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Abstract: Intrinsically disordered proteins experience a diverse 
spectrum of motions that are difficult to characterize with a single 
experimental technique. Here we combine high- and low-field 
nuclear spin relaxation, nanosecond fluorescence correlation 
spectroscopy (nsFCS) and long molecular dynamics simulations of 
alpha-synuclein, a paradigmatic IDP involved in Parkinson disease, 
to obtain a comprehensive picture of its conformational dynamics. 
The combined analysis shows that fast motions below 2 ns caused 
by local dihedral angle fluctuations and conformational sampling 
within and between Ramachandran substates decorrelate most of 
the backbone N-H orientational memory. However, slow motions 
with correlation times of up to ~13 ns from segmental dynamics are 
present throughout the alpha-synuclein chain, in particular in its C-
terminal domain, and global chain reconfiguration occurs on a 
timescale of ~ 60 ns. Our study demonstrates that the combination 
of high- and low-field nuclear spin relaxation together with nsFCS 
and molecular dynamics simulations is a powerful strategy to 
determine residue-specific protein dynamics in IDPs at different time 
and length scales. 

Intrinsically disordered proteins (IDPs) constitute a large fraction 
of the eukaryotic proteome and play key roles in many cellular 
processes [1]. The biological function of IDPs is supported by 
their high mobility [2], which arises because of the flat energy 
landscape of IDPs compared to folded proteins. As a result, 
IDPs are best described as heterogeneous ensembles of rapidly 
interconverting structures [3] and several ensembles have been 
proposed based on conformationally averaged structural 
restraints [4]. Frequently, disease-related mutations and 
posttranslational modifications do not seem to significantly alter 
the structural properties of IDPs, suggesting that their 
pathological effect might be influenced by changes in protein 
dynamics. Nevertheless, a comprehensive picture of the 
dynamics of IDPs is still lacking. One of the major challenges is 
that dynamics in IDPs occur over a broad range of length- and 
timescales that are difficult to cover with a single experimental 

technique. Here we combine three experimental techniques - 
high-field 15N spin relaxation, low-field 1H relaxometry and 
nanosecond fluorescence correlation spectroscopy (nsFCS) -
which are sensitive to motions on different length and timescales, 
with long molecular dynamics (MD) simulations to obtain insight  
into local and global dynamics from one to hundreds of 
nanoseconds in the IDP a-synuclein (aS) (SI, Fig. S1).  

The starting point of our study was the 16-µs MD trajectory 
for aS, which was previously calculated at 300 K using the 
Amber12 force field and the TIP4P-D water model with 2.5 fs 
time steps and saved at 10 ps time intervals [5]. Because of its 
long simulation time, this MD trajectory extensively samples aS’s 
conformational space and dynamics (Fig. 1a). 1H relaxometry 
(0.1-50 MHz) of aS was previously recorded [6] (Fig. 1b), while 
nsFCS and single-molecule Förster resonance energy transfer 
(smFRET) experiments (Fig. 1c), as well as high-field 15N spin 
relaxation rates (Fig. 1f-h) were measured in the current study. 

First, we asked whether the motions sampled in the MD 
trajectory are in agreement with experimental 1H relaxometry 
data. To this end, we calculated from the MD trajectory angular 
autocorrelation functions (ACFs) and spectral density functions 
for all Ha, methylene and methyl protons. From the spectral 
density functions, individual 1H R1 rates were predicted at 
different fields (SI, Methods). The calculated ACFs required a 4-
exponential decay function to be fitted (SI, Fig. S2a), with the 
longest correlation times showing a large variation (SI, Fig. S2). 
The average second correlation time was 1.6 ns. The global R1 
dispersion profile was then simulated and compared with 
experiment (Fig. 1b). When the simulated profile was fitted to a 
single correlation time equation (SI, eq. S6a)[7], it resulted in SC2 

= 0.10±0.01, tR = 5.8±0.3 ns and a = 5.0±0.5 s-1. These values 
are in good agreement with the parameters obtained from a fit of 
the experimental profile (SC2 = 0.08±0.01, tR = 6.3±0.4 ns and a 
= 6.1±0.3 s-1 in water solution) [6]. The quality of the fit to the 
MD-predicted relaxometry profile improved when two correlation 
times were included (SI, eq. S6b). This is expected because a 
distribution of correlation times is at the origin of the simulated 
data (SI, Fig. S2b). Subsequently, the shorter correlation time 
(tR2) was fixed to 1.6 ns (see above), because of its large 
covariance with the corresponding order parameter, SC(2)2. The 
resulting best fit values for tR1, SC(1)2 and SC(2)2 were 8.7±0.5 ns, 
0.044±0.004 and 0.25±0.02, respectively. When the 
experimental profile was similarly fitted, the best fit values for tR1, 
SC(1)2 and SC(2)2 were 8.6±1.6 ns, 0.05±0.02 and 0.16±0.09, 
respectively. The analysis shows that a state-of-the-art MD force 
field/water model is capable of capturing slow motions, which 
modulate 1H-1H dipolar interactions with a tR of 6-9 ns. 

smFRET and nsFCS have recently emerged as powerful 
techniques to study disordered proteins [8]. They rely on the 
distance-dependent coupling of the electronic transition dipoles 
of a donor and acceptor fluorophore attached to the polypeptide 
chain and enable access to longer timescales than 1H 
relaxometry, typically in the range of tens to hundreds of 
nanoseconds for IDPs. To allow labeling of aS with Alexa 
488/594 as donor/acceptor, we prepared a double-cysteine 
variant of aS (S42C/T92C aS). In smFRET a mean transfer 
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Figure 1. Integrative analysis of the local and global dynamics of aS. (a) Representative ensemble of aS from a 16-µs-long MD simulation. (b) 1H relaxometry 
measured in D2O (circles) superimposed on the MD simulated profile (solid line; rescaled to account for different viscosities of H2O and D2O). (c,d) Comparison of 
experimental nsFCS (c) with the auto-correlation of the S42-T92 Ca-Ca distance calculated from the MD trajectory (d). As compared to a single-exponential decay 
(red curve), the fit with a two-exponential decay function (purple curve) improved. Derived correlation times are similar to those obtained from the global fit of the 
experimental auto- and cross-correlations. (e) A typical 15N,1H correlation spectrum, with three residues from the N-terminal, NAC and C-terminal regions (A17, 
V70 and D121) highlighted (see SI, Fig. S4). (f-h) 15N R1 and R2 rates and hetNOEs, measured (green circles/lines) and calculated from the MD trajectory (orange 
triangles; at 600 MHz). Error bars for simulated R1 / R2 represent the standard deviation between rates calculated from three MD sub-trajectories, each of 5 µs 
duration. Error bars for experimental rates are smaller than the symbol size. 
 
efficiency of 0.64 was obtained, corresponding to a root-mean-
squared (rms) inter-residue distance of 4.5±0.4 nm, close to the 
rms distance of 4.4±0.2 nm calculated from the MD simulation 
(SI, Fig. S3 and Table S1). The observed fluorescence intensity 
correlation functions showed characteristic correlated and anti-
correlated components in the sub-microsecond range in the 
auto-correlation and donor-acceptor cross-correlation functions, 
respectively (Fig. 1c). From a global analysis of all correlation 
functions obtained by nsFCS with a single-exponential decay, a 
reconfiguration time tr of 58±13 ns was determined. The tr value 
of aS is within the typical range obtained for other disordered 
proteins of similar length [8b, 9] and can be directly compared with 
the corresponding distance correlation time from the MD 
simulation of aS. Indeed, we obtained a mean relaxation time of 
43 ns (Fig. 1d) from a single-exponential fit of the MD distance 
correlation, only slightly smaller than the experimental value. 
However, we also observed that the MD-based correlation 

function was better described by a double-exponential decay 
with two correlation times of 10±2 ns (amplitude 41±5%) and 
107±16  ns (59±5%). A similar analysis of the experimental 
correlations resulted in correlation times of 23±4 ns (66±2%) and 
136±33 ns (34±2%). The weighted average of the two 
correlation times was 67±12 ns from MD simulation and 61±14 
ns from nsFCS data. The analyses/measurements suggest that 
the MD trajectory of aS captures with good accuracy the 
motional timescales probed by 1H relaxometry and nsFCS.  

A particularly powerful technique for the study of proteins 
dynamics is high-field 15N spin relaxation, because it provides 
access to dynamics from tens of picoseconds to several 
nanoseconds with single-residue resolution [10]. We measured 
different 15N relaxation rates for aS at conditions identical to 
those used in the 1H relaxometry experiments (1 mM aS, pH 5.0, 
25 °C; [6]). Consistent with previous reports [11], the central NAC 
region (residues 60-95) exhibited transverse relaxation (R2) 
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rates smaller than the average, while residues 115-130 in the C-
terminus had larger R2 rates (Fig. 1d-h; SI, Figs. S4,S5) [11a]. 
Importantly, highly similar relaxation rates were obtained at 
lower aS concentration (150 µM, SI, Fig. S6), excluding 
significant contributions from oligomerization. In addition, similar 
R2 rates were derived from cross-correlated relaxation 
measurements (SI, Fig. S7), indicating that exchange processes 
do not contribute to the observed R2 rates. 

Several theoretical frameworks have been developed for the 
analysis of 15N relaxation data in IDPs [10b, 12]. We first performed 
spectral density mapping [13]. The analysis showed that aS 
backbone dynamics cannot be described by a single correlation 
time, consistent with the disordered nature of aS (SI, Fig. S8). 
Next, we calculated angular ACFs for 134 individual backbone 
N-Hs of aS from the MD trajectory (see SI, Methods, Fig. S9 and 
Table S2). On the basis of a three-exponential fit, average 
correlation times for the fast, intermediate and slow motions of 
145±42 ps, 1.53±0.43 ns and 7.02±1.82 ns were obtained. 
Corresponding order parameters were 0.26±0.05, 0.49±0.04 and 
0.26±0.07 for S2fast, S2int and S2slow, respectively (SI, Fig. S10).  

Individual ACFs were also directly converted to spectral 
density functions through Fourier transformation, and residue-
specific 15N relaxation rates were predicted and compared with 
experiment (Fig. 1f,g; SI, Fig. S5). Predicted 15N R2 and CCR, 
and to a lesser extent R1 values, were larger than the 
experimental values, in agreement with an overestimation of J(0) 
and J(wN) by MD (SI, Fig. S8). The comparison between 
experimental and predicted hetNOEs further indicated that the 
fast sub-nanosecond motions represented by J(wH) are 
underestimated by the MD trajectory (Fig. 1h). The origin of 
these discrepancies could be limitations in accurately capturing 
the timescales or amplitudes of motions in the MD trajectory.  

With regard to potential temporal limitations, we found that a 
scaling factor of ~0.55 of the time axis of the MD trajectory 
would be required to match the experimental average 15N 
relaxation rates (SI, Fig. S11 and Table S3). However, this 
seems excluded by the good agreement between the correlation 
times obtained from experimental and MD-based 1H relaxometry 
profiles and nsFCS data. We therefore used the 15N relaxation 
data to investigate potential restrictions of the backbone 
flexibility in MD. On the basis of R1 and R2 at 600 MHz, residue-
specific scaling factors for S2fast, S2int and S2slow were determined 
(Fig. 2a, SI, Fig. S12a), while the scaling factor for the time axis 
was 1.05±0.05 (SI, Fig. S12b), i.e. effectively no scaling for the 
time axis in agreement with the results comparing 1H 
relaxometry and nsFCS with MD. Notably, a global rescaling 
factor for example for S2slow was not sufficient (SI, Fig. S11 and 
Table S3). This is expected because there are many modes of 
motion in protein backbone and side chains that overall affect N-
H reorientation in IDPs such that different residues in the 
sequence might experience different levels of reorientational 
dynamic limitations by current MD force fields. 

Experimental 15N relaxation rates were best predicted from 
the MD simulation with scaling factors of 0.52±0.08 for S2fast, 
0.33±0.05 for S2int and 0.15±0.06 for S2slow. Cross-validation 
using experimental CCR at 600 MHz and R2 at 800 MHz 
demonstrated the reliability of the determined scaling factors 
(Fig. 2b and SI, Fig. S13). In addition, different regions of aS 
required different levels of scaling, with residues 60-90 

demanding the highest degree of S2slow scaling (SI, Fig. S14). 
The required order parameter scaling suggests that local 
flexibility is over-restricted in the MD simulation of aS.  

Our study provides a detailed, residue-specific view of the 
backbone dynamics of the paradigmatic IDP aS. For most aS 
residues, fast motions reporting librational motions and local f/y 
dihedral angle fluctuations decorrelate ~52% of N-H orientational 
memory, intermediate motions with correlation times of ~1.6 ns, 
reporting broader conformational sampling within and between 
Ramachandran substates, decorrelate ~33% of N-H orientations, 
and ~15% of correlation is removed by slow motions with 
correlation times of ~6-13 ns, representing segmental dynamics 
of the disordered aS chain (Fig. 3). In addition, we found that the 
NAC region possesses smaller amplitudes of slow motions 
(S2slow=0.09±0.02) than the N- and C-terminal residues. The 
conversion from an intrinsically disordered structure in solution 
to an ordered structure in aS fibrils demands extensive 
conformational rearrangements, in which the high level of 
backbone dynamics in the NAC region, which forms the core of 
aS fibrils [14], may play a supporting role. Another finding from 
our study is that five residues (Y39, V40, T44, T54 and V55) in 
the N-terminal half of aS have very large tslow values, exceeding 
10 ns (Fig. 3a). We note that Y39 plays an important role for 
aggregation of aS into amyloid fibrils [15]. Although we currently 
don’t understand the detailed connection between backbone 
dynamics of aS and its pathological aggregation, the data 
suggest that local and global dynamics in the monomeric state 
of aS might be important for its pathogenic aggregation.  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Order parameter optimization on the basis of 15N R1 and R2 (at 600 
MHz) of aS. (a) Fit quality depends on rescaling of intermediate and slow 
squared order parameters (S2int, S2slow), shown here for Y39. A minimum was 
found for S2int and S2slow scaling factors of ~0.52 and 0.48, respectively. (b) 
Cross-validation by 15N R2 at 800 MHz. Simulated rates calculated on the 
basis of rescaled order parameters (red) match experimental rates (green). 
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Figure 3. Residue-specific correlation times (a) and squared order parameters 
(b) of aS, obtained after time axis rescaling (by a factor of 1.05±0.05) of the 
MD trajectory and optimization of MD-based order parameters. In (a), dashed 
lines represent the correlation times obtained after fitting of the experimental 
1H relaxometry profile to equations with single (black line) or two (grey line) 
correlation times. Solid lines show values averaged over a five-residue window. 

Furthermore, the distinct dynamical features of the N-terminal 
region of aS may support its role in aS binding to lipid 
membranes [16]. In contrast to the interactions between folded 
proteins, IDPs can make long-range interactions, and their chain 
dynamics will thus directly contribute to the mechanisms of 
binding [17]. Further insight into aS functions could be achieved 
when the spectrum of motions is obtained for aS and its 
disease-related variants under different conditions.       

Previous approaches for the analysis of IDP dynamics 
differentially weighted sequential snapshots in MD trajectories to 
reproduce experimental order parameters [18]. Alternatively,multi-
timescale dynamics of IDPs have been investigated through a 
large set of 15N relaxation rates at different fields to derive 
timescales and order parameters of motions [19]. In contrast, the 
integrative approach presented here benefits from the unique 
advantages of low-field 1H relaxometry and nsFCS to directly 
access timescale information, especially for slower motions, and 
is thus expected to be less affected by coupling of motions on 
different timescales. In summary, our study shows that the 
combination of experimental techniques with complementary 
sensitivity to protein dynamics and their integration with MD 
simulations is a powerful strategy to characterize dynamics in 
IDPs on a wide range of time and length scales. Ultimately, the 
accurate description of multiscale dynamics in the disordered 

state of proteins paves the way for a high-resolution 
understanding of protein folding and misfolding. 
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