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Abstract

Intrinsically disordered proteins (IDPs) are involved in diverse cellular functions. Many IDPs can 

interact with multiple binding partners, resulting in their folding into alternative ligand-specific 

functional structures. For such multi-structural IDPs, a key question is whether these multiple 

structures are fully encoded in the protein sequence, as is the case in many globular proteins. To 

answer this question, here we employed a combination of single-molecule and ensemble 

techniques to compare ligand-induced and osmolyte-forced folding of α-synuclein. Our results 

reveal context-dependent modulation of the protein’s folding landscape, suggesting that the codes 

for the protein’s native folds are partially encoded in its primary sequence, and are completed only 

upon interaction with binding partners. Our findings suggest a critical role for cellular interactions 

in expanding the repertoire of folds and functions available to disordered proteins.
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Intrinsically disordered proteins (IDPs) are structurally dynamic entities accessing a broad 

conformational space. They are abundantly represented in all kingdoms of life and account 

for approximately one-third of the eukaryote proteome.[1] Many IDPs undergo disorder-to-

order transitions upon binding to their cognate ligands, allowing them to carry out 

multifarious biological functions.[2] They are functionally prevalent in cellular recognition, 

signaling, and regulation,[2–3] whereas their dysfunction has been linked to several human 

diseases.[4]

Globular proteins fold via a thermodynamic process that involves formation of primary 

sequence-encoded intramolecular interactions in the context of the solution environment.[5] 

In contrast, IDPs lack sufficient structure-stabilizing interactions, and thus remain in their 

disordered unfolded states. From a mechanistic point of view, at least for a subset of 
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disordered proteins, the inability to adopt compact folded structures stems from their 

unfavorable folding energetics and conformational instability at physiological conditions. 

Consequently, these proteins exhibit destabilized folded states, with the denatured states 

being the major populated ensembles, and interaction with partners being able to stabilize 

the folded state. Because folding for this class of IDPs is mostly encoded in their primary 

sequence, the folded-denatured equilibrium can also be modulated to favor population of the 

native folded structure (forced folding) using general stabilizing agents such as osmolytes, 

one of the major types of chemical chaperones.[6]

Previous biophysical forced-folding studies have reported on IDPs with putative single 

native folded states.[6] In contrast, several IDPs can adopt multiple alternative structures 

upon binding to different partners, as in the case of the primarily neuronal protein α-

synuclein,[7] and the hub proteins p53 and E1A.[8] Indeed, the plasticity of binding-induced 

folding is believed to be important for IDPs that carry out multiple functions.[9] For such 

IDPs, a key question that arises is whether the ligand-induced folds are still mostly encoded 

in the protein’s primary sequence or not. In one scenario, the intrinsic folding landscape of 

the protein could exhibit multiple native folded minima,[10] and binding to different ligands 

would stabilize individual native folds. Alternatively, the fold for some or all of the ligand-

bound structures could be incompletely encoded in the IDP’s primary sequence, and partner 

interactions would complete the codes that allow formation of different structures. Here, we 

distinguish between these possibilities in the context of α-synuclein, a Parkinson’s disease-

linked IDP that can fold into two alternative helical structures upon its interaction with lipid 

membranes and mimics.[7, 11] We test if one or both of these alternative folds are primarily 

encoded in the protein’s sequence by carrying out forced folding experiments using the 

protecting osmolyte trimethylamine N-oxide (TMAO), and comparing results with those 

from ligand-induced folding experiments.

α-Synuclein is a small acidic protein that is predominantly expressed in neuronal cells. 

Whereas the exact function of this protein remains elusive, it is known to be localized in 

presynaptic nerve termini and thought to be involved in vesicular transport and 

neurotransmitter release.[12] A number of biophysical studies suggested that upon interaction 

with different lipid membranes and mimics, the protein undergoes coupled binding and 

folding, and forms partially folded structures with high α-helical content.[13] Further 

thermodynamics, kinetics and structural studies revealed that the protein adopts multiple 

folded states and can switch between conformations depending on the protein’s 

physicochemical environment.[7, 11, 14] To assess whether similar multistate behavior 

involving the same folded states exist in the TMAO-induced folding of α-synuclein, we 

employed a combination of ensemble and single-molecule spectroscopic methods to probe 

the protein’s conformations.

Previous studies have shown that α-synuclein forms aggregates and/or oligomers in the 

presence of high concentrations of TMAO at physiological pH conditions.[15] To avoid 

potential experimental complications, all measurements here were carried out at pH 10.5. 

The theoretical isoelectric point of the protein is 4.67, assuming model compound pKas.[16] 

Thus, at alkaline pH, α-synuclein exhibits higher net charge relative to more neutral pH 
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conditions, resulting in increased electrostatic repulsion between individual proteins and 

reduced propensity for oligomerization and/or aggregation.[17]

Upon interaction with the lipid mimic SDS at physiological pH conditions, we previously 

showed that α-synuclein undergoes a multistate disorder-to-order transition, forming 

partially folded structures with high α-helical content.[11] To assess whether this multistate 

behavior is retained at alkaline pH (i.e., pH 10.5 ± 0.1), we probed the binding-induced 

folding landscape of α-synuclein by monitoring changes in protein dimensions utilizing the 

distance-dependence of single-molecule Förster resonance energy transfer (smFRET). The 

isothermal smFRET SDS titration was performed with approximately 100 pM α-synuclein 

dual-labeled at residue positions 7 and 84 (Alexa 488/594 dye pairs), employing the 

previously described home-built confocal single-molecule diffusion setup.[7] Bursts of donor 

and acceptor fluorescence were recorded from individual molecules as freely diffusing dual-

labeled proteins passed through the sub-fL detection volume. The data were then analyzed to 

generate smFRET histograms, providing a scheme for direct visualization of individual 

conformational states (Figure 1a). Similar to what we observed previously at physiological 

pH (i.e., pH 7.5 ± 0.05),[7] the single-molecule isothermal SDS titration data at alkaline pH 

revealed switching of the protein between three different conformations depending on SDS 

concentration (i.e., unfolded (U), broken helix (I) and elongated helix (F) conformations; 

Figure 1a,b). To further characterize the multistate transitions, we used UV-CD 

spectroscopy, and carried out thermal unfolding of SDS-folded α-synuclein using 20 μM α-

synuclein and 1mM SDS at pH 10.5 ± 0.1, and monitored changes in ellipticity at 222 nm, a 

reporter for α-helicity in proteins.[18] Similar to the single-molecule titration data, a 

multistate folding-unfolding transition of the protein was observed at the employed solution 

condition (Figure 1c). The presence of similar conformations and comparable multistate 

behavior at physiological and alkaline pH conditions in α-synuclein SDS-induced folding 

manifests the robustness of the nature and mechanism of ligand-induced folding for the 

protein.

Having ascertained the multistate behavior of ligand-induced folding of α-synuclein at 

alkaline pH, we next studied osmolyte forced-folding of the protein at similar experimental 

conditions. Osmolytes are small-molecule organic compounds used by biological systems to 

perturb the physicochemical environment of biomacromolecules and counteract the 

deleterious effects of extreme conditions such as high osmotic and hydrostatic pressures, 

dehydration, and high or low temperatures.[19] These chemical chaperones modulate protein 

structural landscapes in a non-specific manner and exhibit global effects on cellular 

proteostasis.[20] Among the well-studied osmolytes, TMAO was found to be one of the most 

efficient as a protecting agent, and has been shown to reverse the effect of denaturants on 

proteins,[21] and fold mutation-destabilized as well as partially folded or unfolded proteins in 

vitro.[22] Furthermore, a recent in vivo study showed that TMAO can assist intracellular 

folding of mutant forms of globular proteins in Escherichia coli and Saccharomyces 

cerevisiae.[23] To characterize the effects of TMAO on the α-synuclein folding landscape, 

we carried out isothermal smFRET osmolyte titration of the protein (described in the 

Supporting Information). In contrast to the multistate SDS-induced α-synuclein folding, the 

single-molecule isothermal TMAO titration data showed a single non-zero smFRET peak 
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that shifted continuously as a function of TMAO concentration (Figure 2a,b). Such a 

behavior could indicate a two-state transition with rapidly interconverting conformations, or 

a more complex mechanism. To distinguish between the possibilities, we plotted the mean 

non-zero smFRET peak position against osmolyte concentration (Figure 2c). A sigmoidal 

transition profile with positively sloping pre- and post-transition baselines suggested a two-

state folding mechanism. Here, by leveraging the high pH condition that disfavors protein 

aggregation, we next monitored α-helix formation by far UV-CD spectroscopy (Figure 2d). 

Similar to the smFRET data, a clear cooperative two-state folding transition to a helical state 

was observed in the ensemble experiment.

To obtain thermodynamic parameters for the TMAO-induced folding transition, data from 

both smFRET and far-UV CD experiments were fitted globally to a two-state linear 

extrapolation model (LEM) using non-linear least squares fitting in OriginPro 8.0 

(OriginLab, Northampton, MA).[24] Comparable thermodynamic parameters were obtained 

when the folding was probed by fluorescence anisotropy, and the data were fitted 

independently to the same two-state model (Supplementary Figure 1). The similarity among 

the thermodynamic parameters obtained from experiments carried out at different protein 

concentration regimes (from ~100 pM for the single-molecule experiments to 20 μM for the 

far-UV CD experiments) is consistent with the observed two-state transitions being due to 

folding of monomeric α-synuclein.

Osmolytes perturb protein conformational stability mainly through their preferential 

exclusion from the amide backbone and favor the formation of compact conformations.[25] 

Our results on the TMAO-induced folding of α-synuclein clearly show that forced 

compaction of the protein leads to cooperative structure formation (Figure 2). This TMAO-

forced folded structure, designated here as T, has high α-helicity similar to that of the 

extended helix conformation (F), while also exhibiting high EFRET similar to that of the 

broken helix conformation (I). Furthermore, unlike the SDS titration results, the absence of 

multiple non-zero smFRET peaks in the single-molecule osmolyte titration at the transition 

region suggests rapid inter-conversion (≪ 0.5 ms) of the protein between unfolded and 

force-folded states (Figure 2a,b). Thus, the T state is also conformationally more dynamic 

than the I and F states. In addition, the positive sloping pre- and post-transition baselines of 

the smFRET data suggests compaction of both unfolded and forced-folded ensembles as a 

function of increasing TMAO concentrations (Figure 2c). The compaction observed here 

follows the same trend as in our previous results under physiological pH conditions (i.e., pH 

7.5 ± 0.05).[26]

While ligand- and osmolyte-induced folding have been studied for a simpler IDP system 

where different folding agents induce similar folds,[6b,d] an analogous comparison has not 

been reported for IDPs that display complex multistate ligand-induced folding. Our results 

now clearly demonstrate that forced folding of α-synuclein does not result in transition of 

the protein to either of its ligand-induced folds, but rather to a different one that is compact, 

yet helical and dynamic (Figure 3). Therefore, the amino-acid sequence for α-synuclein does 

not fully encode the ligand-induced structures, and ligand interactions are needed to 

complete the folding code. This is especially interesting from a broader IDP context, 

because many of these proteins adopt folded conformations to carry out their biological 
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functions and similar mechanisms are likely to be operative for many of them. Because of 

the extremely low probability for adopting the energetically unfavorable high-affinity 

binding-competent species, binding-induced folding of this class of IDPs is likely to follow 

an induced folding mechanism that involves formation of encounter complexes as observed 

for ligand-induced folding of α-synuclein.[14]

Akin to the widespread use of denaturants to study the unfolding properties of globular 

proteins, protecting osmolytes have been used for the study of IDP folding.[6] For 

thermodynamically unfolded disordered proteins with folding codes already present in the 

primary sequence, compaction leads to the formation of native folds. However, for IDPs that 

lack complete folding codes, forced compaction would either fail to fold the protein or 

induce folds that are non-native, as observed in this work for α-synuclein (Figure 3). Thus, 

the application of osmolyte-induced folding of IDPs warrants caution, taking into account 

the completeness of the folding codes of the disordered protein under consideration. One 

could employ a hybrid approach to study folding of the latter IDP class, wherein osmolye-

induced folding is carried out in the presence of the binding partners, thus providing the 

missing codes along with an additional energetic push for physiologically relevant disorder-

to-order transitions.

IDPs are an interesting family of proteins that came to prominence in the last decade due to 

their novel structural complexity and enormous diversity in function and interactions. 

Results from our experiments show an additional layer of complexity where at least for one 

important class of IDPs, parts of the codes for the native folds are encoded in ligand 

interactions. This could be a general mechanism employed by many multifunctional IDPs, 

expanding their coding repertoire to facilitate structural plasticity and interaction 

promiscuity. Our experiments on the ligand-induced and osmolyte-forced folding of α-

synuclein, a misfolding disease-associated disordered protein, revealed folding landscapes 

that are modulated in a context-dependent fashion. Similar modulation mechanisms are 

likely to play vital roles in the biology of IDPs where different components of the protein 

physicochemical environment act synergistically, resulting in a complex and regulatable 

diversity of cellular functions.

Experimental Section

Proteins were prepared and labeled as described in the Supporting Information. All of the 

experiments were carried out in αβγ buffer (i.e., 0.2 M sodium chloride, 10 mM sodium 

acetate, 10 mM monosodium phosphate, 10 mM glycine; pH 10.5 ± 0.1). Isothermal 

smFRET experiments were carried out using a custom-built confocal microscopic setup 

described previously.[7] Details of the ensemble spectroscopic methods are described in the 

Supporting Information. Folding transitions were analyzed by NLS fitting of data to the 

LEM.[24]

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Ligand-induced multistate folding of the intrinsically disordered protein α-synuclein. 

Single-molecule and ensemble experiments were performed in αβγ buffer (i.e., 0.2 M 

sodium chloride, 10 mM sodium acetate, 10 mM monosodium phosphate, 10 mM glycine) 

at pH 10.5 ± 0.1. (a) Representative single-molecule Förster resonance energy transfer 

(smFRET) histograms as a function of increasing concentration (0, 0.2, 0.3, 0.6 and 5.0 mM) 

of the ligand and lipid mimic sodium dodecyl sulfate (SDS). The dashed gray line shows the 

expected zero peak center position. Peaks for U, I and F states are indicated. (b) [Ligand]-

FRET efficiency (EFRET) contour map, color-coded on the basis of fractional population. (c) 

Thermal unfolding of α-synuclein folded using 1mM SDS, monitored using far-UV CD 

spectroscopy. The solid curve represents the nonlinear least-squares (NLS) fit of the data to 

a three-state model;[11] the dotted, dash-dotted and dashed lines are the baselines for U, I 

and F states.
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Figure 2. 
Osmolyte-induced two-state folding of α-synuclein. Single-molecule and ensemble 

experiments were performed in αβγ buffer at pH 10.5 ± 0.1. (a) Representative smFRET 

histograms as a function of increasing trimethylamine N-oxide (TMAO) concentration (0, 1, 

2, 3, and 3.9 M). The dashed gray line shows the expected zero peak position; peaks for U 

and T protein states are indicated. (b) [TMAO]-EFRET contour map, color-coded on the basis 

of fractional population. (c) α-Synuclein isothermal smFRET TMAO titration data. (d) 

Osmolyte-forced folding of α-synuclein using TMAO, monitored via far-UV CD 

spectroscopy. The solid curves in (c) and (d) represent the global NLS fits of the data to a 

two-state linear extrapolation model (LEM);[11] the dashed and dotted lines are the baselines 

for U and T, respectively.
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Figure 3. 
Schematic representation of the context-dependent folding landscapes of α-synuclein.
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