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Local and Global Dynamics in Intrinsically Disordered Synuclein
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Benjamin Schuler, Claudio Luchinat,* and Markus Zweckstetter*

Abstract: Intrinsically disordered proteins (IDPs) experience
a diverse spectrum of motions that are difficult to characterize
with a single experimental technique. Herein we combine high-
and low-field nuclear spin relaxation, nanosecond fluorescence
correlation spectroscopy (nsFCS), and long molecular dynam-
ics simulations of alpha-synuclein, an 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 corre-
lation times of up to ca. 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 ca. 60 ns. Our study demonstrates a powerful
strategy to determine residue-specific protein dynamics in
IDPs at different time and length scales.

I ntrinsically disordered proteins (IDPs) constitute a large
fraction of the eukaryotic proteome and play key roles in
many cellular processes.! The biological function of IDPs is
supported by their high mobility,” 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® and several
ensembles have been proposed based on conformationally
averaged structural restraints.”) Frequently, disease-related
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mutations and posttranslational modifications do not seem to
significantly alter the structural properties of IDPs, suggesting
that their pathological effect may be caused 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. Herein we combine three
experimental techniques—high-field ’N spin relaxation, low-
field 'H relaxometry, and nanosecond fluorescence correla-
tion 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; Supporting Information, Figure S1).

The starting point of our study was the 16-ps 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.”
Because of its long simulation time, this MD trajectory
extensively samples aS’s conformational space and dynamics
(Figure 1a). 'H relaxometry (0.1-50 MHz) of aS was previ-
ously recorded!® (Figure 1b), while nsFCS and single-mole-
cule Forster resonance energy transfer (SmFRET) experi-
ments (Figure 1c), as well as high-field °N spin relaxation
rates (Figure 1 f-h) were measured in the current study.

First, we asked whether the motions sampled in the MD
trajectory are in agreement with experimental 'H relaxometry
data. To this end, we calculated from the MD trajectory
angular autocorrelation functions (ACFs) and spectral den-
sity functions for all Ho, methylene, and methyl protons.
From the spectral density functions, individual 'H R, rates
were predicted at different fields (Supporting Information,
Methods). The calculated ACFs required a 4-exponential
decay function to be fitted (Figure S2a), with the longest
correlation times showing a large variation (Figure S2). The
average second correlation time was 1.6 ns. The global R,
dispersion profile was then simulated and compared with
experiment (Figure 1b). When the simulated profile was
fitted to a single correlation time equation (Supporting
Information, Eq. S6a),” it resulted in Sc*>=0.1040.01, 73 =
5840.3ns and a=5.0+0.5s"". These values are in good
agreement with the parameters obtained from a fit of the
experimental profile (SZ=0.08+0.01, 7y =6.3+0.4 ns and
a=6.1+0.3s"!in water solution).”! The quality of the fit to
the MD-predicted relaxometry profile improved when two
correlation times were included (Eq. S6b). This is expected
because a distribution of correlation times is at the origin of
the simulated data (Figure S2b). Subsequently, the shorter
correlation time (zg,) was fixed to 1.6 ns (see above), because
of its large covariance with the corresponding order param-
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Figure 1. Integrative analysis of the local and global dynamics of aS. a) Representative ensemble of aS from a 16-us-long MD simulation. b) 'H
relaxometry measured in D,O (circles) superimposed on the MD simulated profile (solid line; rescaled to account for different viscosities of H,0
and D,0). c),d) Experimental nsFCS (c) and the auto-correlation of the S42-T92 C*~C“ distance calculated from the MD trajectory (d). 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 *N,'H correlation spectrum, with three
residues from the N-terminal, NAC and C-terminal regions (A17, V70 and D121) highlighted (see Supporting Information, Figure S4). f)-h) °N R,
and R, rates and hetNOEs, measured (green circles/lines) and calculated from the MD trajectory (gray; at 600 MHz). Error bars for simulated

R, /R, represent the standard deviation between rates calculated from three MD sub-trajectories, each of 5 us duration. Error bars for experimental

rates are smaller than the symbol size.

eter, Sco,”. The resulting best fit values for g, Scqy, and S,
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 7y, Sc1)” and Sc,)’ 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 'H-'H dipolar interactions
with a i of 6-9 ns.

smFRET and nsFCS have recently emerged as powerful
techniques to study disordered proteins.®! 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
'H 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

Angew. Chem. Int. Ed. 2018, 57, 15262 —15266

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

of aS (S42C/T92C aS). In smFRET a mean transfer 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
(Figure 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 (Figure 1¢). From a global analysis of
all correlation functions obtained by nsFCS with a single-
exponential decay, a reconfiguration time 7, of 58 £ 13 ns was
determined. The 7, value of aS is within the typical range
obtained for other disordered proteins of similar length®®>!
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 (Figure 1d) from
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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
16ns (59+5%). A similar analysis of the experimental
correlations resulted in correlation times of 23 4+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+14ns from nsFCS data. The analyses/measurements
suggest that the MD trajectory of aS captures with good
accuracy the motional timescales probed by 'H relaxometry
and nsFCS.

A particularly powerful technique for the study of protein
dynamics is high-field ’N spin relaxation, because it provides
access to dynamics from tens of picoseconds to several
nanoseconds with single-residue resolution.'”! We measured
different "N relaxation rates for aS at conditions identical to
those used in the 'H relaxometry experiments (1 mm asS,
pH 5.0, 25°C;1)). Consistent with previous reports,'!l the
central NAC region (residues 60-95) exhibited transverse
relaxation (R,) rates smaller than the average, while residues
115-130 in the C-terminus had larger R, rates (Figure 1d-h;
Figures $4,85)."*I Tmportantly, highly similar relaxation rates
were obtained at lower aS concentration (150 pm, Figure S6),
excluding significant contributions from oligomerization. In
addition, similar R, rates were derived from cross-correlated
relaxation measurements (Figure S7), indicating that
exchange processes do not contribute to the observed R,
rates.

Several theoretical frameworks have been developed for
the analysis of N relaxation data in IDPs."™'? We first
performed spectral density mapping."*! The analysis showed
that aS backbone dynamics cannot be described by a single
correlation time, consistent with the disordered nature of aS
(Figure S8). Next, we calculated angular ACFs for 134 indi-
vidual backbone N-Hs of aS from the MD trajectory (see
Supporting Information Methods, Figure 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. Corre-
sponding order parameters were 0.26 +0.05, 0.49 +0.04, and
0.26 +0.07 for %, S%n and S%.,, respectively (Figure S10).

Individual ACFs were also directly converted to spectral
density functions through Fourier transformation, and resi-
due-specific "N relaxation rates were predicted and com-
pared with experiment (Figure 1 f, g; Figure S5). Predicted "N
R, and CCR values, and to a lesser extent R; values, were
larger than the experimental values, in agreement with an
overestimation of J(0) and J(wy) by MD (Figure S8). The
comparison between experimental and predicted hetNOEs
further indicated that the fast sub-nanosecond motions
represented by J(wy) are underestimated by the MD trajec-
tory (Figure 1h). The origin of these discrepancies could be
limitations in accurately capturing the timescales or ampli-
tudes of motions in the MD trajectory.

With regard to potential temporal limitations, we found
that a scaling factor of approximately 0.55 of the time axis of
the MD trajectory would be required to match the exper-

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

imental average N relaxation rates (Figure S11 and
Table S3). However, this seems excluded by the good agree-
ment between the correlation times obtained from exper-
imental and MD-based 'H relaxometry profiles and nsFCS
data. We therefore used the "N relaxation data to investigate
potential restrictions of the backbone flexibility in MD. On
the basis of R, and R, at 600 MHz, residue-specific scaling
factors for $%, %, and %, were determined (Figure 2a,
Figure S12a), while the scaling factor for the time axis was

o
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Figure 2. Order parameter optimization on the basis of °N R, and R,
(at 600 MHz) of aS. a) Fit quality depends on rescaling of intermediate
and slow squared order parameters (5%, S%ou), Shown here for Y39. A
minimum was found for S, and S, scaling factors of approximately
0.52 and 0.48, respectively. b) Cross-validation by N R, at 800 MHz.
Simulated rates calculated on the basis of rescaled order parame-

ters (orange) match experimental rates (green).

1.05 +0.05 (Figure S12b), that is, effectively no scaling for the
time axis in agreement with the results comparing 'H
relaxometry and nsFCS with MD. Notably, a global rescaling
factor for example for $%,,, was not sufficient (SI, Figure 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 reor-
ientational dynamic limitations by current MD force fields.

Experimental N relaxation rates were best predicted
from the MD simulation with scaling factors of 0.52 + 0.08 for
S s, 0.33+£0.05 for S%, and 0.15+0.06 for S°%,,. Cross-
validation using experimental CCR at 600 MHz and R, at
800 MHz demonstrated the reliability of the determined
scaling factors (Figure 2b, Figure S13). In addition, different
regions of aS required different levels of scaling, with residues
60-90 demanding the highest degree of S%,, scaling (Fig-
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ure 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
¢/y dihedral angle fluctuations decorrelate approximately
52% of N—H orientational memory, intermediate motions
with correlation times of about 1.6 ns, reporting broader
conformational sampling within and between Ramachandran
substates, decorrelate approximately 33 % of N—H orienta-
tions, and around 15% of correlation is relaxed by slow
motions with correlation times of approximately 6-13 ns,
representing segmental dynamics of the disordered aS chain
(Figure 3). In addition, we found that the NAC region
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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 'H relaxometry profile to
equations with single (black line) or two (gray line) correlation times.
Solid lines show values averaged over a five-residue window.

possesses smaller amplitudes of slow motions (8%, = 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 conforma-
tional rearrangements, in which the high level of backbone
dynamics in the NAC region, which forms the core of aS
fibrils,"*! 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 7y, values,
exceeding 10 ns (Figure 3a). We note that Y39 plays an
important role for aggregation of aS into amyloid fibrils."!
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Although we currently do not 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.

Furthermore, the distinct dynamical features of the N-
terminal region of aS may support its role in aS binding to
lipid membranes."” 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."” 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 trajecto-
ries to reproduce experimental order parameters.’*! Alter-
natively, multi-timescale dynamics of IDPs have been inves-
tigated through a large set of °N relaxation rates at different
fields to derive timescales and order parameters of motions.”
In contrast, the integrative approach presented herein
benefits from the unique advantages of low-field 'H relax-
ometry 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 exper-
imental 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 under-
standing of protein folding and misfolding.
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Supplementary Methods
MD simulation

As described in ', the MD simulation of a-synuclein was performed using the Amber12 force field with
the TIP4P-D water model. The simulation started from an extended conformation of a-synculein,
solvated in an ~ 100 x 100 x 100 A® box containing ~ 40000 water molecules and 0.1 M NaCl. The system
was initially equilibrated at 300 K and 1 bar for 1 ns, then production run at 300 K and 1 bar was
performed in the NPT ensemble with the Anton specialized hardware at 2.5 fs time step. Nonbonded
interactions were truncated at 12 A and the Gaussian split Ewald method with a 64 x 64 x 64 A mesh was
used to account for the long-range part of the electrostatic interactions. The MD frames were saved at
10 ps intervals.

MD-based autocorrelation functions

Second-order orientational autocorrelation functions (ACF) between nuclei A and B (H-H for proton

relaxometry or N-H for nitrogen relaxation) were calculated from the MD trajectory as

DGy’ (90) Dgig (@)

3
7o

c) = cio < (eq. S1)

3
Tt

where D;ZO) () are the elements of the Wigner rotation matrix, <...> means ensemble averaging, the

asterisk means complex conjugation, G, is the normalization constant (equal to C(0)), £2s are different
sets of Euler angles specifying the orientation of the AB vector with respect to the laboratory coordinate
frame, r is the AB distance, and subscripted 0 and t denote the initial and final time moments at which r
and (2 are calculated. To calculate spin relaxation rates, the relevant H-H or N-H ACFs were converted to
spectral density functions through Fourier transformations. An exponential window function with a
correlation time of 200 ns was applied to all ACFs to ensure that the artificially long components of
motions in the MD trajectory do not affect the spectral density functions at very low frequencies. The
ACFs were also fitted to multi-exponential decay functions,

C(t) = 5iSF exp(—7) (ea. 52)

withi=1, 2, 3,4, 5 or 6, where S% and 7 represented the squared order parameters and correlation times
corresponding to different motions, respectively, and ZSiZ = 1. To evaluate the noise level in the ACFs,
the MD trajectory was split into three (non-overlapping) sub-trajectories, each of 5 us duration, and the
ACFs were calculated separately for each sub-trajectory. The standard deviation between the three ACFs
represented the noise level in the ACF of the whole trajectory.

Simulated proton relaxometry profiles

Fourier transformation of each pair of inter-proton ACFs provided individual spectral densities at
different frequencies. The first 2-us of the H-H ACFs were taken for Fourier transformation, as a result,
spectral densities from 0 to 50 GHz at 0.5 MHz intervals were obtained. R; of all non-exchangeable CH;,
CH, and CH” protons were then calculated from the spectral densities, J(®), through the equation,

Ri(@) = 2 (222 0 0.2 (w) +0.8] 2w)] (eq. S3)

in which J(w) =

simulated as:

T’; -. The magnetization decay functions of all CH;, CH, and CH” protons were then
1+wytp

M(t) = My exp(—R;t) (eq. S4)
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for t ranging from 0 to 1 s, and then the collective (experimentally detectable) magnetization decay
function M. was obtained from the average of magnetization decays of all protons. Finally, M. was fitted
with a double exponential decay function,

M. (t) = My (Wg exp(—Rgt) + wp exp(—R,t)) + My (eq. S5a)

as it was done for the experimental data "*' (the fit was in all cases very good, with a reduced * of about
107), and the collective relaxation rate was defined as:

(Ry) = WgR, +WyR, (eq. S5b)

where w,, R,, R, and M, were fitting parameters (wp=1- w,). The calculations were repeated for proton
Larmor frequencies of 0.1, 0.5, 1, 2, 3, 5, 10, 15, 20 30 and 50, corresponding to the range of available
experimental data . For R, calculation at ®=0.1 MHz, J(0.1MHz) and J(0.2MHz) were approximated by
J(0). The resulting Ry dispersion profile was then fitted to the following equation:

(Ry) = S? (Ez)( 02R 4 O5TR 2) + a (eq.S6a)

1+wf_,‘L'R 1+4wf_,rR
which includes a single correlation time, or

(R) = (E?) [Sc2(1)< o.zzmz 4081 )+5c2(2)< 02tR; | _ 08ty )] + (eq. S6b)

2 2 2 2 2 2
1+wytp, 1+4wgTRre 1+wyTR, 1+4whTr,

with two correlation times. The (E2) was fixed to 2.4 x 10" s, as previously calculated with CORMA B,

Simulated N relaxation rates

Second-order orientational ACFs for the 134 individual backbone N-H vectors of a-synuclein (all residues
except M1 and prolines 108, 117, 120, 128 and 138) were calculated from the MD trajectory. Next,
individual ACFs were converted to spectral density functions at different frequencies through Fourier
transformation, as described above. Only the first 30-ns of the N-H ACFs, during which the ACFs generally
decayed below 0.5% of the initial value, were taken for Fourier transformation. Then, e\ longitudinal (Ry)
and transverse (R,) auto-relaxation rates and transverse cross-correlated relaxation rates (CCR, n,,) were
calculated as:

Ry = (d:) [J(wy — wy) + 3] (wy) + 6] (wy + wy)] + c?J(wy) (eq. S7a)

R, = (%2) [4](0) + J(wy — wy) + 3] (wy) + 6/ (wy) + 6](wy + wy)] + (%) [47(0) + 3/ (wn)]

(eq. S7b)

Nxy = \/échz (cos6)[4](0) + 3] (wy)] (eq. S7c)

where d = — ”ZZYT’;}/N andc = VNAT:BO. The effective NH bond length of 1.04 A was used to account for
NH

zero-point vibrations ! and the >N CSA tensor magnitudes (Ac) were set to -170 ppm. The angle @
between NH bond vectors and the main axis of the >N CSA tensors was set to 22.5° °. To optimize the
scaling factors for the correlation times and/or the order parameters corresponding to different motions
present in the MD-derived N-H ACFs, the spectral density functions at angular frequency @ were first
calculated using the best-fit parameters obtained with three-exponential decay function as:

2 slow in Tfas
J@) =2 (SZony 2 §7 I g 5P — T ) (g 5g)

tow 14 (0-T510w)? int 14 (0 Ting)? (U-Tfast)z
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and subsequently the relaxation rates R, and R, were predicted through equations 7a-b. The optimal
temporal and order parameter scaling factors were then obtained through minimization of the relative
root mean square of deviation (rmsd) between the experimental and predicted relaxation rates, as:

R -R R -R

Riexp Ry exp

Experimental “°N relaxation rates

N R, and R, rates, 'H,"*N heteronuclear NOE and transverse cross-correlated relaxation rates (CCR, )
of a-synuclein were measured at a proton Larmor frequency of 600 MHz (and in case of R,, also at 800
MHz) using AVANCE-IIl Bruker (Karlsruhe, Germany) spectrometers. The uniformly °N-labeled NMR
sample contained ~ 1 mM a-synuclein at pH 5.0 dissolved in 10% D,0/90% H,0. The temperature was
set to 25 °C. The pH and temperature were identical to those used for experimental proton relaxometry
experiments Bl N R, rates were measured using conventional pulse sequence schemes with ten
relaxation delays between 10 and 1000 ms . N R, rates were obtained using a CPMG-based scheme
with a 1, of 1 ms and relaxation delays of 12, 32, 52, 72, 92, 112, 132, 152 and 172 ms ) R, and R,
relaxation rates were determined by fitting the corresponding peak intensities to a single exponential
decaying function. Errors in relaxation rates were estimated from 500 Monte Carlo (MC) simulation runs
for which the fit residuals were taken as the random noise. Steady-state hetNOEs were obtained by
comparison of peak intensities between saturated and reference spectra, where the duration of
saturation block and the total recycle delay in the hetNOE were 5 and 8 s, respectively. The Ry, R, and
hetNOE measurements were performed in FID-interleaved manner. The CCR rates were measured using
relaxation delays of 100, 150 and 200 ms B The exchange-free R, rates, R,°, were derived from CCR as
described in . Reduced spectral density mapping analysis of *°N relaxation rates "” was made using an
in-house MATLAB script.

Single-molecule fluorescence spectroscopy

Labeling of a-synuclein with Alexa Fluor 488 and 594 for single-molecule FRET measurements. A
double-cysteine variant of a-synuclein (S42C and T92C) was reduced with 1,4-Dithiothreitol (DTT) and
subsequently purified by RP-HPLC using a Reprosil Gold C18 column with a water-acetonitrile (ACN)
gradient (Solvent A: 0.1% TFA, Solvent B: ACN; gradient: 5-50% B in 30 min). The protein was labeled
with the donor dye Alexa Fluor 488 maleimide in 6 M guanidinium chloride (GdmCl), 100 mM sodium
phosphate, pH 7.3, overnight at 4°C at a molar ratio of dye to protein of 0.7:1. The reaction was stopped
by adding DTT. A gradient of 37-42% B over 30 min was chosen to separate unlabeled, singly and doubly
donor-labeled protein on the Reprosil Gold C18 column. Singly labeled material was further labeled with
the acceptor dye Alexa Fluor 594 maleimide at a molar ratio of dye to protein of 5:1 for 4 h at room
temperature. Unreacted dye was quenched with DTT. Purification of donor-acceptor labeled protein was
achieved by RP-HPLC as described above. The mass of donor/acceptor-labelled a-synuclein was
confirmed by ESI-MS.

Single-molecule fluorescence spectroscopy.

Single-molecule fluorescence measurements were conducted on a MicroTime 200 confocal microscope
(PicoQuant, Germany). Labeled molecules were excited with a diode laser (LDH-D-C-485, PicoQuant,
Germany) in continuous-wave mode. Emitted fluorescence was collected by the objective (UplanApo
60x/1.20W, Olympus) and filtered (HQ500LP, Chroma Technology) before passing the confocal pinhole
(100 um diameter). The emitted photons were then sorted into four channels, first by a polarizing beam
splitter and then by a dichroic mirror (585DCXR, Chroma) for each polarization. Donor and acceptor
emission was filtered (ET525/50m or HQ650/100m, respectively, Chroma Technology) and then focused
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on a t-SPAD avalanche photodiode (PicoQuant). The arrival time of every detected photon was recorded
with a HydraHarp 400 counting module (PicoQuant).

FRET efficiency and intramolecular distances. Fluorescence bursts from individual molecules were
identified by combining successive photons separated by inter-photon times of less than 150 us and
retaining the burst only if the total number of photons detected after donor excitation was greater than
40. Transfer efficiencies for each burst were calculated according to E=n,/(na+np), where ny and n, are
the numbers of donor and acceptor photons, respectively, corrected for background, acceptor direct
excitation, channel crosstalk, differences in detector efficiencies, and quantum yields of the dyes 1 The
histogram of transfer efficiencies was fitted with two empirical peak functions, using a normal
distribution for both the donor-only and the FRET populations. Mean values of transfer efficiency (E)
corresponding to the unfolded population were related to the distance information by solving
numerically

(Ey = [E(@)P@r)dr (eq.S10)
for which we assumed for P(r) the distance distribution of a random walk (Gaussian) chain,

3
27R?

3/2
P(r) = 4nr2( ) exp(—%) (eq. S11a)

where R is the root-mean-squared distance between the dyes. The mean distance inferred in this way
was robust to the choice of polymer models to within 6 % when distance distributions for a worm-like
chain™

. am(r/1.)? -3l
Pric(r) = Z e emn P Qi ion) (eq. $116)
or an excluded volume chain®
Poaw (1) = 4mr? %(%)O'Zsexp(—1.206(%)2'43) (eq. S11c)

were used (/. is the contour length of the chain and Z is a normalization factor). Note that the distribution
of transfer efficiency observed for the peak in the histogram (Figure S3) is dominated by shot noise,
because the dynamics of inter-dye distance fluctuations is faster than the average interphoton time, and
can thus not be used to infer a distance distribution directly (41 Finally, to account for the length of dye
linkers and compare the experimental data with simulations, R was rescaled to the distance between
residues m and n according to

|m-n|®3
|m—-n+21[05

Rypn = (eq. S12)
with [ = 4.5 corresponding to the effective number of amino acid residues equivalent to one of the dyes
with its linker ™.

Reconfiguration times from FRET-FCS. Autocorrelation curves of acceptor and donor channels and cross-
correlation curves between acceptor and donor channels were computed from the measurements and
analyzed as described previously ™. The data were fitted over different time windows, from 1 ps to 5 ps
(to assess the robustness of the fit), according to

1 _t=to _t-tg _t-tg
gij(m) =1+ N(l — Cype TAB) (1 + ccpe TCD) (1 +cre T ) (eq. S13a)
and
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f t=te\ 1 f _t-ty _t—ty _t—tg
gij(m =1+ N(l + ccpe TCD) + T(l + ccpoe TCDZ) <1 — cype 4B > <1 +cre T ),

i,j=AD (eq. S13b)

where N is the mean number of molecules in the confocal volume, cag, Cco, Ccpz and cr are the amplitudes
related to photon antibunching (AB), chain dynamics (CD) and triplet blinking of the dyes (T), zas, 7co, Zcp2
and 7 are the corresponding relaxation times, f is the fraction of protein associated with the relaxation
time 7 (for simplicity, brightness of the two fractions was considered to be identical). The relaxation
times were extracted by fitting the three curves globally to eq. S13, assuming the same values of 7 but
distinct triplet times for the three correlations. Assuming that chain dynamics can be described as a
diffusive process in the potential of mean force derived from the sampled distance distribution P(r) o
we convert 7, and 7cp; to the reconfiguration time of the chain, 7 (162l Note that 7, and 7, differ by only
6% in the present case because the root-mean-square distance is close to the Férster radius ™.
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Figure S1. Flowchart representation of the approach of this study for investigating IDP dynamics through
combination of MD simulation, low-field proton relaxometry, single-molecule FRET-nsFCS and high-field BN spin
relaxation. It starts with a long MD simulation of the IDP of interest with the optimized force-field and water
models. The duration of the MD simulation should be at least several microseconds to converge the longest
dynamics expected for the IDP. Then, a careful analysis of experimental and simulated proton relaxometry profiles
will provide correlation times of reorientational motions, and thus a global time axis scaling factor for the MD
trajectory. The temporal adjustment of the MD trajectory can be further supported by single-molecule FRET-nsFCS
data, which reprot chain reconfiguration dynamics in tens to hundreds of nanoseconds. Following temporal
adjustment of the MD trajectory, high-field BN relaxation rates will be employed to detect local flexibility
limitations in MD and optimizing order parameters at single-residue level. The approach of this study may be called
“IASMIN”, for the Integrative Approach for Scaling of Molecular dynamic simulation for Intrinsically disordered
proteiNs.
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Figure S2. MD-based proton-proton angular autocorrelation functions (ACF). (a) The ACF of a representative H-H
pair (gray circles), and its best-fit curves to two-, three- or four-exponential decay functions (solid lines). The
decaying behavior of the ACF during the first 1000 ps is satisfactorily captured only when four exponential terms
are included. (b,c) Longest correlation times and corresponding squared order parameters obtained from the fit of
the MD-based ACFs of methylene and methyl protons (b) and CH® protons (c). A large spread of correlation times
and order parameters is observed over protein protons.

S7



g3

7

Number of events
8 g

. D
& &
e |

00 02 04 06 08 10 12

Transfer efficiency
b 034
-, 021 t
§ ] f N
o :
o 017
00 . o
2 4 6 8 10
R

Figure S3. Single-molecule FRET of double-labeled S42C/T92C a-synuclein. (a) FRET efficiency histogram. The mean
value of the transfer efficiency is 0.64, corresponding to an inter-dye distance of 4.7+0.2, 5.0£0.2, and 4.6£0.2 nm
assuming a Gaussian, wormlike or a self-avoiding random walk, respectively. The small peak at zero FRET efficiency
is due to molecules without active acceptor fluorophore. (b) Distance distributions of simple polymer models
approximate the shape of the probability distribution for the C*-C* distance between residues 42 and 92 obtained
from the MD simulation. The resulting root-mean-square-distances are: 4.6 nm (fit to Gaussian chain, green), 4.5
nm (fit to wormlike chain, orange), and 4.4 nm (fit to self-avoiding random walk, red). The root-mean-square
distance calculated from the simulation data is 4.440.2 (black vertical line and gray shaded area). The
corresponding experimental values are reported for comparison (cyan vertical line and shaded area).
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Figure S4. Experimental determination of N relaxation rates. As typical examples, the intensity decay of three
residues from the N-terminal, NAC and C-terminal regions (A17, V70 and D121, highlighted in Fig. 1d) in R,
experiments are shown.
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Figure S5. Residue-specific cross-correlated relaxation (CCR) rate between 'H,PN dipole-dipole and BN chemical
shift anisotropy relaxation of a-synuclein, measured at 600 MHz proton Larmor frequency and 25 °C (green
circles/lines). The rates calculated from the 16-us MD trajectory are shown as gray circles, with the error bars
representing the standard deviation between the rates calculated from three MD sub-trajectories, each of 5 ps
duration. The predicted rates after rescaling of the MD are shown as orange triangles.
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Figure S6. Comparison of &\ R, relaxation rates of a-synuclein, measured at two different protein concentrations
(1 mM and 150 uM). The N relaxation rate measurements were performed at 800 MHz proton Larmor frequency
and 25 °C. Since highly similar relaxation rates are obtained at these two protein concentrations, the possibility that
a-synuclein aggregation makes a significant contribution to N relaxation rates is excluded. The linear slope of
1.027-1.045 (95% Cl) can be explained by the higher viscosity of the 1 mM a-synuclein sample, compared to the
more dilute 150 uM sample. If we approximate that the R, is determined exclusively by J(0) and ignore the small
contributions from higher frequency terms, then an intrinsic viscosity of 2.21-3.69 cm3/g (95% Cl) would be
required to explain the observed ratio of R, at two concentrations. The estimated value of intrinsic viscosity for o-
synuclein is comparable to the intrinsic viscosities obtained for a broad range of proteins (8
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Figure S7. The exchange-free R, rates (Rzo) calculated from CCR rates are in close agreement with the R, rates used

for spectral density analysis, indicating that the deviation from single-Lorentzian behavior (shown in Figure S8) is
unlikely to be caused by exchange contributions to relaxation rates. The reported slope represents 95% Cl.
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Figure S8. Spectral density analysis of experimental >N relaxation rates, shown here as J(0) dependence of J(my) (a,
green circles) or J(<wy>) (b, green circles), indicates that fast dynamics of a-synuclein backbone cannot be
described by single-Lorentzian motions, i.e. motions with a single correlation time (blue curve). The MD-derived
spectral density functions are shown by gray circles. The comparison between experimental (green circles) and
simulated (gray circles) spectral density functions point to a general overestimation of J(0) and J(wy) by MD.
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Figure S9. The global angular autocorrelation function (ACF) of N-H groups calculated from the MD trajectory (gray
circles), fitted to a multi-exponential function with 1 to 6 exponential terms (solid lines). Successive addition of the
exponential terms led to significant improvement in the quality of fit (P-value <0.0001), however inclusion of only
three exponential terms was sufficient to lower the deviation between the simulation and fitted ACFs below the
noise level in ACF. As a result, in accord with recent studies of IDP dynamics at multiple fields 19 and temperatures
[ZO], we decided to fit residue-specific ACFs with three-exponential decay functions. As shown in the Inset, the fit in
the first 100 ps of the ACF is sub-optimal when less than four exponential terms are included in the model. The MD-
derived ACF exhibits some irregularities following ~ 30 ns, therefore only the initial 30 ns of the ACF were used for
fitting.
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Figure $10. MD-based squared order parameters, S°yo. (a), and correlation times, o (b), obtained from the fitting
of angular autocorrelation functions of individual N-H vectors to a three-exponential decay function. Error bars,
representing 95% Cl, are mostly smaller than the symbol size. The solid lines show averaged values over a five-
residue window.
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Figure S11. Dependence of the quality of fit between experimental and MD-predicted >N relaxation rates (R, Ry
and CCR at 600 MHz and R, at 800 MHz) on the global time axis (blue triangle) or S’ (red triangle) rescaling of the
MD trajectory. The best agreement between experimental and MD-predicted rates could be achieved after
temporal adjustment by a factor of 0.55 or 525|0W scaling of 0.20. For stk,w rescaling, the MD-based stk,w was
multiplied by the specified scaling factor, then the order parameters of fast (Szfast) and intermediate (Szim) motions
were accordingly re-scaled to keep Y. S? = 1 (i=1,2,3 for fast, intermediate and slow motions). The r.m.s.d was

R1prea—Riex, Ry pred—Rzex CCRpreq—CCRey; R red—R ex;
calculated as rmsd = sqrt[(( Lpred 1, ‘”))2 + ( 2pred” 2 ”))2 +< pred p))z + (M>)2/4]-

Ry exp Ryexp CCRexp R32,800,exp
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Figure S12. Optimization of MD-derived order parameters on the basis of N relaxation rates, R; and R, at 600
MHz. (a) The best agreement with the experimental >N relaxation rates could be achieved through global time axis
rescaling of the MD trajectory and optimization of the MD-derived order parameters. The average N-H
autocorrelation function (ACF) is shown before (gray curve) and after (orange curve) such rescaling. The gray lines
demonstrate how much of the N-H orientational memory remains in the MD-derived average ACF after fast (solid
line) and intermediate (dotted line) motions are completed. The orange lines show the corresponding levels after
rescaling of the average ACF. (b) Dependence of the quality of fit on the global time axis rescaling of the MD
trajectory, while the order parameters are accordingly optimized. An excellent agreement could be achieved with
time axis scaling factors at or above 1.05. In line with the proton relaxometry and nsFCS data, a time scaling factor
of 1.05+ 0.05 was used during order parameter optimization (shaded area).
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Figure S14. Degree of order parameter rescaling along a-synuclein sequence, reflecting the extent of local flexibility
limitation in the MD trajectory. As indicated by the sequence dependence of S ow scaling factor, the NAC region
(shaded area) exhibit severe conformational sampling limitation, while the N-terminal residues 1-30 are least
affected.
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Table S1. Comparison of average intramolecular distances from single-molecule FRET and MD

simulation
R42,82 (nm)
single- MD MD MD
molecule . . ) ) ) )
FRET simulation simulation simulation
best fit” from computed E°
Rms distance - 4.4+0.2
Gaussian chain 4.7+0.2 - 4.6 4.71
wLc? 4.6+0.2 - 45 5.06
SAW® 4.4£0.2 - 4.4 4.46

® Mean and standard deviation estimated by subdividing the simulation in 5 us segments. b Root-mean-squared distance
estimated from the best fit of the different polymer models to the simulated distance distribution. ¢ Root-mean-squared
distance estimated with the different polymer models from the mean transfer efficiency computed from the simulated data. d
Worm-like chain. € Self-avoiding random walk chain

Table S2. Fitting of the MD-derived global N-H angular autocorrelation function (ACF) of a-synuclein to
multi-exponential decay functions with up to six exponential terms

7,° T, T3 T4 Ts Tg SSE
(5%) (5%) (5%) (5%) (%) (S%)
1-exp 1962428 - - - - - 7.5160
(1)
2-exp 54419 5122451 - - - - 0.3864
(0.57) (0.43)
3-exp 15243 1545+16 7321451 - - - 0.0301
(0.27) (0.48) (0.25)
4-exp 4141 51216 2332420 8666145 - - 0.0036
(0.13) (0.29) (0.41) (0.18)
5-exp 1310 21143 1001+11 3321432 10130463 - 0.0005
(0.08) (0.17) (0.32) (0.32) (0.12)
6-exp 710 1001 46615 161915 498062 13635+£238 <0.0001
(0.05) (0.09) (0.21) (0.34) (0.25) (0.06)

® Correlation times (t;) in picosecond. 95% Cls are shown. The fitting error for squared order parameters (Szi, i=1 to 6) were
generally <0.01. ® Sum of Squared Errors. After successive inclusion of exponential terms from 1 to 6 terms, the quality of fit was
significantly improved (P-value < 0.0001). Inclusion of only three exponential terms was sufficient to lower the deviation
between the simulation and fitted ACFs below the noise level in ACF of 0.089. To evaluate the noise level in the ACF, the global
ACFs were calculated for three non-overlapping MD sub-trajectories, each of 5 pus duration, and the average SSE between them
and the average ACF was calculated.
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Table S3. Overall comparison of experimental N R, and R,, *H,”°N heteronuclear NOE and CCR rates of
a-synuclein with the rates predicted from the 16-pus MD trajectory of a-synuclein, calculated using

Amberl2 force field with sampling interval of 10 ps

Experimental

MD-predicted

MD-predicted

(time-rescaled) b

MD-predicted

(S*-rescaled)

R: at 600 MHz (s™)? 1.39+0.10 1.62+0.07 (0.25) 1.5940.14 (0.22) 1.75£0.17 (0.39)
R, at 600 MHz (s™) 2.94+0.56 4.16+0.77 (1.38) 2.71+0.51 (0.51) 2.73+0.52 (0.52)
CCR at 600 MHz (s™) 1.81+0.42 2.8340.56 (1.13) 1.78+0.37 (0.36) 1.78+0.37 (0.36)
hetNOE at 600 MHz -0.15+0.17 0.11£0.15 (0.29) -0.10£0.22 (0.20) ~ -0.02%0.17 (0.21)
R, at 800 MHz (s™) 3.30+0.64 5.00£0.95 (1.89) 3.0520.60 (0.58) 3.07£0.58 (0.59)

® Errors are standard deviation of the experimental and MD-predicted rates over a-synuclein residues. In parentheses, the
r.m.s.d. between experimental and MD-predicted rates are shown. ® The time axis of the MD trajectory was rescaled by
multiplying to 0.55. © The MD-based order parameter of the slow motion (stk,w) was multiplied by 0.20, then the order
parameters of the fast (Szfast) and intermediate (Szinte,) motions were accordingly re-scaled to keep Y. Siz =1.
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