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A B S T R A C T

Site-directed spin labeling electron paramagnetic resonance is a biophysical technique based on the specific
introduction of spin labels to one or more sites in diamagnetic proteins, which allows monitoring dynamics and
water accessibility of the spin-labeled side chains, as well as nanometer distances between two (or more) labels.
Key advantages of this technique to study membrane proteins are addressed, with focus on the recent deve-
lopments which will expand the range of applicability. Comparison with other biophysical methods is provided
to highlight the strength of EPR as complementary tool for structural biology. This article is part of a Special
Issue entitled: Beyond the Structure-Function Horizon of Membrane Proteins edited by Ute Hellmich, Rupak
Doshi and Benjamin McIlwain.

1. Introduction

All living organisms depend on membranes confining individual
cells and the compartments/organelles within [1,2]. Thereby, ap-
proximately 30% of the human proteins are membrane-embedded or
membrane-attached. Membrane proteins receive signals from outside
the cell and translate them into intracellular action, enable a controlled
exchange of material, information and energy across the membranes, as
well as shape, stabilize, fuse or divide membranes, organelles and cells.
However, compared to soluble proteins, our knowledge on the struc-
ture, function and interactions of membrane proteins in their native
environment is still limited, as many experiments face technical lim-
itations.

This review describes the defining aspects of site-directed spin la-
beling (SDSL) electron paramagnetic resonance (EPR) spectroscopy, a
technique which can be applied without size or environment limitations
to membrane proteins, providing with a high level of fidelity and sen-
sitivity site-specific information about dynamics, water accessibility
and relative location of spin-labeled probes covalently attached to
proteins. In contrast to NMR, which shares with EPR the basic quantum
mechanical description but relies on the detection of the complex in-
teraction network of a variety of intrinsic nuclear spins isotopes (1H,
2H, 13C, 14N, 15N, 31P…), SDSL EPR requires in most cases the in-
troduction of ad hoc spin labels carrying unpaired electrons. Naturally
occurring electron spin centers also exist in proteins carrying metal
cofactors, or if short-living radical species are created during a reaction,

but these cases are not covered in this review. Site-specificity implies
that one (or few) sites can be labeled and analyzed for each protein.
This conveys both the major advantage of the technique in terms of
specificity, sensitivity and negligible size/environment limitations, as
well as its major disadvantage, i.e. it cannot provide protein structures
at atomic resolution, but rather coarse-grained structural models.

SDSL EPR was introduced by the pioneering work of Hubbell in the
1990's (notably, one the first studied proteins was a membrane protein
[3]) and it has now become a wide spread complementary tool in
structural biology.

In the following, we describe the main information that can be
obtained by SDSL EPR on membrane proteins, namely dynamics of the
spin-labeled side chain, water/membrane accessibility and interspin
distances. Breakthrough technical innovations will be highlighted in
each paragraph, to provide a state-of-the-art answer to the question:
“Can I use SDSL EPR to gain structural insights on my favorite mem-
brane protein, and which information can I obtain?”. At the end, we
will provide two examples of EPR studies from our lab performed on
Bax, a propapoptotic human protein and on TM287/288, a bacterial
ABC exporter.

2. The starting point: mutagenesis and labeling

First, we need to attach one (or few) spin label(s) to specific sites in
a protein. The most common strategy is to utilize cysteines engineered
at defined positions, and covalently attach a nitroxide label via different
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functional groups [4]. Therefore, it follows that the membrane protein
of interest should ideally contain no natural cysteines, or eventually
only few which are not accessible to the label. In general, natural cy-
steines are removed and, if this is not impairing protein function and
structure, one can start to introduce one cysteine at a time. If func-
tionally relevant cysteines are present, one can try to circumvent the
problem by producing a protein incorporating unnatural amino acids
which can either react specifically with a functionalized nitroxide probe
or directly carry a nitroxide label (see for example [5,6]), which for
membrane proteins remains a challenging task, because it requires
much more effort than conventional recombinant protein purification
methods. Otherwise, an alternative possibility is to attach a nitroxide
spin probe to a tyrosine residue, which was shown to be effective and
specific [7].

The most common spin label for cysteines is a methanethiosulfonate
functionalized nitroxide radical (MTSL, (1-Oxyl-2,2,5,5-tetramethyl-
Δ3-pyrroline-3-methyl) methanethiosulfonate), which carries a stable
spin ½ delocalized in the N-O bond (Fig. 1A) and targets engineered
cysteine residues in proteins with high specificity. However, the la-
beling efficiency (how many cysteines carry the nitroxide label) is site-
specific, and it can reach 100% for exposed sites, but can also be close
to 0% for sites buried in the protein interior. Thus, pre-knowledge of the
possible water exposure of the engineered site favours the success of the
SDSL EPR study. Due to its high specificity for cysteines and good de-
gree of labeling, MTSL is the right choice if one wants to extract in-
formation on the dynamics of a protein site at physiological tempera-
ture. This spin label is inert at most positions and a large amount of data
exist in literature, which facilitates data analysis and comparison. Due
to the diamagnetic nature of the non-labeled proteins, the EPR signal

arises only from the fraction of labeled variants in the ensemble.
Therefore, for mobility and water accessibility studies, low labeling
efficiencies are not detrimental for data analysis, but only if it is pos-
sible to ascertain the correct fold and functionality of the spin-labeled
fraction in the ensemble. In case the labile nature of the S-S bond be-
tween the cysteine and the label causes problems, other types of labels
functionalized with maleimido or iodacetamido groups are commer-
cially available, which are linked to the protein via a more stable S-C
bond. If reducing environments cannot be avoided, a series of sterically
protected nitroxide labels are also available (for a recent review on
nitroxide labels see [8]).

Besides nitroxide probes, many other spin labels were recently in-
troduced, especially for interspin distance measurements. Examples are:
functionalized chelators of paramagnetic lanthanides (GdIII, spin 7/2)
reacting with cysteines (for a review see [9]); carbon-based radicals
(trityl, spin ½) [10] targeting cysteines; metals such as copper (CuII,
spin ½) which specifically bind to engineered high-affinity histidine
binding sites in proteins [11]. Despite specific advantages, which will
be introduced later, the latter probes are spectroscopically orthogonal
to nitroxides, meaning that they can be distinguished by spectral ab-
sorption, relaxation times, detection schemes, etc. Therefore, if protein
oligomers or multiprotein complexes are labeled with distinct probes,
simultaneous extraction of interspin distances between different pairs
in the same sample is possible (e.g. Gd-Gd, Gd-nitroxide, Cu-nitroxide,
etc.). In the last few years, several new spectroscopically orthogonal
spin label pairs and distance measurements were reported (see para-
graph “Interspin distances” below). The biggest disadvantage of the Gd-
based and trityl labels is that they are bulkier than nitroxide probes and
labeling site must be chosen with care to avoid interference in protein

Fig. 1. Nitroxide probes and dynamics encoded in the spectral
lineshape. A) Scheme of an MTSL probe bound to a cysteine residue.
The five rotatable bonds are highlighted. B) Energy scheme
showing the origin of the three-line spectrum for a nitroxide in the
isotropic fast motion limit. The rotational correlation time used for
the spectral simulation is 10 ps (simulation done with Easyspin
[16]). The upper spectrum is the X-band absorption, the bottom one
is the derivative. CW EPR spectra are usually detected via lock-in
detection, therefore they are presented as derivative spectra. C)
Example of X-band spectra with different rotational correlation
times (written in the figure legend). The first is the ‘powder’ spec-
trum in the absence of molecular motion (powder or frozen sam-
ples); the distance between the low and high field peak is the 2Az

hyperfine component. The other spectra show the effects of rota-
tional motion on the spectral features. Faster motions are char-
acterized by narrower lines and higher intensity of the third line
with respect to the central one.
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structure and function. Their introduction into membrane proteins has
not yet become a routine, however interesting examples of successful
applications can already be found in literature (see for example
[12–15]).

3. Dynamics and water/membrane accessibility

Information about the dynamics of the spin-labeled side chain at
physiological temperature can be extracted when nitroxide probes are
used, because the spectral shape encodes the speed and amplitude of its
characteristic reorientational motion (Fig. 1). The three-line continuous
wave (CW) EPR spectrum of a freely tumbling nitroxide in water
(Fig. 1B) arises from the hyperfine coupling between the electron spin
½ and the 14N (nuclear spin 1).

Due to the anisotropic nature of the hyperfine interaction, the
strength of the coupling (splitting between the three spectral lines)
depends on the orientation of the nitroxide molecule with respect to the
external magnetic field. Due to the small g anisotropy, the hyperfine
anisotropy dominates the spectra at low fields. The rotation correlation
time of the molecular motion will modulate the appearance of the
nitroxide spectrum. In conventional X-band CW EPR (0.34 T magnetic
field, 9.5 GHz microwave excitation), the narrower the central line of
the derivative spectrum, the faster the motion (Fig. 1B,C). Line broad-
ening and appearance of the positive and negative peaks respectively in
the low and high field region of the CW spectrum indicate lower mo-
bility of the nitroxide molecule (Fig. 1C). When molecular motions are
blocked, e.g. by freezing the sample, the ‘powder’ spectrum is detected,
which contains the sum of the spectra over all possible molecular or-
ientations and has a recognizable lineshape, shown in Fig. 1C. When
MTSL is attached to a protein site (Fig. 1A) via its linker containing five
rotatable bonds, it will have a specific spectral shape, which is de-
termined by the reorientational freedom of the linker, modulated by the
protein secondary, tertiary and quaternary interactions and by the in-
trinsic dynamics of the backbone. Lineshape analysis provides in-
formation on the distinct dynamics of each labeled site in a protein.

Conventional X-band spectra (Fig. 1) are still the most useful qua-
litative indicators of mobility (the EPR mobility parameter is just the
inverse of the central linewidth of the spectrum [4]), especially for
membrane proteins. However, a quantitative description of the complex
molecular motion encoded in the EPR lineshape requires a multi-
frequency approach, as pioneered by Freed (see for example [17]). In
fact, going to higher fields/frequencies (for example Q band, 1.2 T,
35 GHz or W band, 3.4 T, 95 GHz) allows to disentangle the aniso-
tropies of the rhombic g tensor of nitroxides, due to higher Zeeman
resolution. Additionally, faster motions (< 0.5 ns) are better resolved
at high fields due to an increased spectral width.

CW EPR is a rather sensitive and fast technique, and it requires
about 20 μl of a minimum of 5–10 μM spin concentration for membrane
proteins spin-labeled with nitroxide probes (Fig. 1A). In general, a CW
spectrum can be detected in a few minutes and signal averaging can
take up to 1 h, depending on the spin concentration. The sample can be
completely recovered after the EPR scan.

A site scan, namely the addition of one nitroxide per amino acid in a
protein region, enables monitoring the dynamics of neighboring side
chains thereby highlighting a possible periodical pattern. The latter is a
useful indicator for helicity (3.6 periodicity) or beta sheet (2 periodi-
city) and, together with water accessibility data (see below), can be an
effective secondary structure validation tool providing, for example,
insights into the topology of an amphipathic helix with respect to the
membrane-water boundaries (one example can be found here [18]). A
more straightforward application is the analysis of the changes in mo-
bility of one spin-labeled site in different conformations of the protein,
upon translocation of a protein from the water to the membrane
(Fig. 2A), upon ligand binding or interaction with a protein partner. In
this case, the mobility of each site reports on the local rearrangements
around the spin probe.

A technical development which we want to highlight and that will
impact the studies of membrane proteins is rapid scan acquisition,
pioneered by the Eatons' lab [19–21]. In general, the low yield of
membrane proteins poses limits in the maximum concentration
achievable and, most importantly, many protein-protein interactions
happen physiologically at concentrations well below micromolar. Al-
though conventional CW EPR phase sensitive detection allows to
measure few micromolar spin concentrations (Fig. 2A), a gain of a
factor 10 could push the field towards measuring protein dynamics and
interactions in the high nanomolar range. Rapid scan EPR has proven to
provide such an increase in signal to noise. The setup requires addi-
tional components with respect to a CW EPR spectrometer, but its im-
plementation will certainly enable new in vitro and in vivo applications
on membrane proteins.

For these systems, the water-membrane boundaries are important
descriptors of their topology. For standard transmembrane proteins, it
is relatively easy to define the structural regions in contact with the
lipids. In contrast, for peripheral proteins or proteins shuttling from the
cytosol to the membranes, prediction of the membrane boundaries is
difficult. EPR offers the possibility to monitor the water accessibility of
each spin-labeled site in a protein. One available conventional tech-
nique is based on the analysis of CW power saturation curves in the
presence of paramagnetic relaxing agents soluble in water (NiEDDA) or
in lipids (O2). This technique enables disentangling water-exposed from
lipid-exposed or protein buried sites, based on the differential change in
the relaxation of the nitroxide labels (reviewed in [22]). The technique
has high sensitivity and low sample volumes are required (< 10 μl),
however, the sample is modified by the treatment (e.g. by addition of
NiEDDA), the accessibility towards water is only indirectly measured
through relaxation agents and the reproducibility level is medium.

Another common approach is to perform ESEEM (Electron Spin
Echo Envelope Modulation) at cryogenic temperature. Here, deuterated
glycerol or water is added to the sample, and the amount of deuterons
close to the spin label is determined, which refers to how well the at-
tached spin label is accessible to the bulk water and thus gives in-
formation on the topology with respect to the water-membrane
boundaries (see for example [26–28]). Disadvantages are that this
technique requires freezing of the sample, and it indirectly measures
the water molecules, offset by the unknown number of exchangeable
protons in the proteins.

With a frozen protein sample, it is also possible to obtain the z
component of the hyperfine tensor A from X-band CW EPR (see for
example Fig. 1C and 2B) or additionally extract the x component of the
g tensor from high field CW EPR (95 GHz). Both values are sensitive to
the polarity of the microenvironment of the nitroxide and gx reports
also the number of possible H-bonds towards the NO group (reviewed
in [8]). At least 50 μM protein concentrations are required, and the
thermal history of the sample needs to be controlled for reproducibility
issues [29].

The limits of the previously mentioned approaches (frozen solutions
and/or indirect detection of water molecules) can be overcome by X-
band ODNP (Overhauser Dynamic Nuclear Polarization), an emerging
technique to extract water accessibility data for membrane proteins.
Briefly, in this experiment we monitor directly the change in the in-
tensity of the FID (free induction decay) signal of the protons in the
water molecules upon irradiating the coupled electron spins (e.g. nitr-
oxide spin labels attached to the protein) with increasing microwave
power [30]. The motion of the water molecules coupled via hyperfine
interactions to the electron spins is responsible for the modulation of
the relaxation properties at the basis of the Overhauser effect. The
higher the ODNP enhancement (normalized to the electron spin con-
centration), the higher is the number of water molecules diffusing
around the spin labels. The local diffusion of the water molecules can be
extracted via model-based approaches from ODNP data [31], otherwise
a more qualitative accessibility parameter can be extracted by com-
paring the enhancement at microwave powers up to 100 mW [25].
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ODNP experiments have the advantages that it is possible to work with
low volumes (few microliters) and low spin concentrations (down to
10 μM) at physiological temperature, and to directly quantify the
amount of water molecules surrounding the labeled site. Monitoring
changes in conformation of membrane proteins becomes feasible in a
relative short amount of time (an ODNP experiment can take< 20 min
[32]), therefore it is possible to monitor the kinetics of slow con-
formational changes. An example of ODNP application to an ABC
transporter is shown in Fig. 2B.

4. Interspin distances

Determining interspin distances in proteins and protein complexes
is the most appealing SDSL EPR tool for protein studies. It attracts the
interest of the structural biology community because it allows mapping
a network of distances between engineered sites in a protein, and
monitoring their changes during proteins' function. In the last few
years, thanks to advances in microwave technology, pulse manipulation
techniques, new pulse schemes and novel spin labels, this field has seen
an exponential growth, which led to a dramatic increase in sensitivity
and reliability of the extracted distances for a large range of applica-
tions (especially for membrane proteins). Until 17 years ago, the mean
distance between two nitroxide spin labels attached to a protein was
solely detectable via convolution of low temperature continuous wave
EPR spectra. In fact, dipolar broadening becomes visible if two probes
are in close contact (< 2 nm). This limited the application of such
technique to closely interacting spin pairs (for a comprehensive review
of available methods and limitations see [33]). The introduction of a
dead-time free 4-pulse Double Electron Electron Resonance (DEER)
method in 2000 [34] and few years later of dedicated software for data
analysis [35] opened the possibility to detect with high precision dis-
tance distributions longer than 1.5 nm. Therefore, distance constraints
necessary to describe transmembrane regions of proteins (3–4 nm), o
large protein complexes (5–10 nm) became experimentally available.
Notably, the upper distance limit is defined by the relaxation properties
of the probes, and by spin concentration sensitivity (16 nm is the
longest detected distance so far measured with an 80 μs DEER trace

[36]). The 4-pulse DEER experiment (also known as PELDOR, Pulse
Electron Electron Double Resonance, Fig. 3A) is still the most widely
used experiment to extract interspin distances on membrane proteins.

Here we will describe how the application of DEER to membrane
proteins has become effective down to few tens of micromolar spins
concentrations (in 40 μl of sample volume for Q-band resonators ac-
cepting 3 mm tubes). Until few years ago, X-band DEER was the pre-
valent technique used for protein studies and it required at least
100–200 μM concentrations for reliable distance extraction. Great ad-
vantages in terms of sensitivity were shown in 2012 by the use of Q-
band spectrometers (34 GHz, 1.2 T magnetic fields) in combination
with high power amplifiers (150 W). The amplifier allows the use of
non-selective pulses (with about 100 MHz bandwidth), which minimize
orientation section artefacts in the DEER traces [37]. This approach is
still mostly used nowadays for nitroxide-labeled membrane proteins.
Despite the increased sensitivity with respect to X band (20 fold in
signal-to-noise, 400 fold in detection time), the reliability of the mean
distance and the width of the distributions for membrane proteins is in
general still limited by the fast transverse relaxation times of the spin
labels due to proton spin diffusion (Fig. 3C). This is caused by the
presence of hydrogens in the lipid chains in addition to those in the
solvent and in the protein. Deuteration of solvents and proteins pro-
longs the relaxation times, and increases the quality of the data.
However, replacing with deuterons the hydrogens in the lipid chains is
not a trivial task (price and/or availability of the lipids are limiting
factors). An additional drawback of membrane proteins in lipid bilayers
is that there is a less homogeneous dispersion of proteins than in so-
lution, which makes the decay of the DEER trace, which is related to
intermolecular spin-spin contributions, more difficult to correct
(Fig. 3C). The use of detergents or nanodiscs instead of liposomes al-
leviates the latter problem, but decreases the physiological relevance of
the milieu. Despite the limitations described for membrane proteins, the
increased sensitivity allows reliable distance determination with low
protein concentrations (about 20–30 μM). Notably, the background
decay of the DEER traces is less pronounced at low concentrations,
therefore easier to correct, increasing the reliability of the distance
information (Fig. 3C).

Fig. 2. Continuous wave EPR and ODNP on membrane proteins. A) The apoptotic protein Bax is spin labeled at the two natural cysteines (C62 and C126). The X-band EPR spectrum is
recorded when the protein is an inactive monomer in water buffer (black spectrum in the upper inset) and after oligomerization and membrane insertion (red spectrum). The spectra are
detected at 37 °C on the same sample at the beginning and at the end of a 4-hour incubation period within the resonator. Setup used: Bruker E580 spectrometer equipped with a SHQ
cavity, modulation amplitude 0.15 mT, microwave power 9.5 mW, 4 scans, acquisition time 82 s, protein concentration 8 μM, spin concentration 15 μM. The conformational change of
Bax is schematically shown in the panel. The water soluble Bax is the NMR structure (PDB ID: 1F16), the dimeric model is an EPR-derived structure taken from [23]. Both structures are
spin labeled with MTSL using the room temperature rotamer library of the software MMM [24]. The structure of the MTSL bound to position 62 is highlighted in the box at the bottom left.
B) The apo structure of the ABC importer BtuCD-F in its apo form is shown with the spin-labeled rotamers attached to sites 141 (cytoplasmic gate) in each unit (red and orange rotamers).
Upon binding of BtuF (substrate binding protein) to the periplasmic side of the transporter, there is an evident change in polarity around the spin labels, seen as increase of the Az

component of the hyperfine tensor in the CW EPR spectra detected at 160 K (increased distance between the low and high field peaks going from the black to the red spectrum in the
upper inset). The increased polarity correlates with an increased water accessibility, as judged from the increased effect on the intensity of the FID of the proton NMR signal at high
microwave (MW) power (bottom inset, adapted from [25]). The ODNP sample contained 10 μM protein reconstituted in liposomes, extruded through 400 nm pores.
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So far, we have described only the detection of one interspin dis-
tance between two spin labels engineered in a macromolecule. For
membrane proteins, this situation is encountered if the doubly-labeled
protein under investigation is monomeric, or if we detect the interac-
tion between two singly-labeled proteins in a dimeric complex.
However, homo- and hetero- complexes are physiologically relevant.
When such complexes are studied by EPR, more than two spins interact,
and the true distance distributions contains all pairwise contributions,
as well as “ghost peaks” due to combination of dipolar frequencies in
DEER experiments [39]. Extracting each true distance reliably by DEER
is possible if the flipping angle of the pump pulse is decreased and if
unlabeled proteins are introduced in the sample (spin dilution methods)

(see for example [23,40–42]). To reduce the complexity of the spin
system and of data analysis, orthogonal labeling can also be used, as
described in the following.

One recent advance in the field of EPR spectroscopy is the use of
arbitrary waveform generators (AWG), which allows to manipulate
amplitude, phase and frequency of the irradiating microwave fields,
therefore enabling to tailor the excitation bandwidth of the microwave
pulses to the available spin systems. New AWG-based sequences are
being developed (for recent reviews see [43–45]) and will reshape the
state-of-the-art techniques for SDSL EPR in the following years, espe-
cially when metal-based labels are employed.

Among the various AWG-based methods which are being developed,

Fig. 3. Dipolar spectroscopy on membrane proteins. A) 4-pulse DEER pulse scheme. The first frequency (ν1) excites a subpopulation of the spins in the sample (A spins); the second
frequency (ν2) excites another subpopulation (B spins). The π pulse at ν2 moves within the dipolar evolution time window, and, as a result, the intensity of the refocused echo (highlighted
in blue) is modulated with the dipolar interaction frequency (proportional to the inverse cubic power of the distance). Superimposed to the dipolar evolution time window, the expected
modulation of the echo intensity (blue trace). B) 5-pulse Carr-Purcell (CP) DEER pulse scheme. The pulses at ν1 are equally spaced (Carr Purcell scheme), therefore the loss of transverse
magnetization is minimized, and the intensity of the refocused echo (cyan) is bigger than in the 4p-DEER at a given time after the first π/2 pulse of the sequence. This is the main
advantage of this pulse scheme. To shift the phase of the sampled dipolar interaction, the additional, stationary pump pulse in the 5-pulse DEER setup (black pulse denoted with an
asterisk) must invert the same spins as the time-variable pump pulse. This can be achieved with hard monochromatic rectangular pulses or with AWG-generated shaped pulses. The region
on the time domain trace affected by partial excitation artefacts is highlighted in red. C) Examples of 4p-DEER traces detected for membrane proteins in detergent micelles (blue) or
proteoliposomes (orange). The primary DEER traces are shown on the left, with the background fit. In membrane, the background usually deviates from a pure exponential and is decays
faster than in detergents, therefore it is more difficult to correct it. To obtain similar signal-to-noise ratios as in detergent, shorter traces are recorded and averaged for a longer time (for
example, the detergent traces can be acquired in 4–6 h, those in liposomes needs at least 12 h accumulation). In the middle panel the background corrected data are shown, with the fit
(black) done with DeerAnalysis [35]. On the left the extracted distance distributions. For the ABC transporter TM287/288, a peak at 3.5 nm is detected with both preparations (spin labels
located in TM288 at positions 131 and 248), with the same level of accuracy [38]. For the Bax sample embedded in membranes (labeled at position 62 and 186; spin diluted 1:3 with
unlabeled Bax) [23], the shorter DEER trace and the steep background decay does not allow a reliable extraction of the mean distance and the width of the long component. The grey
square denotes the region of decreased reliability of the data (based on distance validation using tools in DeerAnalysis). Prolonging the dipolar evolution time with CD-5p-DEER will help
increasing the detection sensitivity in this sample.
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we choose to focus on the 5-pulse DEER experiment as example of
technical innovation in the field of dipolar spectroscopy for membrane
proteins. In fact 5-pulse DEER can improve the detection reliability of
long interspin distances at low protein concentration, which are the two
main challenging issues when membrane proteins are studied in native
environments. The first 5-pulse version of DEER was introduced by
Borbat et al. [46]. It explores the use of a Carr Purcell train pulse
scheme to decrease the effects of spin diffusion on the transverse re-
laxation (T2*) of the electron spins (Fig. 3B), thereby prolonging their
transverse relaxation time. As a consequence, longer dipolar evolution
times become accessible, which has a profound impact in the upper
limit of distances which can be reliably detected with DEER, and in the
lowest spin concentrations accessible by the technique. Therefore, the
5-pulse DEER can alleviate two problems associated with the sensitivity
of distance determination in membrane proteins labeled with nitroxide
probes. Associated with the better signal to noise, and the possibility to
detect longer distances with higher reliability, there come un-
fortunately artefacts in the time domain traces, which are due to partial
excitation and excitation band overlap. However, the availability of
AWG technology and recent developments in artefact correction
methods [47,48] paved the way to the applicability of this new se-
quence to low concentrated membrane protein samples, where longer
traces are needed to overcome the still challenging detection of long
distances in membrane environments.

Even though the sensitivity and the reliability of the distance de-
termination by DEER have tremendously improved, there are still
challenges ahead which concern application in cellular context (even
lower spin concentrations and presence of reducing agents), long dis-
tances (especially for membrane protein) and simultaneous reliable
detection of a number of selective distances in multiprotein complexes
when different spins are present. Studies of spin-labeled proteins or
nucleic acids in cellular conditions are available (for example in
[54,55]), but application to membrane proteins still faces severe chal-
lenges. Up to now, only one membrane protein in its native environ-
ment, namely BtuB in the outer membrane of E. coli, was studied using
spectroscopically different labels [13,14]. Several limitations exist if
one wants to address conformational changes of membrane proteins in
the cell interior. Therefore, new biochemical methods and technical
developments are required.

As mentioned before, to overcome the limitations intrinsic in com-
plex spin systems and to optimize the distance detection, one can use
other types of labels, which are spectroscopically orthogonal to nitr-
oxides (e.g. carbon-, metal- based) and single frequency methods al-
ternative to DEER to extract distances between spin pairs. In the fol-
lowing, we will briefly introduce GdIII, trityl and CuII labels, and
address some key advantages/disadvantages of the single frequency
methods.

To work in the presence of reducing agents, or to have labels
spectroscopically orthogonal to nitroxides, GdIII labels are the most
common alternative labels for proteins. The Q-band DEER setup with
hard pulses still provides reliable Gd-Gd distance extraction, although,
due to the large zero field splitting of the S = 7/2, the Q-band spectra
are very broad, therefore only a relative small spin packets can be ex-
cited by conventional rectangular pulses. This implies that the mod-
ulation depth of the Gd-Gd DEER signal is extremely low. High power
W-band setups with bimodal cavities demonstrated a superior sensi-
tivity for Gd-based labels [9]. AWG-based prepolarization pulses and
larger excitations in combination with high field, are the best choice to
enhance the modulation depth of the DEER signals (for examples see
[49–51]). GdIII labels are in general larger than nitroxides, but the
narrower spectral features, the absence of orientation selection artefacts
at high fields and the possibility to use them under cellular conditions
[52] make them good candidates for the future investigation of mem-
brane proteins. The combination of nitroxide and gadolinium labels for
orthogonal distance determination by DEER was demonstrated in 2012
[15,53] and it is nowadays an attractive possibility to study protein

complexes and protein-protein interactions simultaneously. As an ex-
ample, a bacterial ABC importer was labeled with two nitroxide probes
and its substrate binding protein with one GdIII probe. This strategy
helped measuring simultaneously the nitroxide-nitroxide distances
monitoring the movement of the transporter and the Gd-nitroxide dis-
tance between the transporter and its substrate binding protein during
the nucleotide cycle [12].

Trityl radicals can be functionalized to be attached to protein sites
[10], and provide a third option besides nitroxides and Gd-based labels.
They are resistant to reducing agents, they have long relaxation times
and a narrow spectral width. One can perform DEER to obtain trityl-
trityl distances, but also use them in combination with nitroxide probes
[54]. In the second case, the narrow spectral width of the trityl radicals
allows a complete excitation, which increases the modulation depth of
DEER traces when nitroxides are used as observer spins. Another ad-
vantage is that the long relaxation of trityl radicals may offer the pos-
sibility to use them as reporters of distances at physiological tempera-
tures [55]. Notably, this opportunity is also explored for long relaxing
nitroxide radicals which are sterically shielded [56].

Introducing copper ions in proteins via histidine binding sites is
another alternative strategy to nitroxide labeling [57] and can be ap-
plied if functional cysteines are present. Both Cu-Cu distances and Cu-
nitroxide distances can be obtained reliably. The large g anisotropy of
copper induces possible orientation selection artefacts, which can be
compensated by detection of few DEER traces at different magnetic
fields [11].

Development of new labels also pushed alternative dipolar spec-
troscopy strategies, namely single frequency methods, which are briefly
addressed in the following. Double Quantum Coherence (DQC) has the
advantage of a better signal to noise ratio than DEER but suffers from
background correction artefacts (see for example [58]). Relaxation In-
duced Dipolar Modulation Enhancement (RIDME) can be preferred over
DEER if a fast relaxing species is present together with a slower relaxing
one (e.g. low spin Fe3+-nitroxide [59]), although the traces may have
background decays difficult to correct. In this single frequency experi-
ment, instead of actively flipping the second spin with a pulse (as in
DEER), one of the spins has to flip by spontaneous relaxation during the
time interval of the sequence, while the spin magnetization to be de-
tected is stored along the magnetic field direction. Distance distribu-
tions between two high-spin paramagnetic centers can also be obtained
via RIDME with higher sensitivity than in DEER. The traces are in this
case affected by the presence of overtones of dipolar frequencies, which
can be taken into account in data analysis to obtain reliable distance
distributions (e.g. Gd-Gd [60]). The increasing interest on metal-based
spins has also reactivated the use of other techniques such as the
“2 + 1” [61] and the SIFTER (SIngle-Frequency TEchniques for Re-
focusing dipolar couplings) [62].

As described above, SDSL EPR can provide “only” site-directed in-
formation, and the “site” coincides with the location of the electron
spin. For a nitroxide, this corresponds to the midpoint of the N-O bond,
which is located at distance of about 0.8 nm from the protein backbone
atoms through a linker characterized by rotatable bonds (five in case of
MTSL, Fig. 1A) [24]. With the exception of the CuII ion bound to en-
gineered histidine residues, the other available spin labels (e.g. trityl
and GdIII) are localized even further away from the backbone of the
protein. Therefore, validating structural data or modeling protein
conformational changes require simulations of the conformations
adopted by the spin probe with respect to the protein backbone. This
type of modeling is mostly done to support distance measurements and
it makes use of coarse-grained approaches such as rotamer libraries of
spin labels. Software packages are available such as MMM [24] and
MtsslWizard [63], which allow to calculate in silico the populated ro-
tamers of several probes attached to a protein site. If one PDB file is
available for a protein in one state (e.g. from NMR, X-ray, etc.), one can
predict the location of the spin-labeled side chain, and create coarse-
grained models for proteins' structural changes. The number of EPR
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constraints needed to decipher a molecular motion in a protein depends
on the complexity of the motion, size of the proteins, quality of in-
formation needed and in general at least a few tens of distances must be
detected for each protein.

5. Advantages and disadvantages of SDSL EPR with respect to
other biophysical techniques

Although statistically underrepresented in the PDB due to intrinsic
difficulties in sample preparation, protein yields, crystallization con-
ditions, physiological membrane milieu, the available membrane pro-
tein structures were solved using three main techniques: X-ray crys-
tallography, nuclear magnetic resonance (NMR) spectroscopy, and cryo
electron-microscopy (EM) [64–67].

The following paragraphs briefly summarize how the distinctive
features of SDSL EPR can be used in combination with other biophysical
techniques to study structures and conformational changes of mem-
brane proteins.

To obtain high resolution structures by X-ray crystallography, the
selected membrane protein must form highly organized 3D crystals.
Due to the organization in crystals, X-ray structures necessarily show a
snapshot of a single protein state and provide only indications on dy-
namic regions in proteins. Maintaining the exact physiological mem-
brane environment is a challenge in crystallography, because it would
require to be able to crystallize the specific type of membrane bilayer
associated with the protein.

When only one state of a membrane protein which undergoes con-
formational transitions is crystallized and one wants to explore its
conformational transitions (e.g. nucleotide-induced changes, ligand-
binding effects), or when the dynamic region of a protein needs to be
investigated (e.g. loops, partially unfolded regions), a combination of X-
ray with SDSL-EPR can be extremely useful (selected examples of
monomeric and oligomeric membrane proteins can be found here
[68–71]). Based on existing X-ray structures, preferred and accessible
labeling sites can be identified, protein variants with one or two spin
labels can be produced and the dynamics at each site together with
interspin distances between two sites can be measured. Comparing the
dynamics (mobility) of the singly-labeled variants under different ex-
perimental conditions or environments (e.g. apo-state against ligand
bound state, detergent-solubilized against membrane-reconstituted)
allows to monitor the properties of flexible regions of a protein and to
study the effects of different triggers on the side chain dynamics. De-
tecting interspin distances of several pairs of labels in a membrane
protein can add even more information on its conformational transi-
tions. Notably, comparing data on membrane proteins in detergent and
in membranes allows to validate existing structural models in more
physiological environments, and to understand whether the protein
captures the same fold in micelles, bicelles, nanodiscs and in mem-
branes (see for example [12,72,73]). Additionally, with the help of
modeling tools, it is possible to reconstruct the coarse-grained move-
ments of the protein during its function. As case studies, we will show at
the end of this review how we successfully used this combinatorial
approach to unveil the structural changes of an apoptotic protein Bax
upon membrane insertion [23], and to explore conformational equili-
bria in ABC transporters [38].

Besides conventional X-ray crystallography, femtosecond X-ray
protein nanocrystallography became available in 2011 and was directly
applied to photosystem I, one of the largest membrane protein ever
crystallized [74]. Since then, structural biologists have exploited new
opportunities to study membrane protein structure and dynamics using
XFEL (X-ray Free Electron Laser) sources (see for example [75]). With
XFEL it is possible to obtain structural data from micron or submicron
scale crystals and to perform time-resolved studies of protein dynamics
on an ultrafast time scale [76,77], which opens a very promising
avenue for the characterization of conformational transitions of mem-
brane proteins at atomic resolution.

Another X-ray related technique is SAXS (Small Angle X-ray
Scattering), a low-resolution technique, mostly applied to soluble pro-
teins (for a recent review see [78]). SAXS can be applied to systems
with size and conformational polydispersity, including highly flexible
objects. Applications on membrane proteins in detergent micelles are
challenging because both the free detergent micelles and the “detergent
belt” around the hydrophobic protein regions modify the scattering
curves. However, it was shown that the combination of proper choice of
detergents, size exclusion chromatography, SAXS, and refractometry
can produce a complete structural model of a membrane protein in a
detergent micelle [79].

In contrast to X-ray crystallography, NMR provides information
about conformational dynamics under physiological conditions, thus
rigid and flexible parts of a membrane protein can be recognized.
Atomic resolution is achievable due to the large number of naturally
occurring nuclear spins in the proteins. However, as in the EPR case,
NMR samples also need to be isotopically labeled with different la-
beling schemes to reach a satisfying quality of the structural model. In
general the amount of sample required for NMR is a factor 100 larger
than for EPR. Moreover, the size of the proteins is limited to about
30 kDa in solution NMR and small membrane proteins can be only
studied in detergent micelles or nanodiscs. Only solid state NMR allows
to study larger membrane proteins under physiologically relevant
conditions. The main challenge of NMR is the size of the protein,
therefore full assignment of large membrane proteins and protein
complexes remains a difficult task. SDSL EPR in combination with NMR
can help building structural models (as seen for example in the case of a
water soluble ribonucleoprotein [80]), by adding long range distance
information, which are not available by NMR methods.

Cryo-EM is a method that can be applied to very large proteins and
protein complexes at comparably low concentrations. After the “re-
solution revolution” [64,81], the cryo-EM resolution became compar-
able to that of X-ray crystallography. Still, there are some limitations for
small protein sizes, flexible proteins or protein regions and non-unique
protein oligomeric states (for example mixtures of monomer, dimers,
and oligomers). In cryo-EM the images of many thousands of frozen
particles are used to reconstruct the high-resolution model. Thereby,
proteins in detergent micelles are preferred over membrane-embedded
proteins, as the electron density of lipids and proteins is similar, making
their assignment difficult. When large protein complexes are in-
vestigated, or when models of conformational changes are created,
SDSL EPR distance measurements can be helpful in discriminating
different models, or to aid the docking process adding additional con-
straints.

SDSL EPR can also be used to study protein-protein interactions at
the membrane. Unveiling if two proteins interact or how many units
constitute a homo-oligomer is a very easy task for EPR, given that each
protein partner has one label. For a multi-protein interaction network,
orthogonal labels could be used, e.g. GdIII, CuII, nitroxide, etc. to dis-
entangle the types of interactions among different proteins. Alternative
methods are: Fluorescence Cross-Correlation Spectroscopy (FCCS)
[82,83], Single Particle Tracking in Total Internal Reflection Fluores-
cence (SPT-TIRF) microscopy [82,84] and Förster Resonance Energy
Transfer (FRET) experiments [85,86]. Those techniques have the main
advantages that they require maximally nanomolar fluorophore con-
centrations, they can be used down to the single-molecule level and the
probes can be genetically-encoded and therefore be used under in vivo
conditions.

FCCS is a method with single particle sensitivity that can monitor
the diffusion of the fluorophore through the focal volume of a confocal
microscope. The scanning FCCS variant was developed to study mem-
brane proteins in vitro and in vivo and it can be used to determine dif-
fusion coefficients and protein-protein interactions. However, in con-
trast to SDSL EPR, FCCS cannot determine complex stoichiometry or
distance information.

Diffusion coefficients, protein-protein interactions as well as
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stoichiometries can be derived from SPT-TIRF microscopy experiments.
In this single molecule technique, a few hundred or thousands of par-
ticles are analyzed one by one in each experiment, which makes it more
time consuming than SDSL EPR. Moreover, SPT-TIRF needs evanescent
waves and thus measurements are limited to areas close to the glass.
Therefore, only immobilized systems like proteins in supported lipid
bilayers or in plasma-membranes of immobilized cells can be studied,
while proteins in organelles, isolated membranes or liposomes are not
accessible to SPT-TIRF.

FRET and EPR dipolar spectroscopy deliver closely related in-
formation on inter-label distances in proteins. The main advantage of
FRET relies on the fact that it can be applied to batch (nanomolar
concentrations) and single molecule samples at physiological tem-
perature, while EPR provides distance information on frozen molecular
ensemble at micromolar concentrations. FRET uses the energy- transfer
between a donor and an acceptor fluorophore attached at two sites,
which are in general bulkier than the two identical MTSL bound to the
corresponding positions and can induce problems in protein structure
or function. For exact distance determination in FRET, the orientation
between the donor and acceptor molecules must be known and this is
difficult to achieve [87]. As stated above, in DEER it is possible to use
non-selective pulse detection schemes which suppress the orientation
selection for nitroxide probes, which is desirable for the analysis of
spin-labeled membrane proteins [37]. Additionally, the nitroxide
probes bound to sites in membrane proteins are not generally

geometrically correlated, which additionally minimizes the orientation
selectivity problem. However, at high fields one can also obtain the
relative orientations of two rigid geometrically correlated nitroxide
molecules (see for example [88]).

Moreover, each FRET pair has only a small distance window in
which accurate distances information can be gained, and this implies
that to monitor distance changes within a protein system in a wide
range (e.g. 1–10 nm) one needs to use different FRET pairs. Finally, the
fluorescent properties of fluorophores are often affected by the en-
vironments. Thus, when membrane proteins are studied, FRET results
can be affected by the amount of lipids in contact with the fluorophore,
which again complicates exact distance determination.

6. Applications in membrane proteins: I. Proapoptotic Bax

Bcl-2 proteins are key players in apoptosis, a form of programmed
cell death crucial for all mammalian species [89]. Bcl-2 proteins are
important targets in drug development as desensitization against
apoptosis is a hallmark of cancer and increased apoptotic rates provoke
severe diseases [90]. About 20 pro- and anti-apoptotic Bcl-2 protein
family members are known and their interplay determines cell fate.
Several family members have the rare capacity to switch between so-
luble and membrane-embedded conformations [91–93], with the latter
being crucial for apoptosis. Structures of soluble Bcl-2 proteins were
solved using NMR or X-ray techniques [94–96], while the active,

Fig. 4. Analysis of spin-labeled Bax in water and membrane environments. A) Experimental distance distribution between the MTSL attached at positions 62 and 149 (dark, upper panel)
and background corrected DEER traces (dark, lower panel) superimposed to the simulated data on the 20 NMR models (colored, from PDB ID: 1F16). The insets show the simulation with
the best root mean square deviation (NMR model number 5). B) In orange, the core domain of the monomeric Bax unit with the spin-labeled position 62; in black, the latch domain with
the spin-labeled position 149. Only one MTSL rotamer is populated in this NMR model (number 8) for position 62, while several are populated for position 149. C) DEER data on the same
pair when Bax (spin diluted) is embedded in membranes. The data are recorded in liposomes (black) and in detergent micelles (orange). Comparison of both traces reveal that the
background is over-corrected in the trace obtained in liposomes due to the too short length of the dipolar evolution time, thus the long distance component is suppressed in the overall
distribution. The short distances are shown to be the characteristic ones of the inter-monomer interactions between pairs of 62 labels (green asterisk) and pairs of 149 (red asterisk) in
neighboring monomeric units. These residual components are expected from the 1:3 spin dilution method, see sketch of the spin-diluted oligomers, with dimeric building blocks. The inset
shows the comparison of the distance distributions obtained with the respective singly-labeled mutants (red and green) to validate the assignment.
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membrane-embedded conformations and the multi-protein complexes
are still not well understood. EPR spectroscopy has proven to be a very
powerful tool to study topology, structure, interactions and conforma-
tional changes of the Bcl-2 proteins Bax, BakΔC and Bid [23,91,97–99].
In healthy cells, all three proteins are monomeric, soluble and inactive
[94,100]. Upon pro-apoptotic stimuli, Bid is cleaved by Caspase 8,
creating the active form cBid [101,102], which can translocate to the
mitochondrial outer membrane and activate Bax as well as its homo-
logue Bak [103,104]. This provokes large conformational changes in
Bax and Bak [23,105,106]: they insert deeply into the membrane, form
homo-oligomers and induce stable pores in the membranes [107–109],
which is in most cases the point of no return in cell death initiation
[110].

To form pores, Bax undergoes a complex rearrangement from a
water soluble, inactive and monomeric form to a membrane-bound,
oligomeric form, which can be studied via EPR techniques. By detecting
a series of CW EPR spectra at regular time intervals (e.g. each minute),
we could follow the kinetics of the membrane insertion process by
monitoring the changes in mobility of Bax wildtype labeled at the two
natural cysteines (Fig. 2A) [99], and the influence of different factors
such as membrane composition and concentration of the proapoptotic
activator cBid [99].

Additionally, we studied Bax conformational changes from the
water soluble to the membrane-embedded state via interspin distance
determination using> 40 singly and doubly spin labeled variants [23].
Analyzing the interspin distances obtained in the water soluble form of
Bax, we found a root mean square deviation as small as 0.3 nm [23]
between the measured distances (in the frozen state) and those simu-
lated based on the NMR structure. This is in line with the expected
errors using the rotamer library approach [111] and it proves that
freezing does not perturb the structure of this globular protein. The
experimental DEER constraints were successfully used to model the
structure of Bax by a de-novo approach [112], demonstrating the re-
liability of the mean distances extracted from the analysis of the water-
soluble protein.

In Fig. 4A an example of a 4p-DEER trace detected on the water
soluble Bax spin labeled at positions 62 and 149 is shown (black) with
the simulated distances performed on the 20 NMR models (colored).
This pair has a sharp distance distribution (0.5 nm full width at half
maximum) centered at 3.2 nm, due to the restricted space available for
the spin label at position 62 (few rotamers simulated, see Fig. 4B).
Narrow distance distributions produce persistent dipolar oscillations in
the DEER trace (Fig. 4A), therefore background correction and data
analysis are straightforward, and the distributions are extremely reli-
able. However, as in this case, slight variations in the NMR structures
lead to distinct changes of the simulated distance distributions (the
3 nm distance peak is accompanied by a 2 nm distance peak in some
models), highlighting the role of the neighboring amino acids in de-
termining the experimental and simulated distance distributions. From
this it follows that exposed residues with minor steric restrictions,
therefore broader distance distributions, are preferred for reliable dis-
tance determination and modeling.

The data detection and processing was more complicated for the
membrane-embedded Bax homo-oligomers. Those are built by multi-
mers of dimers [99,113], so that when singly labeled monomers are
used, both intra- and inter-dimer distances are detectable and their
assignment is difficult. In this case, the non-homogeneous size dis-
tribution of the oligomers poses even more severe challenges in EPR,
which add up to the lower sensitivity introduced by the lipid environ-
ment (see Fig. 3). For doubly labeled Bax variants, the situation is even
more complicated due to the presence of four spins within a dimer. In
this case, we tried to highlight only the intra-monomer distances in the
active membrane-embedded state by using spin dilution, namely in-
cubating doubly spin labeled and unlabeled Bax in a 1:3 ratio. This is a
good compromise to statistically minimize the inter-monomer con-
tribution to the distribution of distances detected without impairing too

much the detection sensitivity.
Our results showed that there are two regions in the dimeric unit.

The “core” or “dimerization” domain, which is structurally stable and
forms a dimer of helices 2–5, and the “latch” or “piercing” domain
(helices 6–9), which is important for pore formation and has some
flexible hinges allowing conformational dynamic. The dynamic nature
of this region makes its structural characterization difficult, and only
EPR, accessibility and cross link experiments were so far able to give
some structural insights [23,98,106,114,115]. To further complicate
the analysis, helices 6–9 form also dimer-dimer contacts [23,114,116].
Therefore, most DEER distances between the core and latch domains
were broadly distributed and centered at around 5–6 nm (see example
in Fig. 4C). To reliably characterize such large distributions of rather
long distances in membrane-embedded proteins one would need to
detect dipolar time traces longer than 5–6 μs, with good signal-to-noise
ratio, which was not possible with these samples using 4p-DEER (5p-
DEER could be an option to improve data reliability). Therefore, we
complemented the data in liposomes with data obtained with detergent
micelles, and made use of available distance information obtained with
singly-labeled variants to disentangle the different residual distance
contributions (Fig. 4). Only with this detailed analysis we could extract
reliable mean distances to be used for coarse-grained modeling of Bax
embedded in the membrane. Based on several distance constraints per
chosen spin-labeled site, we could validate the existing X-ray structure
of the core dimeric region [23,105], as well as to suggest the first low
resolution model of membrane-embedded Bax (using a multilateration
process) [23]. This example clearly demonstrates that flexible regions
of membrane proteins, which are notoriously difficult to characterize,
can be recognized with CW EPR at physiological temperature (mobility
of the spin labels), and the extent of their disorder can be measured by
DEER at cryo temperatures even in large oligomers.

7. Applications in membrane proteins: II. Conformational
equilibria of a heterodimeric ABC exporter

ABC exporters pump substrates across the membrane by coupling
ATP-driven movements of nucleotide binding domains (NBDs) to the
transmembrane domains (TMDs), which switch between inward- and
outward-facing orientations. Site-directed spin labeling has been suc-
cessfully applied to both importers and exporters, providing insight into
the protein conformational steps necessary for substrate translocation.
Three selected examples of such studies on bacterial ABC importers
such as the maltose and the vitamin B12 importers from E. coli and the
energy coupling factor from L. lactis can be found here [12,117,118].

The subgroup of ABC exporters, which we want to describe here in
more detail, was extensively studied by EPR. The homodimeric lipid A
exporter MsbA was fully characterized in terms of changes in the water
accessibility and interspin distances during the nucleotide cycle
[72,119–123]. The inward- to outward- facing transition was found to
be induced in this homodimeric exporter by trapping the transition
state intermediate with vanadate as well as by the ATP analogue AMP-
PNP; the cofactor Mg2+ was recognized to be an important factor to
ensure a complete switch to the OF conformation. Replacement of
Mg2+ with the paramagnetic analogue Mn2+ (spin 5/2) introduces two
paramagnetic metal ion centers in the nucleotide binding sites, which
can be in principle be used as additional probes orthogonal to the
nitroxides for distance measurements [124], as well as to directly detect
ATP turnover via hyperfine spectroscopy [125].

EPR methods were used recently to unveil the structural role of the
asymmetries found in the two nucleotide binding sites of a bacterial
heterodimeric exporter from T. maritima [38] and of the human Pgp
[68] (also known as ABCB1, single polypeptide chain). The detailed
study of the conformational transition during substrate translocation
and of the structural relevance of the asymmetries in exporters is re-
levant because Pgp is responsible for the clearance of xenobiotics and in
cancer resistance to chemotherapy. The bacterial analogues offer the
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advantage that they can be produced with higher yield allowing to
elucidate the intriguing characteristic features of this asymmetric ver-
sion of ABC exporters. Notably, a bacterial heterodimeric exporter was
proven to be a fully functional analogue of the mammalian antigen
transporter TAP [126], which confirms the shared key mechanistic
properties among the members of this subfamily.

Here we describe the use of DEER to elucidate the conformational
transitions in the heterodimeric ABC exporter TM287/288 from the
hyperthermophile T. maritima, which contains a non-canonical ATP
binding site (so called degenerate site), in which ATP hydrolysis is
impaired (Fig. 5). The EPR study was performed with six pairs of spin-
labeled sites located in the nucleotide binding domains (NBDs), in the
intracellular region, and in the extracellular region of the transporter to
map its movement in response of a variety of nucleotides and nucleo-
tide analogues.

Fig. 5 shows DEER data obtained for the intracellular pair 231–304,
which has a characteristic distance of 3.5 nm when the transporter is in
its apo form (grey in Fig. 5B). A second distance of 2.5 nm, indicative of
a closed intracellular region expected for an outward-facing (OF) state
of the transporter is populated in the presence of nucleotides. If a
transition state intermediate was trapped with vanadate ions (magenta
in Fig. 5B) we obtained the highest fraction of OF states in the mole-
cular ensemble. With other nucleotides the equilibrium is more shifted
towards the inward-facing (IF) state, as shown clearly by the EPR
snapshots at cryo temperatures with distinct distance peaks at both 2.5
and 3.5 nm (Fig. 5B). In contrast to the homodimeric transporters, the
ATP analogue AMP-PNP is found to be insufficient to close the asym-
metric NBDS and to induce the transition to the OF state. This seems to
be a common feature in asymmetric transporters, as it was confirmed in
Pgp as well [126]. However, while in Pgp the OF state could only be
populated in the post hydrolytic state trapped by vanadate, in TM287/
288 ATP binding without hydrolysis was sufficient to partially populate
the OF state. Using a single point mutation as E517Q in the subunit 287,
we observed a shift in the conformational equilibria with respect to the
wildtype background (Fig. 5B, upper vs lower panel), and we concluded
that a full switch to the OF state is also induced if nucleotides were

trapped in a pre-hydrolytic state.
Concluding, by using EPR we could show that a molecular feature

differentiating heterodimeric ABC exporters from their homodimeric
counterparts is that they exist in conformational equilibrium between
the IF and OF states. The thermodynamic details of the discovered
equilibrium seem to be species specific. How the substrate is altering
this equilibrium, how the translocation events take place and why the
stimulatory effect of drugs turns into inhibitory ones at high con-
centrations are the next challenges ahead, which can be addressed by
EPR methods.
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