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EPR in Protein Science

Intrinsically Disordered Proteins

Malte Drescher

Abstract Intrinsically disordered proteins (IDPs) form a unique protein category
characterized by the absence of a well-defined structure and by remarkable confor-
mational flexibility. Electron Paramagnetic Resonance (EPR) spectroscopy com-
bined with site-directed spin labeling (SDSL) is amongst the most suitable methods
to unravel their structure and dynamics. This review summarizes the tremendous
methodological developments in the area of SDSL EPR and its applications in
protein research. Recent results on the intrinsically disordered Parkinson’s disease
protein a-synuclein illustrate that the method has gained increasing attention in IDP
research. SDSL. EPR has now reached a level where broad application in this
rapidly advancing field is feasible.

Keywords o-Synuclein - DEER/PELDOR - EPR - Intrinsically disordered
proteins - Site-directed spin labeling
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The main purpose of this chapter is to summarize the state of the art in Electron
Paramagnetic Resonance (EPR) spectroscopy combined with spin-labeling
approaches as a tool for studying structure and dynamics of proteins. It should
give the non-specialist reader an overview of the tremendous methodological
developments and applications which have a huge impact on the field of biophysics,
biology, and biochemistry. In particular, contributions of site-directed spin labeling
EPR (SDSL EPR) to the rapidly advancing field of Intrinsically Disordered Proteins
(IDPs) are described.

SDSL EPR as pioneered by W. L. Hubbel and co-workers has become a
powerful tool for studying structure and dynamics of macromolecules, in particular
biological macromolecules as proteins, which do not necessarily contain endoge-
nous paramagnetic centers [1-4]. While SDSL EPR is applied to many bio-
macromolecules, this chapter provides a rather selective insight into the field of
SDSL EPR of proteins and is organized as follows.

First a basic introduction into approaches of SDSL of proteins is given, followed
by a summary of the important approaches for mobility measurements, accessibility
studies, and distance determination. Finally, we will address IDPs. Since structure
and dynamics of IDPs drastically depend on the environment and corresponding
details are notoriously difficult to unravel by NMR or X-ray structure determina-
tion, SDSL EPR can significantly contribute in the investigation of those systems.
To showcase the use of SDSL EPR in this field, recent results on a-synuclein being
a canonical model among the IDPs are reviewed.

1 Site-Directed Spin-Labeling of Proteins

Usually, nitroxides are used as spin-labels in SDSL EPR [5, 6]. However, with
increasing spread of high-field EPR the relevance of other paramagnetic labels, e.g.,
Gd**, could gain increased relevance [7, 8]. Nitroxides are stable free radicals of the
general form -O-NR'R?. The unpaired electron required for EPR detection is (de-)
localized on the N-O bond, about 40% of the spin density at the nitrogen atom and
60% at the oxygen atom. Since many biological macromolecules are diamagnetic,
the nitroxide resonance is most often the only signal in the EPR spectrum. Nitroxide
radicals are very stable, e.g., they can be stored for months under ordinary
conditions. This stability is mainly due to steric protection of the N-O bond.
Other parts of the molecule can be modified in order to attach the radical covalently
to larger molecules [9].

Nitroxides can be used either as spin probes or as spin labels. Spin probes are
subject to non-covalent interactions with the system under study. In many cases, spin
probes very similar to one component of the system, e.g., spin-labeled lipids, are
introduced. In contrast, spin labels are covalently linked to a complex structure, in
many cases to a specific site, e.g., of a protein (SDSL) [10]. An alternative approach
includes spin labeling of ligands interacting with the protein under study [11, 12].

The most common spin labeling strategy for proteins uses cysteine substitution
mutagenesis followed by modification of the unique sulfhydryl group with specific
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labeling agents, e.g., MTSSL (1-oxyl-2,2,5,5-tetra-methylpyrroline-3-methyl)-
methanthiosulfonate (Fig. 1, left) [13]. The modified side chain resulting from the
reaction is often designated as R1. For a variety of reasons, side chain R1 has become
the spin label of choice in SDSL studies. On one hand, R1 is tolerated surprisingly
well at the vast majority of sites at which it has been introduced in many different
proteins. On the other hand, its EPR spectra are exquisitely sensitive to features of the
local environment and provide a fingerprint for virtually every site [14].

Other possible spin labels specific for sulfhydryl groups are nitroxides contain-
ing an iodoacetamide group [15]. Spin labels featuring different specificity are
available [16, 17]. After the labeling procedure, excess spin label should be
removed, for instance using a size exclusion spin column. For labeling procedures,
see [148].

Nitroxide spin labels are small and have been shown to have minimal effects on
protein structures [18, 19]. However, for SDSL, as for all labeling techniques,
control experiments comparing wild type protein and labeled mutants are essential
to exclude distortion of protein conformation and function due to the label.

An alternative strategy for the introduction of spin labels can be used in protein
and peptide chemistry by spin label building blocks, e.g., 4-amino-1-oxyl-2,2,6,6-
tetramethyl-piperidine-4-carboxylic acid (TOAC, Fig. 1, right) which are directly
incorporated into the peptide during chemical synthesis [20-25].

2 SDSL EPR Methods

From EPR experiments with spin labels, four primary parameters are obtained: (1)
side chain mobility, (2) distances to other paramagnetic centers, e.g., a second
spin label or a metal ion within the very same or another molecule, (3) solvent



94

and oxygen accessibility, and (4) a measure for polarity of the environment of the
spin-label.

In the following sections methods for obtaining the first three types of informa-
tion are explained. Polarity measurements are particularly useful for membrane
proteins and are reviewed in [148].

2.1 Mobility Measurements

The typical CW EPR spectrum of nitroxide labels in X band consists of three lines
due to the hyperfine interaction with the '*N nucleus featuring a nuclear spin I = 1.
As a consequence of the common experimental procedure which includes signal
detection using a lock-in technique, EPR spectra are usually shown as first
derivatives of the absorption spectrum (Fig. 2). In a homogeneous magnetic field
the EPR signal does not depend on the spatial position of the label, and therefore
motion and translational diffusion cannot be detected unless applying magnetic
field gradients [27, 28]. However, since the Zeeman interaction and, in particular,
the hyperfine interaction of nitroxides are anisotropic, the EPR signal is sensitive to
the molecular orientation of the label with respect to the external magnetic field.
Thus, rotational diffusion can generally be detected by EPR.

Rotation of the label with correlation times of the order of the inverse width of
the nitroxide spectrum (5.5 ns) partially averages the anisotropy, resulting in
spectral changes (Fig. 2). Slight narrowing of the spectrum is detectable up to
rotational correlation times of 1 ps and anisotropy-related line broadening is
detectable down to rotational correlation times of 10 ps. Therefore, SDSL EPR
is sensitive to dynamics on the picosecond to microsecond timescales, covering a
variety of the important biological molecular mechanisms such as the dynamics of
proteins in solution [29-31].

a 1mT d
Fig. 2 Simulated EPR
spectra for nitroxides in X - —_— [ —
band (9.7 GHz) assuming

different (isotropic) rotational
mobilities. (a) Very fast

rotational mobility b e
corresponding to the isotropic
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corresponding to rotational [

correlation times of (b) f,

100 ps, (¢) 1 ns, (d) 3 ns, (e)
10 ns, (f) very slow rotational

mobility corresponding to c M

rigid limit. Simulated using

EasySpin functions Garlic

(a—c), Chili (d, e), and *J\A/\ﬁ W
Pepper (f) [26]
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The spectra do not directly report on the dynamics of the labeled macromolecule
as a whole but contain information on three types of motion: (1) internal motion of
the nitroxide about the chemical bonds of the linker (cf. Fig. 1, left), (2) motion of
the site of attachment relative to the rest of the macromolecule (conformational
flexibility), and (3) motion of the macromolecule as a whole. The internal motion of
the label may be restricted by the environment, depending on the extent to which
the molecular environment engulfs the label. These three dynamic components
significantly complicate the spectral analysis. However, a spectrum can often be
approximated by a simple motional model to provide information on the properties
of the macromolecule [32]. Temperature dependent experiments can adjust the
contributions of the different types of motion to the motional properties reported by
the EPR spectra [33].

The accessible timescale depends on the experimental frequency, e.g., the slow
overall and collective motion will show up best at lower operating frequencies and
fast motion will show up best at higher operating frequencies. In particular, high
field EPR can be used to analyze anisotropic motional dynamics.

One EPR spectrum measured at one single frequency does not allow complete
description of the spin label motion. Therefore, multifrequency EPR studies are
preferable to separate various motional modes in a protein according to their
timescales [34, 35].

In order to analyze the rotational mobility of the spin label quantitatively,
spectral simulations are required. Simulation programs for CW EPR spectra are
available [26, 36-38]. For the case of fast isotropic motion, approximate values of
the rotational correlation time can be calculated from the line height ratios [39].

A semiquantitative measure for nitroxide mobility is the inverse central line
width [18], another measure is the inverse second moment of the entire spectrum.
Plotting the inverse central line width vs the inverse second moment allows for
distinguishing different topological regions. So, different categories, namely sites
in loops or unfolded regions, sites on the surface of ordered structures, e.g., helices,
or sites that are buried inside the core of a protein can be identified [18, 40-43]. The
periodic dependence of mobility along a sequence can be used to identify secondary
structure elements and protein topography [44].

While quantitative labeling is often checked by mass spectrometry, free labels
and labels attached to a macromolecule can be distinguished by EPR mobility
measurements (Fig. 3). For comparison, the correlation time of the unbound, free
label in aqueous solution at room temperature is ~0.05 ns; in the example shown in
Fig. 3 its mobility is reduced to a correlation time of 0.8 ns upon attachment to a
protein fragment. Labels immobilized in well folded proteins feature typical corre-
lation times in the order of several nanoseconds [46].

2.2 Distance Measurements

Exploiting different experimental approaches, EPR spectroscopy can access distances
between paramagnetic centers in the range between 1 and 8 nm [1, 13, 47-54].



96

Fig. 3 Experimental CW
EPR spectra of free label
(black) and the same label
attached to a soluble protein
fragment (TonB) in aqueous
solution at room temperature
in X band. (Experimental data
taken from [45])
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By proper data analysis, distance distributions can be obtained [55-61] allowing for
analyzing flexible structures or coexisting conformations. Such techniques have
been successfully applied on soluble proteins [62-64].

While the complementary technique Forster resonant energy transfer (FRET),
which is widely used for studying distances in proteins requires two different,
relatively large chromophores, which must be chosen according to the expected
distance, EPR distance measurements can be performed using two identical much
smaller nitroxide labels and are precise over a broad range of distances [51, 65, 66].

Depending on the labeling strategy, inter- and intramolecular distances are
accessible. While for measuring intramolecular distance constraints doubly spin
labeled molecules can be used, intermolecular distances can be determined between
singly labeled molecules (Fig. 4).

Distance measurements by EPR rely on the dipole-dipole coupling between
spins, which is inversely proportional to the cube of the distance [67]. Additionally,
the dipole—dipole coupling also depends on the angle between the spin—spin vector
and the magnetic field (Fig. 5a). For oriented samples this angular dependency can
be observed (Fig. 5b). Fast reorientation of the spin—spin vector, e.g., fast rotational
diffusion of the doubly labeled protein under investigation, results in averaging
over all possible orientations and cancels the dipole—dipole interaction to zero.
Therefore, most often distance measurements are performed in a frozen state upon
shock freezing in glass forming solution, e.g., aqueous buffer solution mixed with
glycerol, resulting in an isotropic orientation distribution. Hence, the dipolar spec-
trum of such a macroscopically isotropic sample consists of a superposition of
dipolar spectra of all possible orientations of the spin—spin-vector resulting in a
classic Pake pattern (Fig. 5c).

Folding kinetics of proteins can be determined by a combination of rapid freeze-
quench experiments and SDSL EPR distance measurement or stopped-flow EPR
[68, 69].

In EPR distance measurements, two cases have to be distinguished. For
distances between nitroxide spin labels below 2 nm the dipole—dipole coupling
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Fig. 4 Cartoon representation of EPR distance measurements. (a) Doubly labeled monomeric
proteins give rise to intra- and intermolecular spin—spin interactions. In order to determine
intramolecular distances, experimental data has to be corrected for intermolecular contributions.
(b) Intermolecular distance measurements using singly labeled proteins in protein oligomers or
aggregates. Multiples of the distance are also expected. This may be even more complicated for
different types of aggregation and can be analyzed by studying a series of samples with increasing
content of non-labeled molecules (diamagnetic dilution). (¢) To measure intramolecular distances
within oligomers/aggregates, a mixture of doubly labeled and non-labeled proteins can be used

exceeds the inhomogeneous line width of the EPR spectrum caused by unresolved
hyperfine couplings and g-anisotropy. In this case, distances can be derived by CW
EPR. For distances between nitroxide spin labels larger than approximately 2 nm,
the dipole—dipole coupling is much smaller than competing interactions of the spin
Hamiltonian. Thus the dipole—dipole coupling has to be separated from those larger
interactions, which is usually done by pulsed EPR approaches, among these the
four-pulse double electron electron resonance (DEER) [48, 51, 70, 71]. By using
multiple techniques a more complete picture is obtained than can be found by a
single technique [72]. In the borderline region of applicability of CW EPR and
DEER (1.7-2.0 nm) both methods have to be combined in order to obtain accurate
inter-nitroxide distances [73]. The lower limit of precise distance measurements is
determined by the exchange coupling between two spins. With respect to the
dipole—dipole interaction it can usually be neglected for distances larger than
about 1.2 nm [74, 75]. On the other hand, for much shorter distances characteristic
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Fig. 5 (a) The dipole—dipole interaction between two spins A and B depends inter alia on the
angle 0 between the spin—spin-vector and the external magnetic field By. (b) This angular
dependency can be observed for oriented samples as shown with this experimental data for a
biradical in a liquid crystal under different orientations. (¢) Simulated dipolar spectrum for a
macroscopically isotropic sample (Pake pattern). Adapted from [66], copyright Wiley-VCH
Verlag GmbH and Co. KGaA. Reproduced with permission

exchange narrowed single line EPR spectra indicate orbital overlap between multi-
ple spin labels in close contact [76-78].

2.2.1 CW EPR Experiments

CW EPR experiments for distance determination can be performed on standard
spectrometers, most commonly in X band which are quite generally accessible, and
the measurements are technically not very demanding. Typical sample volumes are
50 pL at concentrations of about 50 M.

Distances in solution at physiological temperatures can at least be estimated
under conditions where the reorientation rate of the spin—spin-vector is reduced
by other mechanisms, e.g., embedding the proteins in membranes or upon
addition of viscosity agents [79]. In this case the dipole—dipole interaction is
partly averaged out, making accurate distance measurement difficult. Quantitative
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Fig. 6 Spin-normalized EPR
spectra of aggregated
peptides showing dipolar
broadening at 7 = 120 K.
The broadened spectrum
originates from a sample
containing 100% singly
labeled peptides (red), while
the reference sample (black)
contains 90% unlabeled and
10% singly labeled peptides.
This diamagnetic dilution
suppresses dipolar
broadening. (Experimental
data taken from [80])
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distance measurement is performed in frozen solution, the optimum temperature
being T = 120 K.

Dipolar interaction can lead to an EPR line broadening (Fig. 6). The spectrum of
the interacting spins can be treated as the convolution of the non-interacting powder
pattern spectrum with a dipolar broadening function which is known as Pake pattern
in randomly oriented samples.

When EPR spectra are normalized to the same number of contributing spins (as
in Fig. 6), dipolar broadening is apparent by a decrease of the signal amplitude,
which can be recognized more easily.

The non-interacting powder pattern which is required for distance analysis is
experimentally accessible by measuring EPR spectra of samples containing either
singly labeled proteins or, in the case of intermolecular distances, containing both
labeled and unlabeled proteins (“diamagnetic dilution”) to avoid interspin distances
below 2.0 nm.

Software for extraction of distances from CW spectra, e.g., by analysis of
spectral lineshapes by simulation or lineshape deconvolution [50, 81], is available
and reviewed in [148].

2.2.2 Pulsed Methods

Pulsed methods [82] increase the range of distance sensitivity. They can be used to
separate the dipole—dipole interaction from other contributions of the spin Hamil-
tonian. At very large available microwave power, distances can be measured well
by double quantum coherence (DQC) that uses a single frequency. With the power
available on commercial spectrometers, double electron electron resonance [DEER,
an acronym which is synonymously used with PELDOR (Pulsed Electron Double
Resonance)] is the more sensitive technique and is thus most widely applied in the
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Fig. 7 Pulse sequence of the dead-time free four-pulse DEER experiment. The pulse sequence at
frequency v, (refocused spin echo) addresses the A spins, only, while the pulse at v- flips the B
spins. Applying the pump pulse at variable time 7 results in a modulation of the refocused echo
intensity V (cf. Fig. 8a)

field. Tt requires a pulsed EPR spectrometer equipped with a two-frequency setup,
which are commercially available. The DEER pulse sequence is depicted in Fig. 7
and is described below. Measurements are typically conducted using the dead-time
free four-pulse DEER sequence and require typically 12 h of signal averaging for
biological samples in X band [70]. Note in this context that one DEER measure-
ment most often enables one to derive one distance constraint, only.

The Four-Pulse DEER Experiment

Originally, DEER was introduced as a three-pulse experiment [83, 84]. The dead
time inherent with this pulse sequence prevents one from recording the important
first data points of the DEER curve. Therefore, a dead-time free four-pulse variant
of DEER was introduced [70] and is now used extensively.

The pulse sequence of the four-pulse DEER experiment is shown in Fig. 7. We
consider a system of electron spins A (observer spins) and B (pumped spins)
possessing a resonant microwave frequency v, and v, respectively. Spins A and
B are usually chemically identical nitroxide labels. Since the nitroxide spectrum
features a width of approximately 180 MHz, it is possible to apply pulses at two
different frequencies with non-overlapping excitation profiles and subsequently
divide the nitroxides in the sample into A- and B-spins, respectively. Accordingly,
the pulse sequence at v, addresses the A spins only, while the pulse at v, flips the
B spins. At frequency v, a two-pulse Hahn-echo sequence is first applied resulting
in an echo depicted in Fig. 7 with negative phase, which is followed by a third pulse
at this so-called observer frequency which leads to a refocused echo of the observer
spins A. The dipolar interaction can be studied by insertion of an additional n-pulse
at the second frequency v, between the two m-pulses at v;. This pulse affects the
B spins only. Their inversion leads to a change of the local magnetic field at
the A spins. Applying the pump pulse at variable time 7 results in a modulation
of the refocused echo intensity V with the frequency of the dipolar coupling
between A and B spins. Plotting V vs T yields the typical DEER curve (Fig. 8a).
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Fig. 8 (a) Simulated DEER data for a doubly labeled model system. The intensity V of the
refocused observer echo (cf. Fig. 7) is plotted vs the delay T of the pump pulse (black). The DEER
curve can be corrected for a background signal (red) originating from intermolecular interactions
(cf. Fig. 4a). (b) Dipolar evolution (form factor) derived from DEER data in (a) by correcting for
the intermolecular background. (¢) Corresponding distance distribution. Simulations were
performed using DEER Analysis [61]

Measuring in frozen solution is desired in order to avoid the averaging out of the
dipole—dipole interactions and, in particular, the strong decrease in transverse
relaxation time 7, that is induced even by moderate spin label dynamics. Addition-
ally, the proper choice of temperature is important in pulsed EPR to optimize
relaxation rates. 7 = 50 K is ideal for DEER at nitroxides in aqueous solution, so
liquid helium cooling is advantageous [85].

A dramatic increase in sensitivity can be obtained by lengthening the transverse
relaxation time by choosing the right solvent. At low temperatures the transverse
relaxation time is significantly longer in a fully deuterated matrix than in a
protonated one. Deuteration of the underlying protein, as well as the solvent,
extends the transverse relaxation time to a considerable degree and gives enhanced
sensitivity and an extended accessible distance range [86].

Typical sample volumes for X-band measurements are in the order of some
10 pLL at minimum concentration of some 10 uM. There is an optimum concentra-
tion depending on the required maximum accessible distance. For distances of up to
2.5 nm, concentrations up to 4 mM can be used; for measuring distances up to 8 nm,
the concentration should not exceed 0.35 mM [66].

While most experiments reported in the literature were performed in X band, Q
band DEER gains increasing attention owing to its superior sensitivity revealing
higher-quality distance data as well as significantly increased sample throughput
[87, 88]. DEER in W band gives access to the relative orientation of spin labels due
to orientation selection at high fields. More precisely, selective excitation by
microwave pulses may unravel if the orientation of the spin—spin vector is
correlated to the orientations of the molecular frame of the two nitroxides [89,
90]. However, due to conformational freedom of the labels, such correlation is often
not very strong.

In most cases, EPR distance measurements are performed to determine a dis-
tance within a nanoobject, e.g., the spin—spin distance in a doubly labeled protein.
It is desirable to consider an isolated pair of spin labels; therefore dipolar
interactions to spins of neighboring objects, e.g., intermolecular interactions,
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should be suppressed. This can be achieved by diamagnetic dilution, e.g., mixing
with non-labeled wild type protein or protein labeled with a diamagnetic label
analog. In the case of studying intramolecular distances in protein oligomers,
diamagnetic dilution is of particular importance (cf. Fig. 8) [79, 91].

In any case, the DEER signal has to be corrected for the background originating
from couplings to spins outside of the interesting nanoobject (Fig. 8a) [85]. Experi-
mental background functions can be derived from singly labeled samples; they can
be used for correcting the background in corresponding doubly labeled samples. If
experimental background functions from singly labeled molecules are not avail-
able, theoretical functions taking homogeneous distributions of nanoobjects into
account can be applied for correction. In many samples the distribution is homoge-
neous in d = 3 dimensions. Proteins bound to a membrane surface may be confined
to d = 2 dimensions.

The data after background correction is often referred to as form factor (Fig. 8b).

The assumption of well separated spin pairs may not always be valid, e.g., in
singly labeled trimers. Those cases lead to signal contributions from sum and
difference combinations of dipolar frequencies which are not easy to analyze in
terms of distances [92].

However, a parameter being rather easily determined is the number of spins per
nanoobject, e.g., the number of proteins in an oligomer [57, 93, 94]. It is directly
related to the modulation depth of the DEER curve after background correction,
which additionally depends strongly on the excitation position, length, and flip
angle of the pump pulse. Uncertainty in the degree of spin labeling affects interpre-
tation of the oligomerization state [93-95]. In turn, reduced modulation depth for
intramolecular distance measurements can indicate a fraction of de facto singly
labeled molecules.

In analogy, from the background of the DEER signal reflecting homogeneously
distributed spins, local spin concentrations up to 20 mM can be measured [96].

For evaluation of experimental DEER data several software packages are
available [59, 61]. They cater either for data analysis based on a model of the
distance distribution [97-99] or for model-free methods, e.g., Tikhonov regulariza-
tion [57, 59]. For the model-free approach, the underlying mathematical problem
is (moderately) ill-posed, i.e., quality of the analyzed data is very crucial. Incom-
plete labeling of double mutants results in (1) lower signal to noise of the primary
data with increasing number of completely unlabelled molecules and (2) reduced
modulation depth with decreasing number of doubly labeled molecules.

It is important to note that the distance between the spin density on the nitroxides
differs from the corresponding distances of the protein backbone, since distance
measurements utilize spin-labels as MTSSL which possess a number of single bonds
in their linker allowing for different rotamers (Fig. 1 left) and thus are not conforma-
tionally unambiguous [100]. This introduces an uncertainty of the backbone—spin
distance and complicates the interpretation of the spin—spin distances in terms of the
protein backbone [64], although the uncertainty becomes less important for longer
distances between the labeled sites [101].
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This uncertainty can be reduced by molecular modeling of the spin label behav-
ior. Several approaches were made to overcome this problem [64, 102, 103]. For
instance, the program package MMM describes spin labels by a set of alternative
conformations, rotamers, which can be attached without serious clashes with atoms
of other residues or cofactors. The individual rotamers are assigned Boltzmann
populations corresponding to an estimate of the sum of their internal energy and
interaction energy with the protein. All simulations of experiments on spin labels are
then based on the population weighted average over the ensemble of rotamers [104].

Experimental data for DEER experiments can be predicted for a modeled
structure and favorable attachment sites can be predicted by scanning the whole
protein [105].

2.3 Accessibility Measurements

Secondary structure can be obtained by studying the accessibility of the nitroxide
label to paramagnetic colliders. The collision rate (more precisely the Heisenberg
exchange frequency) with the spin label influences the relaxation time of the latter
which can be measured and be used to estimate the local concentration of a
paramagnetic quencher near a nitroxide spin label.

Water-soluble quenchers are transition metal complexes such as chelated
nickel [nickel(II)-ethylenediamine-N,N'-diacetic acid (NiEDDA)]. A ubiquitous
paramagnetic quencher is triplet oxygen, which is much more soluble in apolar
environments, such as lipid bilayers, than in polar environments [3, 106]. As a
consequence, by measuring the respective local concentration, membrane-exposed
sites can be distinguished from solvent-exposed sites.

At very high local concentrations such quenchers cause line broadening. At low
local concentration exchange broadening is insignificant and the transverse relaxa-
tion time 7 is the same in the presence and absence of the quencher. In this case,
the influence of the quenchers on the longitudinal relaxation time 7', can be
quantified by measuring saturation curves. For this, the peak-to-peak amplitude of
the first derivative central line of the nitroxide spectrum is measured as a function of
microwave power. Measuring on a reference substance such as dilute diphenylpi-
crylhydrazyl powder in KCI and defining a dimensionless accessibility parameter IT
enables one to eliminate the dependency of those saturation curves on 75 and the
conversion efficiency of the microwave resonator [107—110].

3 Applications to Intrinsically Disordered Proteins

The most powerful techniques for protein structure determination in general are
X-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy. Very
limited structural information is available if these techniques are not applicable.
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This holds true for many membrane proteins which are difficult to crystallize or
concentrate; therefore the determination of their structures is one of the most
challenging fields in structural biology. Furthermore, structure determination of
membrane proteins is an important application of SDSL EPR which is reviewed
[33, 111-113, 148].

X-ray crystallography and NMR spectroscopy are also less successful in deter-
mination of structure and dynamics of IDPs [114]. IDPs have been recognized as a
unique protein class as well, justified by the clear structural and functional separa-
tion which they have in common, and again, SDSL EPR can significantly contribute
to their characterization as illustrated in the following.

IDPs comprise a large fraction of eukaryotic proteins (>30%). They lack a well-
defined three-dimensional fold and display remarkable conformational flexibility.
This property potentially enables them to be promiscuous in their interactions and
to adapt their structure according to the needed function.

Since structure and dynamics of IDPs drastically depend on the environment,
corresponding details are notoriously difficult to unravel. Because of their inherent
flexibility, IDPs often fail to crystallize in their free form. When crystallization is
successful, it only leads to a snapshot of a single conformation not representing the
whole conformational ensemble [ 115]. The most common goal of structural studies,
the determination of unique high-resolution structures, is not attainable for IDPs
due to the absence of a well-defined structure.

Upon interaction with other cellular components, IDPs adopt more highly
ordered conformations. These are subject to high-resolution structures in some
cases; however, at least in some cases, the bound states of IDPs remain highly
non-compact and retain substantial mobility [116, 117].

SDSL EPR offers a powerful tool to study IDPs. Nitroxide spin labels introduce
a minimal perturbation of the system, and probe the very local environment of the
label [3, 4, 38, 118]. The higher sensitivity of EPR compared to NMR allows for
much lower concentrations of protein samples.

Several IDPs have already been subjected to SDSL EPR investigations. So EPR
data showed decreased flexibility in a region of residual helical structure in the
disordered C-terminal domain of the measles virus nucleoprotein, and
demonstrated the further ordering of this region upon interaction with a binding
partner [119, 120].

The amyloid B peptide AP was the subject of several studies [91, 121-123];
structural constraints on Af_y4 fibrils were obtained from measurements of CW
EPR spectra and determination of spin—spin couplings in a series of spin-labeled
cysteine mutant samples. Conclusions about molecular structure and supramolecu-
lar organization were drawn from these data. The observation of co-fibrillization of
AP0 and AB;_4 suggested the absence of large structural differences between
AP0 and AP, _4, fibrils.

Further examples of IDPs studied by SDSL EPR are the prion protein H1 [124],
ubiquitin [125], or serum albumin [12]. In the following, recent results concerning
a-synuclein are reviewed to illustrate the potential of SDSL EPR in the field
of IDPs.
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3.1 «-Synuclein

Intrinsic disorder is highly abundant among proteins associated with neurodegen-
erative diseases. The canonical model among the IDPs is a-synuclein (ASYN), a
140-residue protein that is abundantly present in the Lewy bodies characteristic of
Parkinson’s disease (PD). PD is the most common age-related movement disorder
and the second most common neurodegenerative disorder. ASYN with its high
propensity to aggregate and its conformational flexibility is an ideal model system
for IDPs and for understanding PD and related disorders.

Depending on the environment, it adopts a variety of structurally distinct
conformations including the intrinsically unfolded state, an amyloidogenic partially
folded conformation, and different o-helical and B-sheet conformations. This
conformational flexibility led to the term “protein-chameleon.”

The exact physiological role of ASYN has yet to be determined, but membrane
binding seems to be important for its function. As a consequence, the membrane
bound form has received considerable attention in the last several years. Preferen-
tially, ASYN binds to negatively charged lipid surfaces.

Human ASYN does not contain any cysteine residues. Singly and doubly labeled
ASYN derivatives can be generated by site-directed mutagenesis introducing
cysteines and subsequent spin labeling with MTSSL. Spin-labeled ASYN in solu-
tion at room temperature gives rise to sharp EPR line shapes characteristic for loop
or unfolded regions indicating that ASYN is intrinsically disordered, e.g., largely
unfolded in solution (Fig. 9a, b).

Fig. 9 CW EPR spectra at
room temperature of (a)
ASYN labeled at residue 140
in solution (black) and upon
vesicle binding (blue), and
ASYN labeled at residue 90
(b) in solution and (c) upon
vesicle binding including
corresponding spectral . + L L
simulations (red). Taken 333 336 339
from [126] magnetic field / mT

T
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3.1.1 Fibrils

The aggregation of proteins into amyloid fibrils is associated with several neurode-
generative diseases. It is believed that the aggregation of ASYN from monomers
by intermediates into amyloid fibrils is the toxic disease-causative mechanism
of PD.

A large set of singly labeled ASYN derivatives were used in order to investigate
the structural features of ASYN fibrils. Fibrils grown from spin-labeled ASYN
featured a fibril morphology being very similar to fibrils taken from wild type
ASYN as verified by electron microscopy. Additionally, co-mixing of wild type and
labeled ASYN indicated that both species are able to adopt similar structures within
the fibril, confirming that the introduction of a spin label is tolerated remarkably
well in amyloid fibrils [91].

Analyzing the intermolecular spin—spin interaction within the fibrils in terms of
dipolar broadening depending on diamagnetic dilution, it was shown that similar
sites from different molecules come into close proximity. While the accuracy of this
analysis was not sufficient to distinguish fully whether parallelism occurred
between strands or sheets (corresponding to distances of 4.7 or 10 A) [127], a
highly ordered and specifically folded central core region of about 70 amino acids
was identified. The N-terminus is structurally more heterogeneous; the C-terminus
consisting of 40 amino acids is completely unfolded [128].

The latter encouraged Chen et al. [127] to employ a C-terminal truncation
mutant of ASYN containing residues 1-115. This allowed for optimizing spectral
quality and minimizing components from non-fibrillized protein or other back-
ground labeling possibly due to codon mistranslation [129]. Single-line, exchange
narrowed EPR spectra were observed for the majority of all sites within the core
region of ASYN fibrils. Such exchange narrowing requires the orbital overlap
between multiple spin labels in close contact and therewith confirmed that the
core region of ASYN fibrils is arranged in a parallel, in-register structure wherein
similar residues from different molecules are stacked on top of each other. This core
region extends from residue 36 to residue 98 and is tightly packed. Accessibility
measurements suggested the location of potential B-sheet regions within the
fibril. Furthermore, the data provide structural constraints for generating three-
dimensional models.

3.1.2 Membrane Binding

Not only misfolding and fibril formation of ASYN but also membrane binding
are of particular interest, especially for unraveling its physiological role. The
N-terminus of ASYN contains 7 repeats, each of which is made up of 11 amino
acids. Sequence analysis suggested that this part is likely to mediate lipid
interactions [130, 131]. NMR studies are limited by the size of the complex under
investigation. Hence, the structural information available concerns NMR studies of
ASYN on micelles [132-135].
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Micelles, however, differ in important aspects from biological membranes.
Micelles have typical diameters of 5 nm and therefore may be too small to mimic
organellic membranes. In order to understand the conformational changes that
occur upon membrane binding of monomeric ASYN, SDSL EPR was performed
with ASYN bound to phospholipid vesicles, e.g., small or large unilamellar vesicles
(SUVs or LU Vs, respectively).

To characterize the structural changes induced by membrane binding, the EPR
spectra of 47 singly spin labeled ASYN derivatives were recorded in solution and
upon binding to small unilamellar vesicles [42, 128].

As already mentioned, spin-labeled ASYN in solution gives rise to sharp EPR
line shapes characteristic of intrinsic disorder (Fig. 9a, b). Upon membrane binding,
spectral changes were observed for ASYN derivatives labeled within the repeats
region (Fig. 9¢). In contrast, little or no changes were detected for labels at positions
within the last 40 amino acids, confirming that conformational changes upon
membrane binding do not occur within the C-terminal portion (Fig. 9a).

The spectra upon membrane binding still contained residual sharp spectral
components allocated to unbound ASYN. The spectra can be corrected for this
component by subtraction of the spectrum of the free label. Analyzing the resulting
spectra originating exclusively from membrane bound ASYN labeled within the
repeat region exhibited line shapes indicating lipid- or solvent-exposed helix
surface sites.

Additionally, O, and NiEDDA accessibilities (ITO, and IINiEDDA, respec-
tively) were determined for the labels in the repeat regions. Nonpolar O, preferen-
tially partitions into the membrane whereas the more polar NIEDDA preferentially
partitions into the solvent. As a consequence, membrane-exposed sites show
enhanced accessibility to O,, whereas solvent-exposed sites are preferentially
accessible to NiEDDA. In agreement with the formation of a helical structure,
ITO, and IINiEDDA exhibit continuous periodic oscillations. The accessibility
data for both colliders can be conveniently summarized by the depth parameter
@ [ = In(TTO,/TINiIEDDA)] (Fig. 10), which increases linearly with increasing
immersion depth [136].

The consecutive scan of the residues with respect to mobility and accessibilities
demonstrates the formation of a single, elongated helix, wherein each 11 amino
acid repeat takes up 3 helical turns.

Without subtracting the residual sharp spectral components of spin-labeled
ASYN in the presence of SUVs, a multi-component spectral simulation strategy
is required in order to describe the experimental data (Fig. 9b, c). Three different
contributions featuring different isotropic rotational mobilities can be allocated to
free spin labels, labeled residues not bound to SUVs, and residues bound to SUVs
by the following approach. The spectra of ASYN in the absence of liposomes are
well described by a superposition of two components, S, and S,, where S,
corresponds to the spectrum of the free spin label MTSSL measured independently.
In the presence of SUVs, an additional component S5 is needed, corresponding to
the broadened part of the spectra. The shape of component S5 and the prefactors
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Fig. 10 Solvent accessibility analysis of singly labeled ASYN derivatives. The ratios of the
accessibilities to O, and NiEDDA (ITO, and IT NiEDDA, respectively) for residues 25-90
summarized by the depth parameter @ = In(ITO,/IT NiEDDA), with increasing @ values
indicating deeper membrane immersion depth. The blue line indicates the best fit to a cosine
function and the resulting periodicity corresponds to the theoretically predicted periodicity of 3.67
amino acids per turn. Copyright 2005 National Academy of Sciences, USA, reproduced from [136]

a, b, and ¢ are determined by least square fits to the data according to S = aS; +
bS> + ¢S5 [126].

Hence, the local binding affinity can be determined. Using this approach a
systematic study varying the charge density of the membrane allowed for a locally
resolved analysis of the protein—membrane binding affinity. The results showed
that binding of ASYN to artificial phospholipid membranes is initiated by the
N-terminus (Fig. 11) [126].

3.1.3 Conformation of Membrane Bound a-Synuclein

The NMR structure of ASYN bound to SDS micelles, commonly used for mem-
brané¢ mimicking, revealed a break in the helix, resulting in two antiparallel alpha-
helices [132]. This model was confirmed by distance measurements exploiting
SDSL EPR utilizing 13 different ASYN double mutants each containing 2 spin-
labeled cysteines (horseshoe model, Fig. 12) [137].

In this study, one mutant includes a pair of cysteines placed within a single helix
to provide an internal distance control. Distance distributions were obtained by
DEER measurements and Tikhonov regularization. Studying ASYN bound to
detergent and lysophospholipid micelles, it has been shown that the inter-helical
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Fig. 11 Spin-label EPR revealed that ASYN membrane binding is triggered by its N-terminus.
Schematic representation of ASYN at the membrane—water interface. Positions of spin labels used
in this study are depicted as red circles, and the number of the labeled residue is given.
Representing electrostatic interactions, the cationic residue K80 is shown as a white circle.
Adapted from [126]

Fig. 12 Cartoon
representation of the two
helices and linker region of
ASYN bound to an ellipsoidal
micelle, illustrating the
different distances measured
using pulsed EPR (taken
from [137])

separation between the two helices formed upon binding to micelles is dependent
on micelle composition, with micelles formed from longer acyl chains leading to an
increased splaying of the two helices. The distance constraints were in accord with
the NMR data. The data suggested that the topology of ASYN is not strongly
constrained by the linker region between the two helices and instead depends on the
geometry of the surface to which the protein is bound.

The geometry of micelles, however, differs significantly from those of biological
membranes. Micelles have typical diameters of 5 nm and therefore may be too
small to accommodate ASYN in the extended conformation (around 15 nm for an
extended helix of 100 residues). Therefore, it had been postulated that the small size
of the micelles may have artificially constrained the protein into a horseshoe
structure.

A subsequent study considered two selected possible conformations for ASYN
bound to SUVs, namely an extended helix and the horseshoe structure. Theoreti-
cally expected spin—spin distance distributions for doubly labeled ASYN taking the
possible rotamers of the spin labels into account were calculated. This enabled one
to identify label positions in the crucial location close to the potential linker region
between the two horseshoe helices which would allow distinguishing between these
conformations by CW EPR distance measurements. CW EPR spectra of corre-
spondingly labeled ASYN bound to POPC SUVs were measured and, using the
theoretical distance distributions, calculated. The authors interpreted their results in
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Fig. 13 The distance distribution for ASYN bound to LUV and labeled at residue 27 and 56
clearly consists of two contributions. The shorter distance agrees well with the expected distance
of 2.7 nm for the horseshoe conformation derived from the NMR structure (pdb access code
1XQ8) while the longer distance is consistent with an extended alpha-helix. Taken from [140]

such a way that an unbroken helical structure around residue 40 was ruled out and
confirmed the picture of the interhelix region characterized by conformational
disorder [138]. Later, a close inspection of the data resulted in suggesting that the
measured distances may be more consistent with an extended helix form than with
the horseshoe model [139].

ASYN bound to vesicles, bicelles, and rodlike micelles was also studied by
DEER allowing for measuring longer distances. Jao et al. reported results
suggesting an extended helix conformation being significantly different from that
of ASYN in the presence of SDS micelles. Their DEER study showed that for
several double mutants the average distance per residue was £1% of that for an
alpha-helix, which argues strongly for an extended helix [137].

Already in this study, a number of samples have yielded somewhat bimodal
distance distributions, suggesting distinct conformations of the protein. Actually,
this was confirmed by a further DEER study [140], which used the ability of DEER
to measure distance distributions for direct evidence of coexisting horseshoe and
extended helix conformations of membrane bound ASYN (Fig. 13).

A DEER study [141] measuring distances of up to 8.7 nm showed that the PD-
linked ASYN mutations also remain capable of adopting both structures, and that
the protein to lipid ratio determines whether the protein adopts the broken or
extended helix conformation.

This ability of ASYN to adopt different structures can provide an explanation of
the disparate results obtained using similar experimental techniques and often with
only slight variations in experimental conditions reported in the literature
[99, 133-136, 138, 139, 142].

A complementary approach studying protein—-membrane interaction by SDSL
EPR is to utilize spin-labeled lipids. In the case of ASYN, different restrictions of
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segmental motion in the chains of different lipids were observed upon ASYN
binding. This observation indicates that ASYN associates at the interfacial region
of the bilayer where it may favor a local concentration of certain phospholipids
[143-146].

3.1.4 Lipid-Induced Aggregation

Using singly spin labeled mutants, intermolecular distances are also accessible by
DEER. It was shown that ASYN may influence the membrane structure and even
disrupt membranes. Under those conditions intra- and intermolecular distance
measurements by DEER allowed for the conclusion that ASYN forms aggregates
once in contact with SUVs [99, 147].

The simplest model for such an aggregate was proposed based on the distance
constraints (Fig. 14). In these aggregates, two ASYN molecules are in close contact,
but they could form part of a larger aggregate in which the proteins are arranged in
an ordered fashion.

4 Concluding Remarks

SDSL EPR has developed as a powerful tool in order to study structure and
dynamics of bio-macromolecules. Mobility and distance measurements being sen-
sitive to dynamics on the picosecond to microsecond timescales, covering the

Fig. 14 Left: ASYN forms well-defined aggregates with lipids. In these aggregates, two ASYN
molecules are in close contact, but they could form part of a larger aggregate in which the proteins
are arranged in an ordered fashion. Spin labels are depicted as red circles. Right: Cartoon
representation of EPR distance constraints. Taken from [141]
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dynamics of proteins in solution, or giving access to distances between spin labels
in the nanometer range, are probably amongst the most important experimental
approaches.

Advantages of SDSL EPR include straightforward labeling procedures using one
type of label for a broad accessible range in distance measurements, small size of
label-molecules featuring minimal perturbations of the system under investigation,
virtually no limitation of the size of the complex under study, and high sensitivity.
Sophisticated pulsed EPR methods for distance determination compel by their
unsurpassed accuracy as well as their ability to extract distance distributions and
therefore to detect coexisting structures. Since unlabeled diamagnetic molecules
are EPR silent, distance constraints can be obtained background free in (frozen)
solution.

IDPs form a unique protein category characterized by the absence of a well-
defined structure and by remarkable conformational flexibility. As a result of these
properties, and because of its high potential, SDSL EPR is amongst the most
suitable methods to study IDPs and will gain increasing attention in this rapidly
advancing field. Recent results on o-synuclein show that SDSL EPR has now
reached a level where broad application unraveling structure and dynamics of
IDPs is feasible.
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