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Transient Secondary and Tertiary Structure Formation
Kinetics in the Intrinsically Disordered State of a-Synuclein
from Atomistic Simulations
Timo Graen+, Reinhard Klement+, Asaf Grupi, Elisha Haas, and Helmut Grubmüller*

Methods
The MD simulations were performed using the Gromacs 5.0.6 [1] software and the four force
fields listed in TAB S1 to simulate the 140 amino acid aS. First, we performed temperature
replica exchange simulations (T-REX) [2–7], in which the initial structures were chosen at
random from a pool of donut shaped model structures derived from NMR-PRE measurements
by Bertoncini et al. [8]. A NaCl buffer of 100 mM was added to the solvated dodecahedral
shaped simulation boxes. For the two AMBER force fields, the Joung et al. [9] ion parameters
were used. Each replica was coupled to a thermal bath using the v-rescale [10] thermostat.
Further, an isotropic Berendsen barostat [11] with compressibility 1.0 × 1013 Bar−1 with a 1 ps
time constant was applied. PME [12] was used to treat electrostatics with a Fourier grid
spacing of 0.135 nm and a direct space cutoff of 1.2 nm for Lennard-Jones and Coulomb
interactions for the CHARMM22*/TIP4P-D force field. For all other force fields a Fourier grid
spacing of 0.12 nm and a direct space cutoff of 1.0 nm was used. The simulation time step was
4 fs using protein bond constraints [13, 14] and water bond constraints [15].

Fig S1. FRET and PRE labels attached to the aS molecules (a) FRET Donor: tryptophan
with the two orientations 1 La and 1 Lb . (b) FRET Acceptor: cysteine reacted with the probe
7-iodo-acetamidocoumarin-4-carboxylic acid (I-Cou). (c) MTSL nitroxid label for PRE and
EPR measurements.
The T-REX system consisted of 40 temperatures covering a range from 295 K to 330 K, see
section below. The replicas were equilibrated for 10 ns at their respective temperature before
the T-REX swapping was switched on with a swapping attempt frequency of 2 ps. In the
T-REX simulations, MTSL labels were mutated at positions 18, 76, 90 and 140, see FIG S1. We
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assume here that the MTSL labels do not significantly alter the conformational ensemble of aS,
a similar assumption is also made in NMR and EPR experiment. The MTSL label was
parametrized for the CHARMM force fields using the parameters of Sezer et al. [16], whereas
AMBER parameters were derived from Ding et al. [17]. We further calculated donor
Table S1. System setups and trajectory lengths for the T-REX simulations, the number of
forked FRET simulation trajectories and the total sampling times for the donor fluorescence
intensity decay calculations, including all eight FRET label pair positions are shown.
Force Field / Water Model
atoms box [nm] T-REX [µs] #FRET total [µs]
AMBER03ws [18, 19]/TIP4P2005s [19, 20] 180k
12.0
1.1
1716
65.5
CHARMM22* [21–23] / TIP4P-D [24]
160k
11.8
1.3
1673
66.4
CHARMM22* [21–23] / TIP3P-C [22]
121k
11.8
0.6
1131
54.8
AMBER99sb*ildn [25–27] / TIP3P [28]
138k
12.0
0.6
910
66.7

Fig S2. aS simulation label positions for the eight FRET label pairs of Grupi et
al. [29, 30] and three MTSL label positions of Schwalbe et al. [31]. The top bar (red) depicts the
label positions in the sequence and the colored squares indicate the type of label attached as
defined in the lower grey bar: FRET donor TRP (blue), FRET acceptor (magenta) and
NMR-PRE label MTSL (green).
fluorescence intensity decay trFRET curves from the T-REX generated ensembles. The
approximately 5 ns long donor fluorescence decay process cannot directly be extracted from the
short ps windows between replica swaps in T-REX simulations. Therefore, an ensemble of 40 ns
long trajectories (TAB S1) was forked for each force field and T-REX ensemble. The MTSL
labels were removed and the two FRET labels tryptophan (donor) and coumarin (acceptor)
(FIG S1) were inserted with random initial orientations at the eight label pair positions (FIG
S2). The calculated decay curves include the full chain and label dynamics and all curves were
convoluted with the experimental impulse response function.
In addition to the T-REX and trFRET simulations of the labelled aS, we further simulated
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Fig S3. Overview of starting conditions
20 wild type aS trajectories at 300 K, each 3 µs long, using the AMBER03ws/TIP4P2005s force
field in a larger simulation box (16.1 nm, 395k atoms) and otherwise unchanged simulation
parameters as described for the T-REX simulations. An equilibration time of 1 µs was
discarded in the analysis of the time scales for each trajectory.

T-REX temperature ladder
295.00, 295.86, 296.73, 297.59, 298.46, 299.33, 300.20, 301.07, 301.95, 302.83, 303.71, 304.59,
305.48, 306.36, 307.25, 308.13, 309.03, 309.92, 310.82, 311.72, 312.62, 313.52, 314.43, 315.33,
316.24, 317.16, 318.07, 318.98, 319.90, 320.83, 321.75, 322.67, 323.60, 324.53, 325.46, 326.39,
327.33, 328.27, 329.21, 330.15

Trajectory Analysis
The trajectories from the T-REX simulations were Boltzmann re-weighted to a temperature of
300 K using WHAM [32] prior to the analysis. From this re-weighted ensemble, the radii of
gyration were calculated for all four force fields using the GROMACS gyrate tool in version
5.0.6 [1]. RG histograms and 95% confidence intervals were bootstrapped [33] using 104 samples
with 100 structures per sample. Experimental Rg were calculated from the hydrodynamic
radius RH = 2.66 nm of Morar et al. [34]. The relation between RH and Rg of unstructured
proteins larger than 50 residues is approximately linearly related Rg = %RH with
% = 1.06 ± 0.01 [35] which yields Rg (N M R) = 2.8 nm. Further, the value
Rg (SAXS) = 3.6 nm [31] was calculated from the raw SAXS profile [36]. SAXS profiles for the
MD trajectories were calculated using FOXS v2.1 [37, 38] and 95% confidence intervals were
bootstrapped [33] using 104 samples with 10 SAXS profiles per sample.
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Paramagnetic relaxation enhancement (PRE) profiles were calculated following the
Solomon−Bloembergen equations also described in detail by Iwahara [39] and parameters from
Esteban et al. [40].
R2red exp(−ΓτINEPT )
I0
=
IR
R2red + Γ

Γ=K r

−6


4τc +

3τc
1.0 + ωh2 τc2

(1)


(2)

with K = 1.23 10−8 nm 6 /ns2 [40], the proton larmor frequency ωh =1/23 ns [40], the
transverse relaxation rate from reduced spectra R2red =3.0 ·10−9 ns−1 [40] and the INEPT
evolution time being τINEPT =107 ns [40].
The residue specific correlation times τc of the electron-nuclear spin interaction vector was
calculated from two sets of 20 * 3 µs of WT trajectories for the AMBER03ws/TIP4P2005s and
CHARMM22*/TIP4P-D force fields with τcA03WStip4p2005s = 6.4 ns and τcCS22tip4pD = 8.5 ns.
For the TIP3P force fields, only the average tumbling time of the protein from shorter 1 µs of
simulation was used τcC22tip3 =10.0 ns, τcA99sb =9.7 ns. The differences between these two analysis
approaches are smaller than the differences due to differences in compactness between the
ensembles. The rotational auto correlation time was calculated using the g rotacf [1] tool for
each amino acid using the C-CA-N backbone atoms and subsequently averaged over all amino
acids.
The NMR-PRE structur ensemble of Allison et al. [41] was obtained from the Protein
Ensemble Database http://pedb.vib.be ID:PED9AAC.
An important source of the intra molecular side-to-side distances within the α-synuclein
ensemble are bulk trFRET measurements which depend on the dye-dye orientation factor κ2
and the reciprocal dye distance R−6 . The R−6 dependence of the FRET transfer efficiency
creates a high sensetivity of trFRET to small changes in distance close to the
tryptophan-coumarin Förster radius R0 =2.4 nm at which the transfer efficiency is EFRET =0.5.
FRET transfer efficiencies [42, 43], orientation factors, and intensity decay curves [44] can be
computed from to the time traces of the fluorescent labels in MD simulations [45]. The time
traces of the fluorescent labels further contain die distance information which is challenging to
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compute from the experimental fluorescence decay curves alone when κ2 is not isotropic.
The MD ensembles were compared to the trFRET experiments [29, 30] by calculating time
resolved donor fluorescence decay curves [43]

I(t) =


 Z t
exp − [kD + kET (τ )]dτ

(3)

0

from the forked trajectories with explicit FRET labels present. From the trajectories, the
FRET orientation factor
κ2 (t) = [cosθDA (t) − 3cosθD (t)cosθA (t)]2

(4)

was calculated from the angle θDA between donor and accetor dye, θA and θD the angles
between the dye transition dipole vectors and the distance vector RDA between the two dyes.
Both κ2 and RDA were extracted from the MD trajectories using the g dyecouple tool [46] in
GROMACS 5.1. FRET is based on an ideal dipole-dipole coupling approximation of the
radiationless energy transfer process between the donor and acceptor dye for distances between
1-10 nm. In situations were the two dyes are too close to each other, i.e. have Lennard-Jones
contacts, the ideal dipole-dipole coupling approximation does no longer hold. Instead, the two
dye electron clouds overlap and open a pathway for much faster ps energy transfer mechanisms
such as Dexter transfer [47]. In bulk time resolved FRET experiments, these very fast decay
processes add an additional fluorescence decay component τDexter to the donor fluorescence
decay behavior. Depending on the experimental setup [29, 30], the ps time resolution of the
photon detector may be larger than time scale of the Dexter process. Thereby, these Dexter
configurations are not part of the recorded FRET signal and were also excluded from the FRET
analysis of the MD trajectories. Further, all frames were checked for possible contacts with
periodic images and periodic frames were removed, the remaining trajectory was split into two
independent trajectories for further analysis.
The α-helical and β-sheet frequencies were determined using DSSP [48, 49] for the 20 3 µs
long AMBER03ws/TIP4P2005s MD trajectories as well as for the WHAM [32] temperature
re-weighted AMBER03ws/TIP4P2005s T-REX ensemble. To account for secondary structure
assignment jumps caused by the cut-off criterion in DSSP, the DSSP trajectories were
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FRET
pair
F18-26
F26-39
F04-18
F18-39
F04-26
F66-90
F39-66
F04-39

AMBER99sb*ildn
TIP3P
0.70
0.62
0.67
0.66
0.57
0.66
0.68
0.66

AMBER03ws
TIP4P2005s
0.65
0.65
0.64
0.62
0.65
0.66
0.66
0.66

CHARMM22*
TIP3P-C
0.68
0.65
0.62
0.65
0.62
0.66
0.67
0.68

CHARMM22*
TIP4P-D
0.65
0.64
0.65
0.66
0.64
0.64
0.67
0.67

Table S2. Average orientation factor hκ2 i calculated from the short FRET
trajectory ensembles.
smoothened using a 15 frame moving average, corresponding to 7.5 ns. We tested window
lengths from 1 to 100 frames and observed a plateau in the rates around 7.5 ns in which the
rates changed only slowly as a function of the window width. Further, the on-rates and off-rates
of α-helical and β-sheet formation and dissociation were determined from a Bayesian estimate
[50, 51] of the average rate
R∞
k p(n, m|k) p(k) dk
n
hki = R0 ∞
= ,
T
p(n,
m|k)
p(k)
dk
0

(5)

with p(n, m|k) = exp(−kT )(∆t k)n and a prior distribution of p(k)=1/k. Here, n is the number
of forward transitions, T is the total time spend in the state and m is the number of
√
non-transition intervals of length ∆t. The standard error σk = n/T was derived analogously.
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Fig S4. Visual comparison of six aS structural ensembles (left column) Fitted
ensembles (A) from NMR-PRE distances by Allison et al. [41] and (B) from NMR/SAXS data
by Schwalbe et al. [31]. This work (center/right column): unrestrained MD simulation
ensembles from four different simulation force fields: (C green) AMBER03ws/TIP4P2005s, (D
magenta) CHARMM22*/TIP4P-D, (E blue) CHARMM22*/TIP3P-C, (F yellow)
AMBER99sb*ildn/TIP3P. Each image consists of 100 snapshots.

Comparison to Fitted Ensembles from Experiment
Figure S4 The AMBER03ws/TIP4P2005s (C green) simulation ensemble agrees best with the
fitted models, especially with the NMR-PRE fitted model (A grey). The
CHARMM22*/TIP4P-D (D magenta) ensemble yielded the second best agreement. In contrast,
the two simulation ensembles FIG S4 E/F, which used the TIP3P-C (E blue) and TIP3P (F
yellow) water models, yielded too compact ensembles.
The overall extent of the ensembles converged within the first 100 ns of replica exchange
simulations (FIG S5) for all four force fields. The replica exchanges covered the entire replica
space with exchange probabilities of pa03ws = 0.24, pc22tip4 = 0.23, pa99sb = 0.27 and
pc22tip3 = 0.26.
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Fig S5. convergence check: Time dependent α-synuclein Radii of Gyration from the
T-REX simulations. The grey lines are moving averages with a window size of 50 frames.
Radii of Gyration
Because the radii of gyration FIG S6A provide only one limited and rather global experimental
information, which in addition involves an interpretation step on the experimental side, we will
subsequently calculate and compare raw data. Specifically, we will focus on SAXS and
NMR-PRE profiles, which provide more local and also complementary structural information.

SAXS Profiles
FIG S6B compares experimental [31] with calculated SAXS profiles. All profiles were calculated
with the program CRYSOL [52]. Again, the most extended AMBER03ws/TIP4P2005s (green)
ensemble agrees best with the raw data and follows the line shape closer than the previous
AMBER12/TIP4P-D (not shown) ensemble of Piana et al. [24] especially in the small to
medium angle range. The second best force field ensemble is CHARMM22*/TIP4P-D
(magenta), which largely follows the line shape of the TIP3P (blue/yellow) ensembles while
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Fig S6. Comparison to experiment: A Radii of gyration histograms from replica exchange
simulations after WHAM temperature reweighting to 300K. Averages are shown as colored
vertical lines with their statistical uncertainty at 2 σ indicated by shaded regions. Experimental
references are shown at 3.6 nm and 2.8 nm. B Calculated SAXS curves from replica exchange
simulations after WHAM temperature reweighting to 300 K. Inset depicts a magnification of
the low angle region. C Calculated NMR-PRE profiles from replica exchange simulations for
MTSL label positions M18, M90 and M140 after WHAM temperature reweighting to 300 K.
Experimental values [31] (grey sticks) and their moving average (black line) and standard
deviation from differences between neighboring residues (shaded grey).
being slightly more extended in the low angle region. The two TIP3P force fields did not yield
a good agreement with experiment.
We further calculated SAXS profiles for the structural ensemble of Allison et al. [41] (see Fig
S7, red line). The resulting SAXS profile has a lower amplitude in the small angle region than
the measured SAXS profile and agrees within error bars with that of the
AMBER03ws/TIP4P2005s (green) ensemble. The agreement of the AMBER03ws/TIP4P2005s
(green) force field with the NMR ensemble [41] (red line) is remarkable as the simulations were
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started from independent and more compact starting structures [8]. The remaining discrepancy
of both the NMR-PRE ensemble and our AMBER03ws/TIP4P2005s MD T-REX ensemble in
the low angle region remains unexplained and might be due to either a sub population of more
extended structures not captured by NMR-PRE, or due to a structured water shell that
increases the effective radius of gyration in the SAXS experiments [53] or due to remaining
force field inaccuracies. Overall, the AMBER03ws/TIP4P2005s (green) ensemble agrees best
with the SAXS experiment.

Fig S7. Comparison of calculated SAXS curves from AMBER03ws/TIP4P2005s replica
exchange simulations and NMR-PRE model ensemble [41] to experimantal SAXS profile [31].
The inset depicts a magnification of the low angle region.

NMR-PRE Profiles
FIG S6C shows the calculated NMR-PRE profiles from the T-REX ensemble for positions M18,
M90 and M140. The best agreement for positions M18 and M90 was found for the
AMBER03ws/TIP4P2005s (green) ensemble, whereas the CHARMM22*/TIP4p-D (magenta)
force field yields best agreement for the C-terminal interactions at position M140. Again, the
largest deviations from experiment were seen for the CHARMM22*/TIP3P-C (blue) and
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AMBER99sb*ildn/TIP3P (yellow) force fields. The interactions between the terminal position
M140 and the rest of the protein chain was overestimated in AMBER03ws/TIP4P2005s (green),
whereas CHARMM22*/TIP4p-D (magenta) overestimated the interaction between the position
M18 and M90 with the NAC and C-terminal region. There are deviations in the close vicinity
of the MTSL label which may be caused by errors in the estimation of the PRE constants and
electron-nuclear interaction vector correlation times. However, the relative scoring of the force
fields did not change under variation of the PRE constants, R2red and τINEPT . We did not have
access to the experimental data for position 76.
The comparison of the simulated and the measured PRE profiles is complicated by noise as
well as by the large number of indirectly measured data points. We therefore also compared the
ensembles with independent trFRET donor decay curves and calculated distances as described
in the following paragraphs.

Fluorescence Intensity Decay Curves - trFRET
In FIG S8A, time resolved FRET donor fluorescence decay curves are shown for eight label pair
positions [29, 30]; FIG S8B shows the respective integrated differences between measured and
calculated curves. The AMBER03ws/TIP4P2005s (green) and CHARMM22*/TIP4P-D
(magenta) force fields best predicted the experimental decay curves with the exception of the
two short distances at label pair positions, F18-26 and F26-39, which were best described in the
more compact CHARMM22*/TIP3P-C (blue) ensemble.
Because the direct comparison of the calculated decay curves rests on the assumption that
the decay characteristics of tryptophan in our simulations are sufficiently well described by a
single exponential decay with only one averaged donor decay life time, we further compared the
distances from the MD simulations to the distances derived from experiment, see FIG S9. The
distances observed in the AMBER03ws/TIP4P2005s ensemble agreed much closer than the
CHARMM22*/TIP4P-D and the TIP3P derived distances.

Residue Contact Maps and Residue Correlation Times
The inter residue correlation times hτ i were calculated from mono-exponential fits to the auto
correlation curves between all Cα atoms with a lag time of 1000ns. Correlation time maps were
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Fig S8. Comparison to trFRET experiments: A Calculated trFRET donor fluorescence
intensity decay curves are shown for all four force fields (colored lines) and eight label pair
positions together with the experimental decay curves [29, 30](black dots). Insets depict the
same data on a logarithmic scale. B Integrated difference between the calculated and
experimental donor decay curves.
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Fig S9. Comparison of MD and trFRET distances: Comparison of the mean dye-dye distances
from the four MD ensembles to the mean distances derived from trFRET [29, 30].
averaged over 20×3 µs AMBER03ws/TIP4P2005s force field trajectories.

13/33

Fig S10. Amino acid contact fractions for all combinations of residue-residue interactions
using a 2.5 nm contact cut-off. The contact fractions were averaged over 20×3 µs trajectories
from the AMBER03ws/TIP4P2005s force field.

Fig S11. Comparison of the contact fraction maps left: calculated from NMR-PRE data by
Esteban-Martin et al., BiophysJ 2013 and right: from our unrestrained MD simulations.
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Fig S12. Amino acid correlation times calculated for all Cα distances. Regions of transient
structure formation are shown above.
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Time Scale Analysis.

(a) β-sheet

(b) α-helix

Fig S13. a) β-sheet and b) α-helix formation (top) and dissociation (center) timescales with
error bars at 2 σ. Relative occurrence of the secondary structure content (bottom) for T-REX
trajectories (blue), long WT trajectories (red) and weighted with a 40/60 ratio (black).
(AMBER03WS)
Details about the α-helix formation and dissociation rates are shown in FIG S13. The
formation rates were again consistently slower than the dissociation rates. As a result, the
population of α-helices is markedly smaller compared to the β-sheets with only one peak at
residue 122, exhibiting occurrences over 10%. The helix forming residues [54] in the amino acid
range of 1-100 show the largest helical content at the beginning (residues 1-10, 20-25) and at
the end (residues 85-91, 93-100) of the range. The membrane induced formation of α-helical
structures may depend on a partial stabilization of these high propensity regions with fast kon
rates first. The peak at residues 119-124 further suggests at least a partial stabilization of the
otherwise unstructured C-terminus as well.
The peaks for α-helix and β-sheet rates are shown in TAB S3.
We further checked the convergence of the rate estimates between the first and the second
half of the trajectories used in the analysis (FIG S14, FIG S15) and did not observe larger
differences in the predicted rates outside the shown error margins in the main text. The β-sheet
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(a) β-sheet

(b) α-helix

Fig S14. Same as FIG S13 but only using data from µs 1-2 from 20 trajectories

(a) β-sheet

(b) α-helix

Fig S15. Same as FIG S13 but only using data from µs 2-3 from 20 trajectories
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Table S3. Peaks of secondary structure formation and dissociation rates for β-sheets (top) and
rates for α-helices (bottom) are shown together with the relative occurrence in long trajectories
and from T-REX sampling.
β
β
peak kon
± 2σ [µs−1 ] koff
± 2σ [µs−1 ] occurrence [%]
39
1.8 ± 0.9
3.9 ± 2.0
18
48
2.2 ± 1.1
3.6 ± 1.8
22
65
1.2 ± 0.8
2.3 ± 1.5
29
70
4.5 ± 1.9
2.9 ± 1.2
38
95
2.8 ± 1.2
3.5 ± 1.7
22
peak
6
21
59
88
98
122

α ± 2σ [µs−1 ]
kon
1.6 ± 0.8
1.2 ± 0.6
0.8 ± 0.5
3.4 ± 1.2
2.2 ± 0.9
1.3 ± 0.7

α ± 2σ [µs−1 ]
koff
10 ± 5
36 ± 20
7.9 ± 5.2
16 ± 5
12 ± 5
6.1 ± 3.4

occurrence [%]
8
6
4
8
8
14

occurrences at positions 39, 70 and 95 were slightly smaller in the MTSL labelled T-REX
ensemble than for the WT ensemble derived from the long trajectories. We think the differences
are either due to very slow processes with timescales larger than several µs or due to
perturbations introduced by the relatively small MTSL labels.
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Length distribution of residues in secondary structure elements
Secondary structure content was calculated with the program DSSP [48, 49]. Structured
elements mostly occur only over short stretches of 2-3 (β-sheets) or 4-5 (α-helices) aminoacids.
The overall content of 2% α-helices and 7.5% β-sheets is in good agreement with values
obtained from CD/FTIR measurements [55, 56].

Fig S16. Amino acid length distribution of α-helices and β-sheets in the amber03ws long
trajectories.
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Comparison to experimental J-couplings
J-couplings for all four force fields were calculated from the REX-ensemble at 300.2 K and
compared to experimental data from Mantsyzov et al. [57]. 95% confidence intervals were
bootstrapped [33] using 104 samples with 10 profiles per sample.

J-coupling

Karplus Relation

1J
CαHα

=

[RESIDUE SPECIFIC] + 1.4 sin(ψ + 138◦ )
− 4.1 cos2(ψ + 138◦ ) + 2.0 cos2(φ + 30◦ )
refence: Vuister et al [58]
IDP reference (sec. coupl.): Gapsys et al. [59]

1J
N Cα

=

8.65 − 1.21 cos(ψ) + 2.85 cos2 (ψ)
reference: Wirmer et al. [60]

2J
N (i)Cα(i−1)

=

−1.51 cos(ψ) − 0.66 cos2 (ψ) + C
C=7.65 for VAL, ILE, THR and SER; C=8.14 all others
reference: Mantsyzov et al. [57]

3J
HN Hα

=

7.97 cos2 (φ − 60◦ ) − 1.26 cos(φ − 60◦ ) + 0.63
reference: Vuister et al. [61], Vögeli et al. [62]

1J
CαHα

1J

2J

N Cα

N (i)Cα(i−1)

3J

HN Hα

Table S4. Karplus relations used to calculate the 1 J, 2 J and 3 J couplings.

Force Field/Water Model
AMBER03ws/TIP4P2005s
CHARMM22*/TIP4P-D
CHARMM22*/TIP3P-C
AMBER99sb*ildn/TIP3P

1J
N Cα

0.364
0.263
0.311
0.391

1J

HαCα

0.987
0.787
0.724
0.953

2J
N (i)Cα(i−1)

3J
HN Hα

0.324
0.331
0.316
0.557

0.598
0.588
0.624
0.599

Table S5. Average Unsigned Error for all four force fields and J-couplings in Hz.
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Fig S17. Comparison of calculated J-couplings from our AMBER03ws simulations (y-axis)
and the NMR experiments (x-axis) [57]. Secondary 1 JCαHα couplings were calculated using the
reference IDP values of Gapsys et al. [59].
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Fig S18. Comparison of the contribution of calculated 3 JHN Hα coupling from our
AMBER03ws simulations with respect to aS structural regions and NMR experimental
data [57].

22/33

Fig S19. Calculated 3 JHN Hα coupling from our AMBER03ws simulations for functional sets
of amino acid groups.
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Fig S20. Correlation comparison of 3 JHN Hα couplings calculated from our AMBER03ws
ensemble, the NMR-PRE model ensemble of Allison et al. [41] and the NMR-PRE, SAXS,
chemical shift and J-coupling model ensemble of Schwalbe et al. [31] with respect to
experimental data from Mantsyzov et al. [57] . β-branch: VAL, ILE, THR. Aromatic: PHE,
TYR, HIS. Charged: GLU, ASP, LYS. Hydrophobic: ALA, TYR, VAL, ILE, LEU, MET, PHE.
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Fig S21. Comparison of experimental Ramachandran occupations [57] (black bars) to
calculated occupations (orange bars) from the AMBER03 trajectories using the same
segmentation as described by Mantsyzov et al. [57]. Again, a 40/60 ratio was used, as described
in Figure 1 main text, between the WHAM re-weighted T-REX trajectories and long WT
trajectories. Valine residues are highlighted (orange points) to illustrate residue specific
deviations in β-sheet Ramachandran occupations.
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We calculated spectral densities [63] from our unrestrained MD ensemble for all structures,
each frame separated by 100ps. This was done without fitting the structures to an initial frame
of reference. The comparison of back calculated spectral densities with the the experimental
data shows a slowed down motion in the core region of aS with peaks at the positions of the
valine residues. The VAL residues are those which show the largest deviation in the
Ramachandran occupancies derived from the same NMR data set [57].

Fig S22. Spectral densities of backbone amide 15 N-1 H back calculated from simulations
compared to experimental values from Mantsyzov et al. Protein Science 2014 [57].
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Fig S23. Comparison of exprimental secondary chemical shifts (x-axis) of Mantsyzov et al. [57]
and calculated [64] shifts from the AMBER03ws trajectories (y-axis). Random coil reference
data at 301 K and pH7 [65, 66] was used. N-terminus(blue) res. 1-60, NAC(gray) res. 61-95,
C-terminus(orange) res. 96-140.
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Error estimation of chemical shift calculations
RMSDs were calculated between the raw chemical shifts measured in experiments (Mantsyzov
et al. [57] and Schwalbe et al. [31]), those calculated from our AMBER03WS/TIP4P2005s MD
structure ensemble and the model ensembles from Allison et al. [41] and Schwalbe et al. [31].
Chemical shifts were calculated with the programs SPARTA+ (SPP) and SHIFTX2 (SX2).

Fig S24. RMSD of chemical shifts (a): between experiments of Mantsyzov et al. [57](BAX)
and Schwalbe et al. [31](ZW), (b): MD ensemble (either SPP or SX2) and BAX, (c): MD
ensemble (either SPP or SX2) and ZW, (d): model ensemble Allison et al. [41](only SPP) and
BAX (d): model ensemble Schwalbe et al.(only SPP) and ZW.
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