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

In the absence of a stable fold, transient secondary structure

kinetics define the native state of the prototypical and

pharmacologically relevant intrinsically disordered protein (IDP)

a-Synuclein (aS). Here, we investigate kinetics preventing order-

ing and possibly pathogenic b-sheet aggregation. Interestingly,

transient b-sheets form frequently at sub ms time scales

precisely at the positions observed in aS amyloid fibrils. The

formation kinetics competes with rapid secondary structure

dissociation rates, thus explaining the low secondary structure

content. The fast secondary structure dissociation times are very

similar to the dynamics of tertiary structure rearrangements.

These findings suggest that the fast dissociation kinetics slows

down conformational selection processes for aS aggregation,

which may be a general mechanism controlling the aggregation

kinetics of IDPs.

1. Introduction

Aggregation of aS in the human brain is linked to the onset of

Parkinson’s disease.[1] Time scales of transient secondary

structure formations and tertiary structure reorganization of

free aS monomers prior to aggregation[2] are still unknown. In

particular, the interaction of the charged termini in the

disordered state has been suggested to prevent permanent

secondary structure formation in the fibril core region (residues

61–95),[3] which was suggested[4] to already transiently form b-

sheets with unknown rates.

These intrinsic time scales are not only most relevant for

the association of aS monomers into low molecular weight

oligomers and further for the aggregation kinetics of fibril

formation, but also for the interpretation of single molecule

FRET experiments.[5,6] Specifically, the relation between structure

reorganization (ns–ms), dye dynamics (ps–ns), dye excitation

decay (ns) and inter photon correlation times (ms)[7] is largely

unknown, but dictates the quantitative interpretation of FRET

experiments.

Here, we investigated how transient b-sheet forming

regions in the aS monomeric ensemble compare to the known

structure forming regions in aggregated aS fibrils and analyzed

the b-sheet formation kon and dissociation rates koff to quantify

the kinetic differences between the structure forming NAC and

N-terminus and the largely unstructured C-terminus. To this

end, we performed unrestraint atomistic MD simulations in

explicit solvent and extracted aS ensembles from a set of

20�3 ms wild type aS trajectories using the AMBER03ws/

TIP4P2005 s force field.

2. Results and Discussion

Figure 1A depicts the b-sheet population for each individual

residue in the simulation ensemble. The majority (� 75%) of

these occurrences are provided by transiently forming short b-

sheets of just 2 to 3 residues in length. The position of b-sheet

occurrences are found to be in close agreement with exper-

imental[2,8] b-sheet regions found in aS fibrils, see SI for

additional Ramachandran occupations. The observed NAC b-

sheet peaks, including the main peak in the NAC region, further

agree very well with the previously proposed correlation

between transient monomeric kinetics and fibrillated aS.[4] The

overall content of a-helices 2 % and b-sheets 7.5 % in our

simulation ensemble compares well to values derived from CD

experiments a-helices 2 %; b-sheets 11 %[9] and FTIR measure-

ments b-sheets 15 %[10].

Figure 1B depicts the rates for b-sheet formation kon and

Figure 1C the dissociation koff rates. The fastest b-sheet

formation rates were observed in the regions between residues

38–44, 47–52, 63–66, 69–74 and 92–96 with five strong peaks at

residues 39, 48, 65, 70 and 95. At these positions, b-sheets

formed with rates kon = 1.2–4.5 ms�1 and dissociated with rates

of koff = 2.3–3.9 ms�1, see SI for detailed rates. Formation rates

were consistently slower than dissociation rates with the

exception of the b-sheet peak around residue 70. Here, the

association rate kon = 4.5 ms�1 was faster than the dissociation

rate koff = 2.9 ms�1. The lowest occurrences of b-sheets are seen

for the highly unstructured C-terminal region between residues

100–140. The changes in kon and koff relative to the average
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rates of this C-terminal region, Figure 1D, suggest that structure

formation is caused by changes in the dissociation rates over

changes in the formation rates.

We also analyzed the kinetics of a-helices. Whereas the on-

rates of kon = 0.8–3.4 ms�1 were similar to the b-sheet formation,

the dissociation rates with koff = 6.1–36 ms�1 were much faster,

see SI.

We finally analyzed the tertiary kinetics and asked whether

there are transient tertiary mechanisms beyond the secondary

structure forming regions described above. To this aim, Fig-

ure 2A (upper left half) depicts the residue contact map, which

shows a prominent interaction between the N- and C-terminus,

in agreement with previously identified NMR-PRE contact

regions.[11] To quantify the time scales at which conformational

tertiary rearrangements take place, Figure 2B (lower right half)

shows pairwise residue distance correlation times. Interestingly,

the correlation times tNC �200–250 ns of the N�C contact

region are very similar to the secondary structure formation

rate peak around residue 70 in the fibril core region, Figure 2B,

with a formation time of 220 ns but also with its dissociation

time of 260 ns. In contrast, the correlation times within the N-

and C-termini are very fast 20–100 ns, except for a small region

around residue 121. Taken together, the contact map and

correlation times are consistent with an aS model that has a

structure forming fibril core region between amino acids 35–90

and two unstructured but dynamically interacting,[3] termini

between amino acids 1–35 and 90–140, suggesting a possible

involvement of the termini in structure formation in the NAC

region.

Figure 3 summarizes the above times scales of tertiary and

secondary structure formation and dissociation in aS. Secondary

structures form and dissociate frequently but no permanent

secondary structure persists.

Figure 1. A) Relative occurrence of the secondary structure content for T-REX
trajectories (blue), long WT trajectories (green) and weighted with a 40/60
ratio (black). Highlighted background (red) shows aS fibril b-sheet locations[2]

(PDB: 2N0A). B) Free monomeric aS b-sheet formation kon and C) b-sheet
dissociation rates koff with error bars at 2 s. Colors equal rates. D) Ratio
between kathrmon and koff relative to the unstructured C-terminus (reference).
Ratios smaller than 1 indicate structure formation due to changes in the koff

rates, ratios larger than 1 indicate formation due to changes in kon.

Figure 2. A) Residue contact map with N�C contact region (black). B) Mono-
exponential amino acid correlation times for short and long range
correlations between the transient structure forming regions (top bar) in aS.

Figure 3. Overview of the observed time scales for tertiary motion and FRET labels (blue) and the secondary structure formation (green) and dissociation (red)
time scales from 20�3 ms AMBER03ws/TIP4P2005 s simulation trajectories.
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We tentatively attribute this very rich conformational

dynamics mainly to markedly faster sub ms dissociation kinetics

compared to the unfolded state of folding proteins. Although

not too much data is available for the secondary structure

kinetics of the unfolded state of folding proteins, e. g. secondary

structure motifs of the unfolded ACBP protein have been found

to persist tens of ms.[12,13] These differences may in part be due

to the use of a different force field, but it seems unlikely that

this is the sole cause of difference of almost two orders of

magnitude. Indeed, very recent single molecule spectroscopy

measurements of aS (B. Schuler, private communication) and

other unfolded and intrinsically disordered proteins[14–16] show

similarly fast reorganization dynamics at 10–50 ns time scale.

Further, a similar effect was previously described for urea

induced unfolding of a protein, where urea was found to

destabilize the folded state not by accelerating unfolding, but

rather by slowing down refolding.[17]

The initial step of aS aggregation is the formation of low

molecular weight oligomers. Recent studies have shown[18,19]

that the assembly of aS monomers produces different types of

oligomers. Some of them are more neurotoxic than others

which has been attributed to the internal structure of these

oligomers being more b-rich. The polymorphic aggregation of

aS hints towards a conformational selection mechanism to form

toxic oligomers. Therefore, b-sheets are not only a prominent

structural feature in aS fibrils but are also desease relevant in

low molecular wheigt oligomers. With this the overall secon-

dary and tertiary structure kinetics of aS becomes important for

the aggregation process. The average collision time of aS

monomers in solution ranges from tc� 1:5ms for 0.1 mM

protein concentration and decreases to tc �150 ns for aS

concentrations of 1 mM used in aS aggregation assays. For

medium and high aS concentrations secondary structure

formation, tertiary rearrangement and average collisions hap-

pen in a comparable time regime between 100 ns to 1ms

favorable for the formation of b-rich oligomers.

The accuracy of aS simulations and IDPs in general strongly

depends on the choice of force field,[20,21] an observation which

was previously described also for aS by Piana et al.[22] Therefore,

we assessed the simulation accuracy from ms temperature

replica exchange simulations using four different force fields by

comparison to experimental data from NMR,[23–25] SAXS[24] and

FRET[26,27] measurements.

Figure 4 compares radius of gyration (RG) histograms for the

four tested force fields. The AMBER03ws/TIP4P2005 s[21,28,29]

(green) ensemble agrees best with experiment[24,30] with a RG =

3.0 nm. The more compact CHARMM22*/TIP4P�D[22,31–33] (ma-

genta) ensemble resulted in a smaller radius of gyration RG =

2.2 nm, whereas AMBER99sb*ildn/TIP3P[34–37] (yellow) and

CHARMM22*/TIP3P�C[31–33] (blue) are clearly well outside the

range (black lines) set by the experiments. The same trend was

observed for the direct comparison with SAXS and NMR-PRE

profiles, see SI.

The differences between the aS ensembles are indeed

dramatic and underscore the importance of careful force field

choice and assessment. Even though there does not seem to

be one single ‘optimal’ force field for all IDPs,[20] the

AMBER03ws/TIP4P2005 s based ensemble closely reproduces

the expanded shape of the previous fitted aS ensembles with a

RG = 3.1 nm[23,24].

To also assess the long range conformational dynamics, we

doubly labeled the AMBER03ws/ TIP4P2005 s ensemble with

FRET dyes at eight positions. We compared the distances

derived from MD simulations to those predicted from trFRET

experiments[26,27] (Figure 5). This comparison depends on an a

priori unknown orientational dynamics of the dyes.[38]

To decide whether the orientational dynamics of the dye is

faster (dynamic case) or slower than the FRET transfer process

(static case)[7] of about 5 ns, we calculated the correlation time

of k2(t) for the tryptophan/coumarin dye pair. The mean

correlation time for the eight label positions was 0.4�0.1 ns, i. e.

Figure 4. Radius of gyration histograms from replica exchange simulations
after WHAM temperature reweighting to 300 K. Averages are shown (colored
vertical lines) with their statistical uncertainty at 2 s (shaded regions).

Figure 5. Comparison of the eight trFRET[26,27] mean dye-dye distances to the
AMBER03ws/TIP4P2005s MD ensemble, to the NMR-PRE restraint ensemble[40]

and to the NMR-SAXS fitted ensemble.[24]
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much faster than the average decay time. The average k2h i=
0.65�0.02 was derived following earlier works[39] and was found

to be very close to the isotropic k2
rmiso = 2/3 for all tested force

fields, despite the very crowded protein matrix.

These two findings strongly suggest that the FRET labels

sample isotropic orientations within the lifetime of the FRET

process, such that the derived distance distributions should be

rather accurate. We attribute this encouraging result to the

choice of the particularly small dyes tryptophan and coumarin,

which also seem to perturb the system only slightly.

The distances for the two label pair positions F18-26 and

F26-39 were found in good agreement between the AM-

BER03ws/TIP4P2005 s ensemble and the two fitted ensem-

bles,[23,24] whereas the FRET experiments suggest these distances

to be shorter. Compared to the other tested force fields, the

AMBER03ws/TIP4P2005 s ensemble further also agreed closest

with the FRET experiments when directly comparing to the raw

fluorescence intensity decay curves from experiment, see SI.

Overall, the AMBER03ws/TIP4P2005 s ensemble predicted the

trFRET distances as well as the two fitted ensembles.

We next assessed our simulations against the more local

properties probed by NMR experiments, in particular against
3JHNHa (Figure 6), 1JCaHa, 1JNCa, 2JNCa couplings and chemical shifts

(SI) for the AMBER03ws ensemble and compared them to NMR

experiments.[25] The J-couplings correlate with the experimental

reference and in most cases agree within error bars. Despite the

large error bars, this agreement supports our simulations, as

evidenced by a P-value below 0.4 % for such correlation by

chance. The analysis of the Ramachandran populations[25] (SI)

suggests a slight overestimation of valine b-sheet populations.

Further, comparison to NMR spectral densities[25] suggests that

the mobility in this region is somewhat slower in our

simulations than in the NMR experiments (SI), although the

main result of an off-rate dominated b-sheet population is

unchanged.

3. Conclusions

Overall, we have demonstrated that without any aS specific

experimental input (except using 2 bits for force field selection),

our unrestraint MD simulations predicted both its expanded

shape from SAXS experiments and trFRET distances as well as

previous static fitted ensembles. The AMBER03ws ensemble

shows a good correlation with NMR J-couplings. Not unexpect-

edly, the deviation for the secondary chemical shifts is some-

what larger than for the previous ensemble which was fitted

against NMR data.[24]

We observed that short lived b-sheets frequently formed in

regions of slower dissociation rates precisely at the fibril

forming NAC region, supporting a conformational selection

mechanism to form toxic oligomers. The tertiary 250 ns N�C

contact kinetics occur on a similar time scale as the secondary

structure kinetics of the central NAC region around residue 70.

This result suggests that either tertiary structure changes

govern secondary formation, e. g., via changed hydrophobic-

ities, or that the presence of secondary structure elements is

required for and triggers the formation of tertiary structure,

e. g., in a diffusion-collision scenario, or both. It is conceivable

that such coupling of structural dynamics, too, will be observed

Figure 6. Comparison of 3JHNHa couplings between calculated values from 20 � 3 ms AMBER03ws MD simulations and experimental values of Mantsyzov
et al.[25]. The optimal linear fit (dashed line), N-terminus (blue dots), NAC region (red dots) and C-terminus (yellow dots) are highlighted. Error bars (colored
lines).
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and is functionally relevant in many other intrinsically disorder-

edproteins.
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