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Introduction 

Alpha-synuclein 

The human a-synuclein protein (ASYN) plays a central role in 
the etiology of Parkinson's disease,llI and forms fibrillar aggre­
gates that are found in Lewy bodies and Lewy neurites in the 
brain, structures which are the hallmark of the diseaseY-41 

Three point mutations (A30P, AS3T, and E46K)1 are associated 
with early-onset Parkinson's disease.15-7J Modifications such as 
phosphorylation2 of the serine residue at position 129, and 
truncations of the protein, are reported to play an important 
role in the toxicity of ASYN.IB-ll J . 

ASYN displays remarkable structural versatility: it has long 
been considered an intrinsically disordered or "natively unfold­
ed" protein at physiological conditions, but can readily adopt 

structure in aggregates or a-helical structure when 
bound to Iipids.11 2-15J Very recent reports suggest that at phys­

iological conditions in vivo, ASYN adopts a helical tetrameric 
structure,11 6-17J although this observation remains controver­

sial. l1BJ The intriguing reports about the ASYN tetramer could 
imply that these structures are yet another face of the chame­
leon-like nature of the protein in vivo. The notion of a-synu­
clein as a protein chameleon was introduced in 2003 by Uver­
sky,119J and the ensuing years have only served to reinforce this 
view of the protein. The function of ASYN is unknown, but it is 
thought to involve lipid-binding in vesicles and synaptic mem­
branes.12o-26J The intrinsically disordered nature of the protein 

renders it intractable to standard high-resolution structural 
biology methods, making single-molecule Forster resonance 
energy transfer (FRET) and spectroscopic approaches that yield 
distance constraints invaluable in establishing structural pa­
rameters for the protein.127-35J 

In general for amyloid diseases, early aggregation intermedi­
ates are suspected of playing a key role in cell damage, al­
though the structures and mechanisms of action of these early 
intermediates are unknown.136J There is evidence that amyloid 
toxicity may be caused by membrane permeabilization by 
pore-like early intermediates leading to disruption of calcium 
homeostasis and cell -death;137-44J such pores have been detect­
ed for ASYNP9-40.45-4BJ but the hypothesis remains to be un­

equivocally verified. Thus, it is very likely that the structural di-

o Phosphorylation is the addition of a phosphate (PO/ ) group to a protein or 

other organic molecule. Protein phosphorylation plays an important role in 

the regulation of cellular processes, including signal transductian. 

versity of ASYN is a key element in the pathology of the synu­
cleinopathies.149J 

Labeling Approaches and Methods for Dis­
tance Measurements in the Nanometer Range 

Site-directed labeling 

Site-directed labeling is an essential enabling methodology for 
both fluorescence and electron paramagnetic resonance (EPR) 
measurements, and facilitates the directed coupling of a suita­
ble fluorophore or spin label on the protein of interest. In gen­
eral, a cysteine residue is introduced at specific amino-acid 
positions, to which a fluorescent or spin label is covalently at­
tached using thiol chemistry. Because ASYN has no intrinsic 
cysteine residues, singly and doubly labeled ASYN derivatives 
can be generated by site-directed mutagenesis to introduce 
cysteines at any position in the primary sequence, followed by 
labeling. Alternatively, site-directed mutagenesis can be used 
to introduce an intrinsically fluorescent amino acid, such as 
tryptophan (Trp), at the desired position. Wild-type ASYN has 
four weakly fluorescent tyrosine residues, and no Trp residues, 
which makes fluorescence studies of Trp substitution mutants 
of ASYN a valuable approach to study ASYN conformations, 
conformational dynamics, and membrane interactions.150-60J 

In site-directed spin labeling electron paramagnetic reso­
nance (SDSL-EPR) ,spectroscopy, nitroxides are usually used as 
spin-labels.161-62J Nitroxides are stable free radicals of the gener­
al form ·O-NR1R2 where the unpaired electron required for EPR 

detection is (de)localized on the N 0 bond. Since many bio­
logical macromolecules (including ASYN) are diamagnetic, the 

nitroxide resonance is most often the only signal in the EPR 
spectrum. The most common spin labeling strategy for pro-
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Scheme 1. Structure of MTSL reacted with a cysteine residue within an 
amino acid sequence (shaded). The rotational degrees of freedom caused by 
participating single bonds are indicated. Taken from ref. [84] with permis 
sion. Copyright: Springer Verlag, 2011. 

teins uses cysteine substitution mutagenesis followed by modi­
fication of the unique sulfhydryl group with specific labeling 
reagents, for example, (1-oxyl-2,2,5,5-tetramethylpyrroline-3-
methyl)-methanethiosulfonate (MTSL, Scheme 1 ).[63] MTSL has 
become the spin label of choice in SDSL studies, particularly 
because it is tolerated surprisingly well at the vast majority of 
sites at which it has been introduced into many different pro­
teins. It is small and has been shown to have minimal effects 
on protein structures.[64-6S] 

Forster resonance energy transfer (FRET) 

FRET is a nonradiative transfer of the excitation energy from 
a donor fluorophore to an acceptor chromophore.[66-67] FRET in­
volves a distance-dependent interaction between the emission 
and absorption transition dipole moments of the donor and 
acceptor molecules respectively. The rate of energy transfer 
depends on the spectral overlap of the donor emission and ac­
ceptor absorbance spectra, the donor fluorescence quantum 
yield, the relative orientations of the donor and acceptor tran­
sition dipole moments, and the distance between donor and 
acceptor molecules. The energy transfer rate, kE• is given by 
[Eq . (1)]: 

(1 ) 

where Td is the lifetime of the donor fluorophore in the ab­
sence of an acceptor, and r is the donor- acceptor distance. 
The Forster radius Ro (typically 2 to 9 nm) characterizes a given 
donor/acceptor pair, and is defined as the distance at which 
the efficiency of resonance energy transfer is 50 %. The reso­
nance energy transfer provides an additional deactivation 
pathway for the excited fluorophore and results in reduced 
excited state lifetime of the donor f1uorophore. Forster radii of 
commonly used donor/acceptor pairs are comparable to the 

762 

size of biological macromolecules, resulting in FRET being ex­
tensively used as a "spectroscopic ruler" for measu ring distan­
ces between sites on proteins. In particular, ensemble[51.54,59,60] 
and sing le-molecule FRET[34,35,68-71] approaches have been used 

for measuring conformational fluctuations in ASYN. Note that 
the magnitude of kET can be determined from the efficiency of 
energy transfer, Ell using the relation [Eq. (2)]: 

k _ 1 ( Er ) 
IT - r;; ~ (2) 

ET can be determined experimentally by measuring the de­
crease in the intensity or the lifetime of the donor in the pres­
ence of the acceptor [Eq. (3)]. 

Er = 1 (3) 

Electron paramagnetic resonance spectroscopy 

Since the conformation of ASYN sensitively depends on the en­
vironment, corresponding structural details are notoriously dif­
ficult to unravel. The determination of unique high-resolution 
structures remains an elusive target for ASYN, but SDSL-EPR 
offers a powerful methodology to get structural insights into 
ASYN. Advantages of SDSL-EPR include high sensitivity and vir­
tually no limitation on the size of the object under study. Since 
unlabeled diamagnetic molecules are EPR silent, distance con­
straints can be obtained background free in (frozen) solution. 
While FRET requires two different, relatively large, chromo­
phores, which must be chosen accord ing to the expected dis­
tance, EPR distance measurements can be performed using 
two identical, much smaller, nitroxide labels featuring minimal 
perturbations of the system under investigation and which are 
precise over a broad range of distances.[72-74] Different experi­

mental approaches can access distances between paramagnet­
ic centers in the range between 1 and 10 nm ;[63, 72, 75-82] for 

recent reviews see refs. [83] and [84] . 
Distances between nitroxide spin labels below 2 nm can be 

derived by continuous wave (CW) EPR. The spectrum of inter­
acting spins can be treated as the convolution of the non-in­
teracting spectrum with a dipolar broadening function from 
which the distance can be derived. Pulsed methods[85] increase 
the range of distance sensitivity; double electron-electron res­
onance (DEER, an acronym which is used synqnymously with 
PELDOR (pulsed electron double resonance)) is the most 
widely applied in the field.[72.77,86-87] DEER is an attractive 

method for its unsurpassed accuracy and its ability to extract 
distance distributions[88-94] allowing for analyzing flexible struc­

tures or coexisting conformations. Depending on the labeling 
strategy, inter- and intramolecular distances are accessible. In­
tramolecular distance constraints typically exploit doubly spin­
labeled molecules, and intermolecular distances can be deter­
mined using singly labeled molecules. 

EPR distance measurements rely on the dipole- dipole cou­
pling between spins, which is inversely proportional to the 



cube of the distance.[9S1 The dipole- dipole coupling also de­
pends on the angle between the spin- spin vector and the 
magnetic field. Fast reorientation of the spin- spin vector, for 
example, fast rotational diffusion of the doubly labe led protein 
results in averaging over all possible orientations reducing the 
dipole- dipole interaction to zero. Therefore, distance measure­
ments are most often performed in the frozen state upon 
shock freezing in a glass-forming solution, for example, aque­
ous buffer solution mixed with glycerol, resulting in an isotrop­
ic orientation distribution. 

Data analysis is based either on a model of the distance dis­
tribution[31.96-971 or on model-free methods, for example, Tikho­
nov regularization.[9o.921 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 dis­
tance measurements are made using spin-labels such as MTSL, 
which possess a number of single bonds in their linkers, allow­
ing for different rotamers (Scheme 1) which are not conforma­
tionally unambiguous.[9BI This introduces an uncertainty in the 
backbone-spin distance and complicates the interpretation of 
the spin- spin distances in terms of the protein backbone,l991 
although the uncertainty becomes less important for longer 
distances between the labeled sites.[9BI This uncertainty can be 
improved by molecular modeling of the spin label behav­
ior.[99-10lj 

Since the Zeeman interaction and, in particular, the hyper­
fine interaction of nitroxides are anisotropic, the EPR signa l is 
sensitive to the molecular orientation of the label with respect 
to the external magnetic field. Thus, rotational diffusion can be 
detected by EPR, and SDSL-EPR is sensitive to dynamics on the 
picosecond to nanosecond timescales, covering a variety of 
the important molecular mechanisms in biology such as the 
dynamics of proteins in solution.[102-1041 The spectra do not di­

rectly report on the dynamics of the labeled macromolecule as 
a whole but contain information on 1) internal motion of the 
nitroxide about the chemical bonds of the linker (cf. 
Scheme 1), 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, de­
pending on the extent to which the molecular environment 
engulfs the label. Thus different categories of label positions, 
namely sites in loops or unfolded regions, sites on the surface 
of ordered structures, for example, helices, or sites that are 
buried inside the core of a protein can be identified.[64.lOs-10BI 

The periodic dependence of mobility along a sequence can be 
used to identify secondary structure elements and protein top­
ography.[1091 Spin-labeled ASYN in solution at room tempera­

ture gives rise to sharp EPR lines that are characteristic for 
loop or unfolded regions indicating that ASYN is intrinsically 
disordered, that is, largely unfolded in solution. 

Secondary structure information can also be obtained by 
studying the accessibility of the nitroxide label to paramagnet­
ic colliders. The collision rate with the spin label influences the 
relaxation time of the latter, which can be measured and used 
to estimate the local concentration of a paramagnetic quench­
er near a nitroxide spin label.[l1 D-lllj As a consequence, by 

measuring the respective local concentrations, membrane­
buried sites can be distinguished from water-exposed sites. 

Alpha-Synuclein Conformations and 
ConfurmationalDynamiG 

Fluorescence and FRET studies 

Ensemble and single-molecule fluorescence and FRET ap­
proaches have been fruitfully used to explore structural details 
of ASYN conformations. Lee et al. used time-resolved Trp fluo­
rescence energy transfer to resolve distances between donor 
and acceptor pairs in ASYN at physiological and acidic pH, and 
in the presence of SDS micelles. FRET-derived distance distribu­
tions revealed compact, intermediate and extended conforma­
tions. The A30P disease mutant was shown to modulate the 
average donor-acceptor distance for a specific pair.[S41 Grupi 
and Haas have performed detailed time-resolved FRET experi­
ments to explore segmental conformational disorder and dy­
namics in a set of chain segments from the N-termina l and 
core domains of ASYN to yield insights into possible initiation 
sites for amyloid formation.[601 These authors have a lso studied 
the effect of temperature on segmental end-to-end distances, 
and observed subtle conformational biases that may play an 
essential role in directing the polypeptide towards productive 
folding or misfolding.[S91 Trp fluorescence and FRET have also 
.been used to follow the kinetics of oligomerization and to 
characterize oligomeric structures of ASYN.[SO-Sl,S71 A systematic 

study of ASYN oligomers containing Trp residues engineered 
at positions 4, 39, 69, and 90 exhibit blue-shifted Trp spectra 
(relative to the monomeric protein), suggesting that these resi­
dues are well shielded from the solvent, and form the core of 
the oligomer. In contrast, (-terminal Trp residues (positions 
124 and 140) continue to exhibit red-shifted fluorescence in 
the oligomeric state, indicating that the (terminus of the con­
stituent monomers remains solvent exposed.[S71 

A range of single-molecule FRET (smFRET) studies has also 
yielded insights into distance distributions in ASYN as a func­
tion of various physicochemical parameters and the presence 
of binding partners such as SDS micelles or large unilamellar 
vesicles.[34.6B-71 .1121 Deniz and co-workers have probed coupled 

binding and folding of ASYN, demonstrating a complex energy 
landscape on which binding of ASYN to SDS or small mole­
cules can drive the switch from random coi l to a-helical struc­
tures.[6BI Independently, Veldhuis et al. demonstrated an all-or­
none transition from an intrinsically disordered to a horseshoe 
shaped helical structure, yielding a higher FRET efficiency, upon 
binding to SDS micelles (see Figure 1 ).[341 

Trexler and Rhoades used smFRET to confirm the formation 
of a bent-helix when ASYN is bound to highly curved deter­
gent micelles, but observed an elongated helix conformation 
when it is bound to large unilamellar vesicles.[1121 EPR studies 
have shown the coexistence of both horseshoe and elongated 
helix conformations on membranes (see below). Ferreon et al. 
have demonstrated the modulation of the folding landscape 
for ASYN by disease related mutations.[691 In a recent report, 
Sevcsik et al. have demonstrated that oxidative modifications 
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Figure 1. FRET efficiency histograms of 100 pM Alexa Fluor488 and Alexa FluorS68 labeled ASYN 9C/69C as a function of SDS concentration. Solid lines indi 
cate Gaussian fits to one or two populations (marked 1 and 2). Without SDS, ASYN conformations yield fob, centered at 0.54 (first panel, 0 mM). No changes 
in the histograms were observed up to 0.5 mM. Upon further increasing the SDS concentration from 0.5 to 1.0 mM , a clear second distribution centered at 
f Ob' 0.82 appeared (peak 2), indicative of a population of proteins where positions 9 and 69 are closer together, leading to increased FRET. At higher SDS 
concentrations (1.5 10.0 mMl, the first distribution completely disappeared. Adapted from ref. [34]. Copyright : Wiley VCH, 2011. 

to the (terminus of ASYN influence the membrane binding 
ability of ASYN (modulated by the N terminus) by allosteric 
coupling, that is, by in effect depopulating those conforma­
tions capable of membrane binding.lm] 

EPR studies 

Upon aggregation : SDSL-EPR was used to investigate the struc­
tural features of ASYN fibrils. Fibrils grown from spin-labeled 
ASYN had a morphology that was similar to fibrils made from 
wild-type ASYN as verified by electron microscopy. Additional­
ly, 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 tolerat­
ed remarkably we11.1114] By analysing the intermolecular spin­
spin interaction within the fibrils in terms of dipolar broaden­
ing depending on diamagnetic dilution, it was shown that the 
same sites of different molecules come into close proximity. 
While the accuracy of this analysis was not sufficient to fully 
determine whether strands or sheets were parallel}11S] a highly 
ordered and specifically folded central core region of about 70 
amino acids was identified. The N terminus is structurally more 
heterogeneous while the 40-amino-acid (terminus was com­
pletely unfolded.1116] 
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The latter encouraged encouraged (hen et a 1.111 
5] to study 

a (-terminal truncation mutant (residues 1-115) of ASYN. This 
allowed for optimizing spectral quality and minimizing compo­
nents from nonfibrillized protein or other background labeling 
due to codon mistranslation.111 7] Exchange-narrowed EPR spec­
tra were observed for the majority of sites within the core 
region of ASYN fibrils . Such exchange narrowing implies orbital 
overlap between multiple spin labels in close contact and con­
firmed that the ASYN fibril core is arranged in a parallel, in-reg­
ister structure wherein the same residues from different mole­
cules are stacked on top of each other. This f3-sheet-rich core 
region extends from residues 36 to 98 and is tightly packed. 

A recent DEER studyl118] used a set of four double mutants 
and ten to 20-fold diamagnetic dilution to probe the distance 
between the extremal f3-strands. The distance of 4.5 nm is in 
good agreement with the dimensions of a protofilament and 
suggests that three other f3-sheets could lie in a parallel stack 
between the two extremal ones. A further study probing addi­
tional sites yielded a proposed model for three of the 
strands.1119] 

Membrane-bound conformations: In addition to misfolding 
and fibril formation of ASYN, membrane binding is of particu­
lar interest for unraveling ASYN's physiological role. The N ter­
minus of ASYN contains seven repeats, each of which is made 
up of eleven amino acids. Sequence analysis suggested that 



this region is likely to mediate lipid interactions.1120-121] To char­
acterize 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 unilamel­
lar vesicles.llo7. 11 6] 

As mentioned above, spin-labeled monomeric ASYN in solu­
tion gives rise to sharp EPR lines characteristic for fast rotation. 
Upon membrane binding, spectral changes were observed for 
ASYN derivatives labeled within the repeat region (residues 9-
90). In contrast, little or no changes were detected for labels 
placed in the C-terminal 40 amino acids, confirming that con­
formational changes upon membrane binding do not occur 
within the C-terminal part of the protein. 

Membrane-bound ASYN labeled within the repeat region 
exhibited line shapes indicating lipid- or solvent-exposed helix 
surface sites. Additionally, O2 and NiEDDA accessibilities (IT02 
and ITNiEDDA, respectively) were determined for the labels in 
the repeat region. Nonpolar O2 preferentially partitions into 
the membrane whereas the more polar NiEDDA preferentially 
partitions into the aqueous phase. As a consequence, mem­
brane-buried sites show enhanced accessibility to O2, whereas 
water-exposed sites are preferentially accessible to NiEDDA. 
IT02 and ITNiEDDA exhibit continuous periodic oscillations 
corresponding to a helical structure featuring the periodicity of 
3.67 expected for a 311 helix. The accessibility data for both col ­
liders can be conveniently summarized by the depth parame­
ter <I>[<I>= ln(IT02illNiEDDA)] (Figure 2), which increases linearly 
with increasing immersion depth.11 22] 

NMR studies are limited by the size of the complex under 
investigation and therefore, NMR studies have been limited to 
the interaction of ASYN with micelles.12s. 123-12S] The NMR struc­

ture of ASYN bound to SDS micelles, commonly used as 
a membrane mimic, revealed a break in the helix resulting in 
two antiparallel a-helices.12S] This model was confirmed by dis­
tance measurements exploiting SDSL EPR utilizing 13 different 
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Figure 2. Solvent accessibility ana lysis of singly spin labeled ASYN deriva 
tives. The ratios of the accessibilities to 0 , and NiEDDA (IT02 and ITNiEDDA, 
respectively) for residues 25 90 summarized by the depth parameter <I) = 
In((IT02/IT NiEDDA), with increasing <I) 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 pe 
riodicity of 3.67 amino acids per turn. Reproduced from ref. [122J with per 
mission. Copyright : National Academy of Sciences, USA, 2005. 

Figure 3. Cartoon representation of the two helices and linker reg ion of 
ASYN bound to an ellipsoidal micelle, illustrating the different distances 
measured using pulsed EPR. Taken from ref. [27J with permission. Copyright: 
American Chemical Society, 2006. 

ASYN double mutants each containing two spin-labeled cys­
teines (horseshoe model, Figure 3) .1271 In this study, one mutant 
includes a pair of cysteines placed within a single helix to pro­
vide an internal distance control. Distance distributions were 
obtained by DEER measurements. In studies of ASYN bound to 
detergent and Iysophospholipid micelles, it was shown that 
the interhelical separation between the two helices is depen­
dent on micelle composition. Micelles formed from longer acyl 
chains lead 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 con­
strained by the linker region between the two helices and 
instead depends on the geometry of the membrane 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 are likely too small to accommodate ASYN in the 
extended conformation (around 15 nm for an extended helix 
of 100 residues). It had been postulated that the small size of 
the micelles might have artificially constrained the protein into 
a horseshoe structure. Therefore, SDSL-EPR was performed 
with ASYN bound to phospholipid vesicles, for example, small 
or large unilamellar vesicles (SUVs or LUVs, respectively). 

A corresponding study considered two selected possible 
conformations for ASYN bound to SUVs, namely, an extended 
helix and the horseshoe structure. Theoretically expected spin­
spin distance distributions for doubly labeled ASYN taking the 
possible rotamers of the spin labels into account were calculat­
ed. Label positions close to the potential linker region between 
the two horseshoe helices were identified that would allow to 
distinguish between these conformations by CW-EPR distance 
measurements. CW-EPR spectra of labeled ASYN bound to 
PO PC SUVs were measured and, using the theoretical distance 
distributions, calculated, The authors interpreted their results 
as ruling out an unbroken helical structure around residue 40 
and confirmed the picture of the interhelix region character­
ized by conformational disorder.1126] A closer inspection of 
these data led to the suggestion that the measured distances 
may be more consistent with an extended helix form than 
with the horseshoe model.I1 271 

The conformation of ASYN bound to vesicles, bicelles, and 
rodlike micelles was also studied by DEER, which is capable of 
measuring longer distances than CW-EPR. Jao et al. reported 
results suggesting an extended helix conformation significantly 
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different from that of AsYN in the presence of 50S micelles. 
Their DEER study showed that for several double mutants the 
average distance per residue was ± 1 % of that for an a-helix, 
which argues strongly for an extended helix.127.1221 Already in 

this study, a number of samples yielded somewhat bimodal 
distance distributions suggesting distinct conformations of the 
protein. This possibility was confirmed by a further DEER 
study,l1 281 which provided direct evidence of coexisting horse­
shoe and extended helix conformations of membrane-bound 
AsYN (Figure 4). 

~~\I'If~Jt!\I~6).t\ 
27 r

2 
S5 ~_~ 

r,= 4.3 nm 

~ 
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2 3 4 5 6 7 
r J nm -------+ 

Figure 4. The distance distribution P(r) for ASYN bound to LUVand spin la 
beled 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 ID: lXQ8) while the 
longer distance is consistent with an extended a helix. Taken from ref. (128) . 
Copyright : Wiley VCH, 2011. 

A DEER studyl1291 measuring distances of up to 8.7 nm 

showed that also the PO-linked AsYN mutations remain capa­
ble of adopting both structures, and that the protein/lipid 
ratio determines whether the protein adopts the broken or ex­
tended helix conformation. 

The remarkable conformational flexibility of AsYN and its 
ability to adopt different structures is thus very likely responsi­
ble for the disparate results obtained using similar experimen­
tal techniques and ohen with only slight variations in experi­
mental conditions.131.1 22-127, 1301 

Outlook 

AsYN is a model intrinsically disordered protein (lOP). lOPs 
comprise a large fraction of eukaryotic proteins (> 30%), and 

have been recognized as a unique protein class, justified by 
the clear structural and functional separation. They lack a well­
defined three-dimensional fold and display remarkable confor­
mational flexibility. This property potentially enables them to 
be promiscuous in their interactions and to adapt their struc­
ture according to the needed function. Since structure and 
dynamics of lOPs drastically depend on the environment, the 
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corresponding details have been notoriously challenging to 
unravel. 

As a result of these properties, and because of their high po­
tential, experimental approaches exploiting site-directed label­
ing are amongst the most suitable methods to study lOPs and 
will gain increasing attention in this rapidly advancing field. 
These approaches have now reached a level where broad ap­
plication to unraveling structure and dynamics of lOPs is feasi­
ble. 

Finally, the investigation of lOPs within their natural cellular 
environment is crucial for understanding their physiological 
function and will be an important link between classical molec­
ular biophysics and systems biology. To achieve this link, and 
in order to unravel the complex functions of IDPs in vivo, 
pushing the experimental conditions for fluorescent and EPR 
measurements from in vitro experiments towards structure de­
termination in vivo pose an exciting challenge for the coming 
years. 
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