR
studies suggest alternation between outward-open and outward-closed conformations, caused by
protonation of specific residues, allowing a transmembrane protonation relay. A model was
proposed involving the initiation of transport via substrate binding and opening of the extracellular
side, after which specific residue protonation causes substrate release on the extracellular side. This
also causes a number of conformational changes leading to proton transfer and release to the
intracellular side [96].

NorM of Vibrio paraftaemolyticus was the first multidrug and toxic compound extrusion (MATE)
protein to be classified and is one of the best-studied so far; several conserved acidic residues in
membrane-embedded regions have been identified that take part in Na+ -coupled transport [97] but
the mechanism of substrate binding could not be elucidated from crystal structures.

MATE proteins were first categorized for bacteria but have also been found in mammalian and plant
cells and are believed to be universally present in all living organisms [59,98]. It has been
demonstrated that MATE proteins play an important role in antimicrobial resistance of bacteria,
making them an attractive potential target for novel antimicrobial and anticancer drugs [99],
whereas in plants they contribute to homoeostasis by secretion of waste products and detoxification
of metals, and in mammalian cells it is likely that they mediate final excretion of toxic organic cations
[98].

Many MATE proteins are known to be Na + /drug antiporters although some transporters have been
discovered that use protons instead of sodium cations, like PmpM of Pseudomonas aeruginosa or
hMATE1 in human liver, kidney and skeletal muscle cells [59].

MATE proteins show a wide range of substrate specificity among which fluoroquinolones like
norfloxacin are sub- strates for almost all of the transporters. Each transporter can pump out several
of a growing list of identified compounds with very different chemical structures, from cationic dyes
and intercalators (e.g. ethidium bromide or doxorubicin) to aminoglycosides (e.g. kanamycin and
streptomycin) or B- lactam antibiotics (e.g. ampicillin) [59].

The structure of MATE family proteins shows 12— 13 a-helical transmembrane segments (TMS)
[100]. Steed et al. published an EPR study on Vc-NorM, using the spin-labelled substrate homologue



Ruboxyl as paramagnetic probe to gather information on location and mechanism of substrate
binding and expected translocation of substrate in Na+ presence. Quantitative results for substrate
binding (both in the presence and absence of competitors) and Na+ -dependence were gained from
cw-EPR lineshape experiments. Multiple modes of substrate binding were detected from the data,
with one high affinity binding site and non-specific binding in case of substrate excess.

DEER experiments were used to locate the high-affinity binding site. Vc-NorM was spin-labelled at
six periplasmic sites and one cytoplasmic site in order to identify the substrate position in crystal
structure scaffolds of Vc-NorM [101] and Ng-NorM [102]. Results point to one membrane-embedded
high-affinity substrate-binding site at TMS 7, close to the loop at TMS 7/8 that probably shifts upon
substrate/ion binding. Cw-EPR lineshapes also showed that addition of known substrates as
competitors for Ruboxyl binding led to reduction in Ruboxyl binding to the high-affinity binding site
to approximately 50 %.

Highly interesting was the discovery that Na+ concentration, varied from 0 to 100 mM, did not have
any effect on substrate binding nor did it trigger substrate translocation. The lack of Na+ -
dependence for Ruboxyl binding supports the theory that MATE transporters (or at least NorM) do
not operate according to the classical mechanism of antiport but via a transport cycle comprising
multiple equilibrium states that depend on a Na + gradient rather than Na+ concentration.

SMR proteins are specific for a vast variety of substrates, including quaternary ammonium
compounds (QAC), other lipophilic cations and a multitude of detergents, antiseptics, cationic dyes
and antibiotics [103—105].

Main substrates of EmrE are tertiary and quaternary bulky aromatic cations and other positively
charged hydrophobic compounds. Substrates bind at Glu-14 embedded in TMS 1 and the extrusion
mechanism using the pmf is well characterized, although it is not yet fully understood on a structural
basis. EPR and SDSL were used to further elucidate the structure and its conformations involved in
the transport cycle.

The oligomerization state was investigated by Koteiche et al. (2003) using cw-EPR and SDSL,
concluding in agreement with other studies that it forms a homodimer [106,107]. The question of
topology of the dimers is still discussed as arguments for both parallel and antiparallel topology can
be found [108-110]. Both cw-EPR [106] and pulsed EPR [111] of spin-labelled EmrE pointed towards
a parallel topology which would also be the conformation with least bias within the membrane.
More recent cw-EPR results though [112] support antiparallel topology. In this study, spin labels
were introduced along the axes of the TM helices to gain more insight in topology and
conformational changes upon substrate binding. Accessibility assays with 02 and NIiEDDA (Ni(ll)-
ethylenediamine-N,Nr-diacetic acid) with and without TPP+ as substrate were performed. Both
NiEDDA and 02 function as paramagnetic relaxants and their collision frequency with spin label,
resulting in characteristic changes in EPR spectra, allows conclusions on the environment of the
particular spin label. NiEDDA is only soluble in aqueous phases whereas 02 enters only the
membranes and thus, membrane boundaries and lipid- facing or water-exposed residues can be
identified. EPR results showed, that a putative symmetric interchange from apo to substrate-bound
intermediate could not be verified by the data. Instead, a permeation pathway of the substrate
through the asymmetric dimer was suggested. Both for further elucidation of substrate transport by
EmrE and for the still unresolved question of topology, Amadi et al. suggest long range distance
measurements.



EmrD is a member of the MFS. MFS transporters are ubiquitous; in bacteria they are mainly used for
nutrition uptake and extrusion of harmful compounds. They consist of 12 TM helices, have two
pseudosymmetrical halves and likely transport substrates via alternating accessibility of a central
cavity.

EmrD from E. coli is the only structurally characterized multidrug/H+ antiporter (DHA) of the MFS so
far [1,113,114]. The crystal structure revealed a doubly occluded conformation with unexpected
features and an EPR study [114] followed to assess the structure in a more native-like environment
in unilamellar liposomes. In this study, 76 EmrD mutants with spin labels introduced along their TM
helical axes were investigated using cw-EPR. Information gathered from EPR lineshape and from
accessibility assays with 02 and NiEDDA were mostly consistent with the crystal structure, although
major deviations were found for the orientation of TMS 5 and the topology of TMS 10 and 11.

Furthermore, EPR results showed pH-dependent con- formational changes that led to opening of a
cytoplasmic cleft at TMS 2—4 in the N-terminal half of EmrD, a region containing the MFS signature
GxxxD(R/K)xG and conserved amino acid residues Asp-68 and Asp-123 that could play a crucial role
in H+ transport, and alongside mediated movement of TMS 6 that reduced accessibility at the
periplasmic side. Thus, Steed et al. could confirm a pH- dependent conformational switch in EmrD
as expected for a multidrug/H+ -antiporter. Structural data on substrate binding and transport by
EmrD in vitro and in cell-based assays the authors questioning the suitability of EmrD as a model for
other MFS DAH transporters.

Conclusions

Knowledge of protein structures at atomic resolution is essential to understand function. Although
crystallography remains the mainstream method to obtain structural inform- ation, crystal structures
of dynamic membrane transport proteins are difficult to derive, and often crystallography only
provide static snapshots. Indeed, very few membrane proteins have been crystallized in more than
one conformation. Knowledge of such structural and conformational changes is a key to understand
how membrane transporters translocate substrates across the membrane EPR spectroscopy can, in
principle, provide such complex dynamic information over a large range of distances, allowing for
measurement of distances, environment and protein dynamics. Taken together with the structural
information of protein snapshots from crystals, EPR has the power to enhance our understanding of
the complex functional dynamics at play in important macromolecular protein complexes such as
membrane transporters.

Late Professor Steve Baldwin was at the forefront of embracing such new techniques and
recognizing the power of new and complementary approaches to resolving struc-
ture/function/dynamics relationships in complex molecular machines. With this review we hope to
demonstrate that, just as Steve recognized, EPR is well on its way to becoming fully integrated into
the structural biologist’s arsenal of tools.
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