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Abstract:

ABC transporters are primary active transporters found in all kingdoms of life. Human
multidrug resistance transporter ABCB1, or P-glycoprotein, has an extremely broad
substrate spectrum and confers resistance against chemotherapy drug treatment in cancer
cells. The bacterial ABC transporter MsbA is a lipid A flippase and a homolog to the human
ABCBLI transporter, with which it partially shares its substrate spectrum.

Crystal structures of MsbA and ABCB1 have been solved in multiple conformations,
providing a glimpse into the possible conformational changes the transporter could be going
through during the transport cycle. Crystal structures are inherently static, while a dynamic
picture of the transporter in motion is needed for a complete understanding of transporter
function. Molecular dynamics (MD) simulations and electron paramagnetic resonance (EPR)
spectroscopy can provide structural information on ABC transporters, but the strength of
these two methods lies in the potential to characterise the dynamic regime of these
transporters. Information from the two methods is quite complementary. MD simulations
provide an all atom dynamic picture of the time evolution of the molecular system, though
with a narrow time window. EPR spectroscopy can probe structural, environmental and
dynamic properties of the transporter in several time regimes, but only through the
attachment sites of an exogenous spin label. In this review the synergistic effects that can be
achieved by combining the two methods are highlighted, and a brief methodological
background is also presented.

Introduction:

Knowledge of the molecular structure of membrane proteins is essential to understand their
function. Most direct structural information is derived from X-ray crystallography as well as
Nuclear Magnetic Resonance (NMR) spectroscopy and currently to a lesser extent from
electron microscopy. These methods suffer from challenges, which are difficult to overcome
when studying proteins in their native cellular environment. All these methods typically
require overexpression and purification. Additionally, X-ray crystallography measures protein
structures within the confines of a regular assembly of a single crystal. The assembly of
proteins into the regular raster of a crystal often comes with the burden that typically only a
single conformation is selected. All other conformations may remain unobserved, which are
accessible in the membrane environments. The requirements of crystal structure formation
also dictates a change in the molecular environment as membrane proteins have to be
extracted from the membrane and solubilized in micelle-forming detergents. There are
numerous examples in the literature and in the PDB database, which demonstrate that
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membrane proteins are especially susceptible to conformational changes due to
environmental changes [1, 2]

NMR spectroscopy can measure proteins in solution and macromolecular complexes with
interaction partners. Its biggest challenge is the size limitation for structure determination.
Until recently proteins and protein complexes above 35 kDa [3] were considered difficult to
study using high-resolution solution NMR technigues, although advances in solid state (SS-
NMR) are starting to address this problem [4,5].

In addition, these methods quite often only observe static structures making the study of
dynamic or flexible molecular machines much more difficult, although NMR can in principle
obtain dynamic information. Hence biophysical methods are needed which can provide both
structural and dynamic information on the molecular architectures. Both fluorescence-based
(e.g. FRET) and electron paramagnetic resonance (EPR) - based techniques are very
powerful in this respect, offering reliable and precise distance determination in the range 1.5
- 10 nm. The methods have the potential to be applied at the single molecule level and
provide real time dynamics over several time scales. Much of the observed experimental
data requires analysis and interpretation, which invariably necessitates input from
computational chemists. In this short review we will briefly describe and review the EPR
approach to studying the structure and dynamics of ABC transporters as well as molecular
dynamics (MD) approaches to structure determination. The future synergies of both
methods, especially in combination with classical structure determination methods will be
highlighted.

EPR: EPR spectroscopy is a spectroscopic technique that detects unpaired electrons. This
magnetic resonance technigue has been around for over 70 years (since its first observation
by E.K. Zavoiskii in Kazan, in the Tartar republic of the then USSR in 1944). After its
development as a fundamental physical spectroscopic technique it quickly developed into a
popular biophysical tool focussing especially on intrinsic paramagnetic species contained
with electron-transfer proteins and metalloproteins, both soluble and membrane spanning.
The method has since developed immensely in quite a similar way to NMR, albeit at a much
slower pace due to the higher technical demands imposed by the intrinsic properties of an
electron spin as compared to nuclear spins which today results in a broad arsenal of EPR-
based methods to study and characterise paramagnetic centres [see 6 for a general review
of EPR methods and 7 specifically for biological applications] Together with the recent
developments in site-directed spin labelling (SDSL), an EPR technique which allows site-
specific protein labelling, this biophysical tool has now expanded its scope for applicable
systems to a broad range of diamagnetic proteins including ABC transporters [e.g. 8-11].
Over the past 10-15 years SDSL has become well-suited and widely used to study small
soluble proteins, RNA, DNA, membrane proteins and large protein complexes providing
information on protein structure, and more recently dynamics and conformation change. This
has been made possible primarily by advances in both instrumentation - increases in
spectrometer performance and sensitivity [13,14] - and spectral analysis and much more
recently by the development of differing types of label molecule (see Figure 1)

When considering using SDSL and EPR to study ABC transporters there are a number of
key questions that need addressing such as the ability to make functional variants, the
choice of labelling site, the choice of paramagnetic label. The most common stable spin
labels are attached to a protein through chemically modifying a cysteine residue with a
sulfhydryl reactive nitroxide (Figure 1). These nitroxide moieties are relatively inexpensive
and the EPR technique is very sensitive requiring sample of only a few tens of picomoles.



Continuous wave EPR at X-band frequencies (9 GHz) already offers a wide range of
experiments to study macromolecular structure and dynamics. From simple spin label
scanning [15], through to basic line shape analysis (figure 2a) [16] and power saturation
measurements [8, 17] as well as accessibility experiments [18] and short range dipolar
interactions [19, 20].

Such experiments offer detailed insight into secondary structure elements, conformational
change, membrane topology as well as correlating localised site accessibility to global
conformational change and measuring distances up to ca. 2nm all relevant to the
mechanistic understanding of ABC transporters.

It is, however, the developments in pulsed EPR at X-band (and other) frequencies that has
opened up this spectroscopy to delivering long-range (2-10 nm) structural constraint
information. Being able to engineer and label at two distinct sites using SDSL allows EPR to
determine distances and distance distributions (and in some cases relative orientations)
between two labels at these sites using Double Electron Electron Resonance (DEER) aka
Pulsed ELectron Double Resonance (PELDOR) spectroscopy [21, 22] at cryogenic
temperatures. For recent reviews see [23, 24]. Double Quantum Coherence (DQC) [25, 26]
and relaxation-induced dipolar modulation enhancement (RIDME) [27, 28] are other, less
commonly applied, but nonetheless powerful techniques for distance determination in
proteins.

Compared to NMR or X-ray studies the SDSL methodology does not yet (but see 29-31]
provide global structural models but rather contributes sparse structural constraints.
Fluorescence-based methods such as FRET (Fluorescence resonance energy transfer) are
also very powerful tools in this respect since they can provide real time dynamics over
several time scales, however they lack precision when quantifying distance or determining
distance changes [32, 33].

A plethora of supporting analysis packages are available to analyse these sparse constraints
the most popular of which include DEERanalysis [34], a multiscale modelling of molecular
systems software package (MMM) [35] and MtssIWizard [36]. Figure 2 (b) demonstrates
the use of MMM to attach a spin label in silico to an ABC transporter. In the first instance it
can report on the feasibility of a specific position to be successfully labelled. Further it
calculates the number of possible stable rotamers at specific sites and can ultimately offer
distance distribution profiles between pairs of labels.

Clearly there are questions to 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 20K; are purified, detergent-solubilised membrane
proteins true reflections of a functional protein in a membrane. It is exactly in these areas
that developments are being made, including determination of longer distances [38],
distance editing [39], resolving not only distances but also relative orientations [40-42],
measuring distances under physiological conditions [43] or in native environments (whole
cells or oocytes) [44, 45]. To summarise, 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 ABC
transporters.

Molecular Dynamics (MD) Simulations: MD simulations are a computational technique
that allows the investigation of structure, dynamics and time evolution of a system. Typically
one copy of a protein or a larger complex is studied with atomic resolution either in water or
membrane embedded. The level of detail necessary for a theoretical description of the




system under study has to be answered initially, and is accompanied by several fundamental
consequences. Are chemical reactions and the breaking of bonds involved, are the details of
the electronic structure essential? If the answer is yes, then quantum mechanical methods
are imperative. Biological systems are dominated typically by Van der Waals and Coulomb
interactions, which allow for a classical description of the system, implicit electrons, and the
description of atoms and molecules in terms of classical force fields. The computational
effort is several orders of magnitude lower. The most widely used classical force fields are
AMBER [46], CHARMM [47], GROMOS [48] and OPLS [49]. In essence molecular dynamics
(MD) simulations solve Newton’s equation of motion [50] to propagate the system in time.
Simulations provide a trajectory of the time evolution and of the involved conformations. If
sufficient sampling is achieved, probability distributions can be extracted and related to free
energies [51]. In theory all properties that depend on conformations can be derived from
simulations. The size of a system containing a membrane protein and the simulation length
required to observe a full transport cycle do not typically allow one to obtain trajectories in
which all relevant conformations are visited. Special treatments are therefore required as
described below.

The most widely used EPR label MTSSL has five flexible bonds (Figure 1). It has been
observed that interconversion between conformations is slow (on the MD timescale) also for
unrestricted labels (in the nanosecond time regime) becoming a challenge for correct
Boltzmann-weighted conformational sampling by MD [52]. The flexibility of this label has the
advantage that it can be incorporated in almost any position of the protein. The disadvantage
is that interpretation of the PELDOR/DEER signals in terms of structure and structural
changes is challenging. Typical distance distributions determined by EPR are often broad
and multimodal. The uncertainty can have several causes, e.g. (i) the protein may be very
flexible or adopt several conformations; (ii) the EPR label might be rigidly positioned or might
be flexible, positioned in a conformational ensemble that is not uniform, which would lead to
bimodal or multimodal distances detected by EPR.

This label flexibility also challenges structural modelling, because different structural
behavior (different protein conformation vs. changes in label conformational distribution)
could potentially lead to the same EPR signal. It is therefore often not unambiguously
possible to determine protein structure from such a limited data set as provided by EPR
alone. Information from other sources could provide sufficient additional structural restraints
(especially protein structures) that unambiguous structural interpretation becomes feasible.

Prediction of EPR spectra: Structural interpretation typically starts from a model of the
protein. The simplest or zero order approximation normally ignores the label side chains and
thus only takes into account the distances between the Ca — Ca atoms of the two EPR label
carrying residues. This approach is simple, fast and allows for an order of magnitude
estimation without the requirement of modelling of the EPR label.

Methods exist that start from a three-dimensional protein structure and estimate the label
position and distribution using library approaches, such as PRONOX [53], the MtssIWizard
[36] or the multiscale modelling of molecular systems software package (MMM) [35]. These
packages typically require as input the three-dimensional structure of the protein and the site
of label and then predict the ensemble of conformations the spin label can adopt. Distance
distributions and EPR spectra can than be subsequently predicted. These methods have
shown higher-quality results than distances estimated from Ca — Ca atoms distances and
also allow to estimate if the input protein conformation is actually compatible with
experimental EPR data.



Molecular dynamics or Monte Carlo simulations are also a promising approach because they
have the potential to determine a Boltzmann-weighted conformational ensemble for the EPR
label. The EPR label has been parameterized for the most commonly used force fields
CHARMM [54], Amber [55], GROMOS [11, 56] and OPLS [57]. Literature reports indicate
that the computational burden is very high for correct and complete sampling [58]. It is
inherently difficult to estimate if completeness of sampling has been achieved, resulting in
varying precision for the prediction of spin pair distances within the same protein. The
reasons for the varying degree of sampling completeness are many. The simulation length
may be too short in comparison to the energy barrier height separating multiple sub-
populations of conformations: energy barriers can originate from insufficient sampling of the
spin label rotamers, specific interactions with protein side chains or restrictions in the
transition between sub-states due to a narrow transition point connecting them.

One of the main limitations for the application of MD simulations to generate a
conformational ensemble is the required computational effort. A correct description of the
protein environment (water, membrane, ionic concentration) is crucial for the correct
behavior of a proteins. A large share of the resources is only used to simulate environment,
however in the analysis the focus is on the protein. Clearly a simplification of the
environment would be desirable and could lead to a significant speedup of the simulations.
This is possible, if the protein conformation does not change and no dynamic effects are
expected. The protein backbone can be restrained to the conformation observed in the
crystal and the environment represented by an implicit solvent model or simulations can be
carried out in vacuum using the Langevin integrator. Simulated annealing protocols or short
high-temperature simulations can be applied to speed up the conformational phase space
search. A comparison of experimental data of the vinculin tail with distances derived from
simulations indicated that a short MD at 600 K in vacuum report experimental data better
than simulations in water at 300 K [59], but both approaches showed an improved
correlation over predictions calculated on the basis of Ca atom distances alone. The most
likely reason for the poorer performance in explicit water is that the simulation times were
still too short for proper sampling. A temperature of 600 K in simulations does mainly mean
an increased speed in the conformational phase space sampling.

An interesting approach to reduce computational burden has been recently introduced [58]. It
uses the concept of dummy atoms/residue, which can be chemically/physically impossible. If
parametrization is done properly, they generate correct Boltzmann-weighted, conformational
ensembles of the property of interest, while simplifying those interactions that hamper
correct sampling. A dummy spin label has been developed which does not seem to suffer
from the slow sampling speed of an all-atom representation of the EPR label. The dummy
label has been parameterized against exhaustive all atom MD simulations of the same label.
The advantage of the dummy EPR label consists in a smoothed energy hypersurface,
thereby achieving a much faster sampling, while maintaining proper conformational
sampling. Correlation between measured and predicted DEER distances improved
considerably compared to the classic approaches (Ca atom based distances, application of
rotamer libraries, MD simulations) [59].

Structure prediction using experimental EPR data as input: Typically PELDOR or DEER
data provide distances between two (or more) spin labels. These EPR-derived distances can
be used directly to position domains relative to each other. As described above,
unambiguous positioning of domains relative to each other is challenging, because this is an



underdetermined problem due to the EPR label's flexibility. The degrees of freedom of
positioning domains are larger than the degrees of freedom derived from the EPR
measurements. The prediction of protein conformation using EPR data is challenging
because in this case the position of the Ca atom relative to the spin label is not known.
Approaches have been developed to address the challenge by including all atom information
into the modelling process.

The modelling approach RosettaEPR [29, 30], which is based on the Rosetta program, has
been developed that can include EPR data as input restraints. Prediction of the conformation
of the MTSSL label (side chain) is based on conformational information derived from crystal
structure of T4-lysozyme and MD simulations. Comparison between crystal structures and
models revealed that the rotamer prediction accuracy of the MTSSL conformation is in line
with the accuracy of the 20 natural amino acids, which is above 90% in the protein interior
and ~50% at the protein surface.

Haddock is a protein docking program that can include restraints from EPR data to guide the
search process to predict the conformation of the protein complex [60]. A method called
restrained-ensemble Molecular Dynamics Simulations [61] that include EPR distance
histograms in the refinement process of protein models.

ABC transporters; We will not aim to cover all the published EPR and MD data on the
family of ABC transporters since this is a huge area. Instead we aim to focus on MsbA and
ABCBL1 since in the former case there is great deal of structural and spectroscopic data
available, while in the later there have been recent reports combining results from both EPR
and MD experiments. We aim to highlight the main outcomes of a number of key
publications and emphasise where and how synergies have and could be achieved in the
future.

EPR investigation of the conformation of MsbA: The lipid A flippase MsbA is a multidrug
exporter which has been crystallised in both the outward and the inward conformation (PDB
IDs: 3B5W, 3B5X, 3B5Y, 3B5Z, and 3B60 [62]. MsbA shows the same fold as Sav1866 [63]
and all other ABC exporters from the ABCB family published to date. MsbA has been well
studied using EPR spectroscopy. Transmembrane helices 2, 3, 4, 5, and 6 have been
extensively investigated for their accessibility to water and/or to lipid by quenching of the
EPR signal by NiEDDA and molecular oxygen O,. Transmembrane helices 2, 3, 4 and 5
revealed a clear helical pattern of membrane-exposed helices, while helix 6 was found not to
be membrane- or water-exposed [8, 64]. Ref 8 indicated significant differences to the MsbA
crystal structure, with which it was published back to back in Science in 2005. The crystal
structure was actually later retracted and republished in its corrected form [62], implicitly
confirming the original EPR results. Changes in structure were found between the nucleotide
free and the ADP-vanadate trapped state both at extracellular and the intracellular sites, but
not in the transmembrane helices.

Distance measurements using DEER [65, 66] revealed a large change in spin label distance,
which became increasingly larger towards the NBDs. This nucleotide-free state was found to
be mainly open to the inward side, while the ADP-vanadate trapped state and the AMP-PNP
[10] state showed NBD-NBD contacts.

Large differences (up to 2 nm) between adjacent residues indicated that the EPR distances
represented a convoluted signal between protein conformational changes and changes in
label mobility. Comparison between the crystal structures and the EPR results (in detergent)
indicated that the crystal structure might overestimate the conformational changes, while
EPR results obtained in liposomes revealed even lower amplitudes (Figure 3).




Introduction of EPR spin labels at the NBD dimer interface into the Walker A and B,
signature motif, and H loop showed limited mobility of the labels in cw-EPR spectra, which
did not differ between the nucleotide-free state and in the presence of ATP [9]. Addition of
vanadate or ADP revealed only a few instances of a decrease in mobility, while the mobility
of labels e.g. in the Walker B motif did not differ between the various nucleotide-bound
states. A large portion of EPR data has shown that the NBDs become flexible in the absence
of nucleotides and dissociate to a large extent. The data from the Walker B motif are not
consistent, suggesting that the two spin labels within the NBD interface might have induced
a change in the distribution of conformations by potentially stabilising a closed NBD dimer
already in the nucleotide free state.

Mutation of the H-loop histidine H537A and especially the catalytic E506Q strongly reduced
ATP hydrolysis rates and blocked transporter function above background level, while the
binding affinity of ATP and analogs remained almost unchanged [68]. EPR label mobility
determined (labels were attached to Walker A and B, signature motif, and H loop) by cw-
EPR line shape analysis revealed that both mutants showed similar mobilities in the
nucleotide-free as well as in the nucleotide-bound state, while DEER distance analysis
indicated substantial populations of NBD-NBD associated dimers already in the nucleotide-
free state.

Computational investigation of the conformations and dynamics of MsbA by MD: MD
simulations have been used to directly investigate the conformational transitions between
the crystal structures. The transition from the outward facing to the inward facing
conformations was studied using targeted MD, where an external force was added to the
system to impose the transition [69]. In repeated 0.5 and 1.0 ns long simulations it was found
that the NBD’s are the first domains which react to the applied external force. The NBDs
demonstrated increased resistance against the externally applied force in the presence of
ATP, in line with crystallographic data and results from EPR. Results from targeted MD or
steered DM in isolation are difficult to interpret at simulations length significantly below 100
ns, because the conversion is very fast, thereby not giving the transporter enough time to
react, increasing the danger of producing artefacts. The targeted MD results could not be
reproduced using steered MD simulations using a much slower rate constant [70].

Unbiased simulations [71] of 100 ns, starting from the outward facing conformation, showed
that the transporter was conformationally dynamic at both the extracellular site and at the
level of the NBDs in the apo state. The presence of ATP in the substrate binding site
resulted in an MsbA structure which was structurally very stable at both sides of the
membrane.

The application of a biasing potentials to investigate conformational changes in membrane
transporters is necessary, because the processes are far too slow. The difficulty arises from
the design of the bias, which must be carefully controlled and should not lead to unrealistic
structural changes. Comparison with experimental data is imperative. If carried out properly,
MD simulations can lead to more detailed insights, because the positions of all atoms and
the associated forces and energies are known. The path of the structural conversion from
the outward-facing conformation to the inward-facing conformation has been investigated
using a complex and system-specific biasing protocol [70, 72] that used predefined biasing
directions derived from available crystal structures. This approach identified a sequence of
conformational changes consisting of periplasmic and cytoplasmic opening and closing of
the TMD, NBD separation and the twisting motion of TMD vs. NBD. A low-energy path for
interconversion between the conformations could also be identified. The free energy of the



transition from the inward-open to the inward-occluded conformation indicated that the
conformation as observed in the crystal structure of nucleotide free MsbA is not the most
stable conformation of the membrane-inserted transporter [70, 72, 73]. The energy of the
NBD associated inward-closed state was only slightly higher than the free energy of the
global minimum of slightly separated NBDs. A large range of conformations were accessible
at room temperature, in line with the observation of a more closed and dynamic state of the
nucleotide free MsbA measured using EPR.

The behavior of lipid surrounding MsbA in three conformations [74] showed that a ring of
annular lipid formed, which was not homogeneous. Distortions of the membrane bilayer
structure were observed and also lipid molecules reaching into the substrate binding site.

ABCBL1: The multidrug resistance protein ABCB1 has been studied extensively and there
have already been several EPR approaches that have used spin labelled moieties such as
labelled ATP [75] as well as labelled transport substrates (e.g. spin labelled verapamil [76] to
probe mechanism. In addition several papers have used MD, but the difficulty associated
with purification and reconstitution of functional ABCB1 in high amounts has limited the
applications of EPR to the study of ABCB1. The focus of this review is on the synergistic
application of EPR and MD and we have limited ourselves to recent publications which
compare results from these methods and/or synergistically use them.

Conformational dynamics and separation of the NBDs in the mouse ABCBL1 transporter have
been investigated by EPR and directly compared to MD simulations [77]. Three cysteine
residue pairs (K615C-S1276C, A627C-K1260C and R613C-A1258C) were introduced in an
otherwise cysteine-less ABCB1. The mutant transporters were labelled with MTSSL and
reconstituted into micelles. DEER measurements of the three label pair showed consistently
a broad distribution of distances in the nucleotide free state. Distances were both longer and
shorter than found in the crystal structure of mouse ABCB1 (PDB ID: 3G5U [78]. The large
range of distances pointed towards protein mobility and a wide variation of interdomain
distances of the NBDs. MD simulations were initiated from the inward-open structure of the
mouse ABCB1 (PDB ID: 3G5U) [78]. The simulation data were in line with the DEER
measurements and showed that the transporter adopted a wide range of conformations.
Interdomain separation ranged from 3 to 5 nm. Addition of ATP changed the range of NBD
separation, preferring shorter separations. Each system was simulated three times.
Convergence could not be achieved, indicating that the time scales of NBD motion are much
longer than that accessible by MD.

Reaching orders of magnitude longer trajectories will require faster computer systems.
Moore’s law predicts that the computer power double every 17-18 months, indicating that it
might be possible to carry out these unbiased simulations in 10 years from now. If the path
of the conformational change can be defined correctly, then free energy path methods as
the Potential of Mean Force calculations [79] (see above simulations of MsbA [70, 72, 73])
can derive the conformational ensemble from the energy profile along the reaction path. The
information is equivalent with respect to a Boltzmann weighted distribution of protein
conformations necessary to compare to EPR data, but requires much less computational
effort. Correctly defining the path of conformational changes at the atomic level remains the
biggest challenge.

A recent investigation into the alternating access mechanism in ABCB1 has been performed
using SDSL with cw-EPR spectroscopic methods and by rationalising this data with MD



simulations to describe the conformational changes that the central cavity undergoes during
translocation [11]. This investigation was driven by the recent structural data from the murine
and Caenorhabditis elegans homologues of ABCBL. It should be noted that while these
structures were obtained in the absence of nucleotide, a common feature was the presence
of a central cavity that is inaccessible from the extracellular face of the protein. Several
residues, proposed to line, or reside proximal to, the central cavity in the transmembrane
helices TM6 (331, 343 and 354) and TM12 (980) were mutated to cysteine and labelled with
the MTSSL paramagnetic probe enabling the use of cw-EPR spectroscopic methods. Power
saturation experiments were performed in the presence of hydrophobic (O2) or hydrophilic
(NIEDDA) quenching agents to report on the local environment of each residue. These
experiments were repeated on ABCB1 trapped in both its nucleotide-bound and post-
hydrolytic conformations. Rationalization of the data with molecular dynamic simulations
indicated that the cavity is converted to a configuration closed to the intracellular side of the
protein following nucleotide binding, thereby suggesting a possible intermediate step in an
alternating access to the cavity on opposite sides of the membrane during translocation. To
further support this proposal and indicate whether this cavity is open to the extracellular side
of the membrane during translocation PELDOR experiments on doubly labelled ABCB1
using these residues were proposed [80]

Conclusions:

The knowledge of the protein structure is essential to understand its function.
Crystallography is the mainstream method to obtain structural information, but crystal
structures of membrane proteins are difficult to derive, and often only provide static
snapshots. Only a few membrane proteins have been crystallised in more than one
conformation. Knowledge of such structural and conformational changes is key to
understand how membrane transporters translocate substrates across the membrane

EPR provides complex dynamic information over a large range of distances, allowing for
measurement of distances, environment and protein dynamics. Structural interpretation of
the results is an underdetermined problem; Analysis of EPR data relays strongly on the
structural information of protein snapshots from crystals. Similar restrictions apply to FRET.
MD simulations are complementary to EPR and FRET and generate high resolution
structural and dynamic information. MD simulations require structures as starting points and
the method is limited in the time domain, because the time scale of the transport cycle of a
typical membrane transporter is much longer.

Our goal is to develop a fuller understanding of transporter function at the atomic level. This
needs an integration of information from all methods to overcome inherent limitations. We
have focused on the integration of EPR and MD to highlight the synergies. Biochemical data
add a new dimension to the analysis of transporter function, providing orthogonal information
from transporter function and kinetics.

Figure Legends:

Figure 1: Structure of commonly used nitroxide spin labels and their reaction with a cysteine
residue. (A) the most commonly used methanthiosulfonate spin label (MTSSL), which is
highly selective to thiol groups and offers a good compromise between rigidity of the N-O
group and flexibility to ensure minimal perturbation of the protein structure (B) the
iodoacetamido-proxyl spin label (IAP). The disadvantages of attachment by a disulphide
bond, which is prone to reductive cleavage, mean that under reducing conditions (e.g. in the
reductive environment of living cells) maleimido or iodoacetamido labels like IAP should be




used. (C) The rigid cross-linked side chain RX spin label. The link is formed between any
elements with properly spaced cysteine residues (see ref. 12)

Figure 2: (a) Examples of simulated X-band EPR spectra of a nitroxide spin label. The
lowest spectrum corresponds to a spin label with slow isotropic motion of 100 ns (labelled),
The separation of the two outer hyperfine extrema may be taken as a measure of label
mobility for spin labels undergoing slow motion. In this case this value is close to the static
limit. As motion is increased thus the EPR line shape alters quite significantly. The
uppermost trace corresponds to fast isotropic motion of 0.1 ns. (b) Using ABCB1 (PDB:
4Q9H) as an example three sites have been selected and in-silico spin labelling has been
performed using MMM (35). The figures represent the number of predicted spin label
rotamers (depicted in red, 134 for the extracellular surface site, 10 for protein buried site and
71 for the intracellular aqueous cavity site) and hence flexibility and degree of freedom of the
attached label which will influence its EPR characteristics.

Figure 3: Crystal structures of MsbA (panel A, C, and D) [62] have been obtained in several
conformations and shaped our view of how ABC transporters translocate substrates across
the membrane. Panel B shows the recently crystallized McjD structure observed in the
intermediate occluded transition state [67]. ABC transporters are assumed to rest in the
inward facing state (panel D). Transition to the outward-facing state is believed to be initiated
by substrate and ATP binding. The structural conversion path moves through an inward-
closed (panel C) and the occluded conformation (panel B) and reaches the outward-open
conformation (panel A), in which substrate is released. The green stars symbolize attached
EPR labels. Measured distances showed that the transporter might not reach the extreme
conformation as observed in the crystal structures [70].
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