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Abstract: The relation of a-synuclein (aS) aggregation to Parkinson’s disease has long been

recognized, but the pathogenic species and its molecular properties have yet to be identified. To

obtain insight into the properties of aS in an aggregation-prone state, we studied the structural
properties of aS at acidic pH using NMR spectroscopy and computation. NMR demonstrated that

aS remains natively unfolded at lower pH, but secondary structure propensities were changed in

proximity to acidic residues. The ensemble of conformations of aS at acidic pH is characterized by
a rigidification and compaction of the Asp and Glu-rich C-terminal region, an increased probability

for proximity between the NAC-region and the C-terminal region and a lower probability for

interactions between the N- and C-terminal regions.
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Introduction

The pathological hallmark of Parkinson’s disease and

several other neurodegenerative disorders is the depo-

sition of intracytoplasmic neuronal inclusions termed

Lewy bodies.1 The major component of Lewy bodies

are amyloid fibrils of the protein a-synuclein (aS)2 and

locus triplication causing an increased dosage of the

aS gene potentiates Parkinson’s disease.3 Mutations of

aS associated with familial Parkinson’s disease (A30P,

A53T, and E46K) have an increased aggregation pro-

pensity in vitro, in agreement with aggregation of aS
into fibrillar Lewy bodies in vivo.4,5 Recent reports

suggest that the mature fibrils have a protective func-

tion. Instead, soluble aggregation intermediates may

constitute the major toxic species.6 As the loss of aS
seems to have minimal effects on development,7 the

pathogenic effects of the aggregation intermediates are

attributed to a toxic gain-of function.

aS is a 140-amino acid protein of unknown func-

tion. The amino acid sequence of aS is characterized

by the amphipathic N-terminus (residues 1–60), show-

ing the consensus repeats KTKEGV and involved in

lipid binding, the highly hydrophobic self-aggregating

sequence known as NAC (residues 61–95), which is

presumed to initiate fibrillation, and the acidic C-ter-

minal region (residues 96–140), rich in Pro, Asp, and
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Glu residues and critical for blocking rapid aS filament

assembly [Fig. 1(A)].6 Structurally, aS belongs to the

class of natively unfolded proteins that adopts an en-

semble of conformations with no rigid secondary struc-

ture in solution.8 However, at neutral pH transient long-

range interactions are present that stabilize a closed con-

formation.9,10 The mechanisms underlying the structural

transition from the innocuous, monomeric conforma-

tions of aS to its neurotoxic forms are unclear.

It has been hypothesized that a pathological

decrease in pH occurs in neurons affected by neurode-

generative diseases resulting in apoptosis.11 It has also

been suggested that lowering the reduction in the over-

all net charge of proteins accompanying lowering of the

pH can increase the aggregation propensity.12 Although

selectively maintaining in vivo affected cells at a

slightly alkaline pH is probably not a viable therapeutic

strategy for the treatment of neurodegenerative disor-

ders, studying variable pH in vitro may give insights

into in vivo factors that increase the aggregation pro-

pensity of aS. Indeed, previous studies suggested that

aS converts into a partially folded intermediate confor-

mation at pH 3.0 and that conditions of low pH corre-

late with enhanced kinetics of fibrillation.12 Both nucle-

ation and growth rate constants of fibril-formation

were increased under acidic conditions, with a maxi-

mum in the nucleation rate at pH 3.0, suggesting that

the partially folded intermediate of aS is an important

species on the fibril-forming pathway.12,13

Here, we characterized the secondary and tertiary

structure propensities of aS at acidic pH, the condi-

tions in which previous studies suggested an aggrega-

tion-prone partially intermediate conformation of aS,12

at single-residue resolution using NMR spectroscopy

and computation.

Results and Discussions

The aggregation-prone state of aS at acidic pH
is natively unfolded

To study with single-residue resolution, the structure

of the aggregation-prone intermediate state of aS,

Figure 1. The aggregation-prone state of aS at acidic pH is natively unfolded. A: Primary sequence of aS. aS consists of

three regions based on the distribution of charged residues. Residues that are positively and negatively charged at pH 7.4 are

color-coded red and blue, respectively. B: 1H-15N HSQC spectra of aS at pH 7.4 (left) and pH 3.0 (right). Both spectra show

only a limited dispersion of chemical shifts typical of a natively unfolded protein. Selected cross peaks are labeled with their

assignment.
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which was suggested on the basis of CD, ANS, and

SAXS measurements,12 we used multidimensional

NMR spectroscopy. NMR resonances in the 1H-15N

HSQC spectrum of aS at pH 3.0 were sharp and

showed only a limited dispersion of chemical shifts

(�1.2 ppm in the proton dimension) [Fig. 1(B)], indi-

cating that the aggregation-prone state of aS at pH 3.0

is natively unfolded. In addition, SAXS measurements

had shown that aS is monomeric at pH 3.0.12

Secondary structure propensities in aS at acidic
pH are changed in the proximity to Glu and Asp

residues

Since 15N chemical shifts are sensitive to many

changes in the chemical environment such as pH, tem-

perature and ionic strength, 13C backbone chemical

shifts were needed to determine secondary structure

propensities in aS at pH 3.0. Figure 2(A) shows the

secondary structure propensities estimated by the pro-

gram SSP14 on the basis of experimental Cb, Ca, CO,

HN, and N chemical shifts observed in aS at pH 3.0.

Positive and negative SSP scores indicate propensity

for formation of helical and b-structure, respectively.

Along the primary sequence, stretches of 5–10 resi-

dues with positive and negative SSP scores alternate.

The largest stretch of residual helical structure was

observed for residues 14–27, as reported previously at

pH 7.4.15 However, almost all SSP values are <20%

indicating that no rigid elements of regular secondary

structure are formed in the aggregation-prone state of

aS at pH 3.0 [Fig. 2(A)], in agreement with circular

dichroism that suggested only limited secondary struc-

ture in aS at pH 3.0.12 Comparison of Ca chemical

shifts observed at pH 3.0 and pH 7.4 shows that, as

expected, mostly the Ca resonances of acidic residues

shift upon lowering the pH (Supporting Information

Figure 1). In addition, differences in SSP scores and
3J(HNHa) scalar coupling values indicate an increased

propensity for helical or turn-like structure for resi-

dues 11–19 and 41–56 [Fig. 2(B,C)].

The C-terminal region of aS is more rigid at

acidic pH than at neutral pH

The largest differences in Ca chemical shifts and SSP

scores at pH 3 and pH 7.4 were observed in the Asp

and Glu rich C-terminal region [Fig. 2(A,B)]. Whereas

at pH 7.4, residues in the C-terminal region preferen-

tially populate extended structure,16,17 propensity for

extended structure is reduced at pH 3.0 and some res-

idue stretches show a tendency to form helical struc-

ture. In agreement with a higher propensity for helical

and turn conformations, the 3J(HNHa) scalar couplings

of Ala107, Glu123, and Tyr133 were decreased by 1.6,

1.8, and 0.6 Hz down to values of 4.9, 5.7, and 6.3 Hz,

respectively [Fig. 2(C)].

Signal intensities observed in a 2D HSQC spec-

trum for the 40 C-terminal residues are on average

lower than for those observed in the N-terminal region

[Fig. 3(A)]. In addition, steady-state heteronuclear
15N{1H}-NOE values of residues 118–132 are higher at

pH 3.0 than at pH 7.4 [Fig. 3(B)], indicating a reduced

flexibility of the C-terminal region at pH 3.0. At the

same time, chemical exchange is present in this

region, as suggested by the difference in 15N R2 and

R1q spin relaxation rates [Fig. 3(C)].

Residual dipolar couplings are exquisitely sensitive

to bond vector orientation and can be measured in a

weakly aligned protein, for which the large internu-

clear dipolar interactions no longer average to zero. At

pH 3.0, residues 100–140 are uncharged and electro-

static interactions will be strongly altered, suggesting

that the RDC profile observed in aS will be changed.

Indeed, whereas large positive NH RDCs were

observed in the C-terminal region at pH 7.4 in agree-

ment with previous measurements [Fig. 4(A)],9 both

positive and negative RDCs were observed at pH 3.0.

The RDC profile is characterized by three residue

stretches with a length of approximately 10 residues

each and starting at residue Glu105. Within each

fragment positive NH RDCs were observed in the

Figure 2. Secondary structure propensities of aS at acidic

pH. A: SSP analysis using Ca and Cb chemical shifts.

Positive SSP values are indicative of residual helical structure,

negative values of residual b-structure. Note that all Glu and

Asp residues were excluded in this analysis. B: Difference in

SSP scores at pH 3.0 and pH 7.4. Most difference values are

positive suggesting a preferentially population of helical and

turn conformations at pH 3.0, in particular in the C-terminal

region. C: 3J(HNHa) scalar couplings at pH 3.0 (black) and pH

7.4 (gray). On top, the region organization of aS is shown.

[Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]
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N-terminal part, whereas negative NH RDCs were

observed at the end [Fig. 4(B)]. Sign inversion of

RDCs might be due to changes in the local alignment

tensor,18 and due to formation of helical19 or turn con-

formation,20 in which the HAN internuclear vector is

parallel to the long axis of this segment. Taken to-

gether, the NMR data demonstrate that the C-terminal

region of aS is more rigid at pH 3.0 than at pH 7.4.

Most likely are the formation of short stretches of heli-

cal and turn conformation in acidic conditions.

The network of transient long-range

interactions is changed at acidic pH
To support the compaction of the C-terminal region of

aS at pH 3.0, we estimated the hydrodynamic radius

Rh using pulsed-field gradient NMR experiments.21 Rh

values of about 32 � 1 Å were obtained for full-length

aS at both pH 7.4 and pH 3.0 (Fig. 5). The values are

between that of a random coil and a globular confor-

mation expected for the 140-residue protein aS, in

agreement with the closed conformation reported pre-

viously at neutral pH.9 In addition, we determined the

Rh values for a fragment of aS that does not contain

the C-terminal region, aS(1–108), and for a peptide

comprising only residues 105–136 of aS, aS(105–136).
For aS(1–108), the Rh values were 23 � 1 Å and 26 �
1 Å at pH 7.4 and pH 3.0, respectively, and for

Figure 3. The C-terminal region of aS is more rigid at

acidic pH. A: Comparison of normalized peak intensities

observed in 1H-15N HSQC spectra of aS at pH 3.0 and pH

7.4. At pH 7.4, the peak intensities observed for residues in

the C-terminal region are higher than those observed for

residues located in the N-terminal region. At pH 3.0,

however, residues 105–130 and 134–137 have lower peak

intensities than residues in the N-terminal region, indicating

that residues in the C-terminal region are less flexible at pH

3.0. B: Steady-state heteronuclear 15N{1H}-NOEs of aS at

pH 7.4 (gray) and at pH 3.0 (black). B: 15N R2 and R1q spin

relaxation rates of backbone resonances of aS at pH 3.0.

Figure 4. Residual dipolar couplings probe structural

changes in C-terminal region. A: One-bond HAN RDCs of

aS at pH 7.4 (gray line) and at pH 3.0 (black bars) as a

function of residue number. B, C: One-bond HAN RDCs of

residues 100–140 in detail.

Figure 5. The C-terminal region of aS is more compact at

acidic pH. A: Hydrodynamic radius values Rh of full-length

aS, aS(1–108), and aS(105–136) as estimated by pulsed-

field gradient NMR. The left panel shows Rh values at pH

7.4, the right panel at pH 3.0. Error bars are based on two

independent measurements.
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aS(105–136) 17 � 2 Å and 12 � 3 Å, respectively (Fig.

5). Thus, whereas the N-terminal 108 residues are

more extended at acidic pH, the Asp and Glu-rich C-

terminal region is more compact than at neutral pH,

in agreement with the increased ordering observed by

NMR chemical shifts, scalar couplings, spin relaxation

measurements, and RDCs (Figs. 2–4). For both aS(1–
108) and aS(105–136), the hydrodynamic radius

changed by 4–5 Å upon lowering the pH to 3.0, but as

the change is in the opposite direction, no significant

change in Rh was observed for full-length aS. In con-

trast, values of the radius of gyration as estimated by

SAXS suggested a compaction of full-length aS at pH

3.0.12 We currently do not know the reason for this

difference, but it could be due to differences in buffer

condition or temperature. However, the development

of the beginnings of a packed core, as suggested by a

Kratky plot analysis of the SAXS data at pH 3.0,12 is

in agreement with the compaction of the C-terminal

region observed by pulsed-field gradient NMR.

To probe changes in the long-range structural

order with single-residue resolution, we used paramag-

netic enhancement of nuclear spin relaxation by nitro-

xide spin labels.22 A nitroxide radical causes broaden-

ing of the NMR signals of nearby protons, an effect

that extends as far as 25 Å from modified cysteine res-

idues. For attachment of the MTSL label, we used pre-

viously prepared single cysteine mutants of aS (A18C,

A90C, and A140C),9 together with one new variant

(A76C). Comparison of the paramagnetic relaxation

enhancement (PRE) profiles of aS at pH 3.0 and pH

7.4 showed [Fig. 6(A) and Supporting Information

Figure 2]: (1) PRE broadening observed for residues of

the C-terminal region, when the spin label is attached

to A18C, was weakened at pH 3.0; (2) PRE broadening

induced by A76C-MTSL and A90C-MTSL in the C-ter-

minal region was much stronger at acidic pH; (3) PRE

broadening induced by A90C-MTSL extended further

towards the N-terminus at pH 3.0; and (4) attachment

of MTSL to A140C resulted in strong PRE broadening

of the NMR signals of residues 98–140, whereas less

signal attenuation was observed in the N-terminal

region when compared with the data at pH 7.4.

Ensembles of structures that are in agreement

with the two data sets support the interpretation of

the raw data [Fig. 6(B)]. At pH 3.0, the N- and C-

Figure 6. Transient long-range interactions in aS. A: Comparison of experimental PRE profiles (black bars for pH 3.0, orange

dashed line for pH 7.4) with the PRE profiles calculated from the FM simulation at pH 3.0 (green line). The nitroxide label

MTSL (red mark) was attached to the single-cysteine mutants A18C, A76C, A90C, and A140C (from top to bottom). B: Long-

range contacts in the representative ensemble as a function of pH. Contacts are plotted as log(hdiji/hdij,refi), where dij,ref refers

to the distance in the reference ensemble of 10,000 structures and dij refers to the distance in the selected ensemble.
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termini have a decreased probability to be in proxim-

ity. In contrast, a higher probability for spatial proxim-

ity is seen between the NAC region and residues 120–

140 at pH 3.0. Thus, whereas the C-terminal half of

aS becomes more compact at pH 3, the NAC terminal

interaction seems to be weakened, in agreement with

its electrostatic nature.23 The overall dimensions of the

ensemble of structures are not significantly changed,

with hydrodynamic radius values of 30.7 and 30.5 Å

as predicted by HydroPRO24 at pH 7.4 and pH 3.0,

respectively. Moreover, no change in the overall

dimensions of the ensemble of structures was detected

by pulsed field gradient NMR measurements (Fig. 5).

In conclusion, NMR spectroscopy demonstrated

that the intermediate conformation of aS at acidic pH,

which was suggested to be an important species on the

fibril-forming pathway of aS,12 is an ensemble of

natively unfolded conformations. The ensemble of con-

formations of aS at acidic pH is characterized by a

rigidification and compaction of the Asp and Glu-rich

C-terminal region, an increased probability for prox-

imity between the NAC-region and the C-terminal

region and a lower probability for interactions between

the N- and C-terminal regions (Fig. 7). The structural

changes allow different hypotheses. First, a release of

transient long-range interactions between the N- and

C-terminal region can contribute to the increased

nucleation rate constants of fibril-formation as

observed for aS at acidic pH.12 Alternatively, the dif-

ferences in aggregation might be related to the

increased contacts between the C-terminus and the

middle region of aS. A shift in contacts from the N-

terminus to the more hydrophobic amyloid-forming

region may promote self-association and thus increase

aggregation. At the same time, the impact of the

changes in transient long-range interactions on aggre-

gation at acidic pH might only be a minor contribu-

tion, which is dominated by the strong reduction in

negative charge in the C-terminal region at acidic

pH.25

Materials and Methods
NMR samples contained �0.1 mM 15N- or 15N/13C-

labelled aS in 20 mM Na acetate, 100 mM NaCl, pH

3.0. NMR experiments were recorded on Bruker

Avance 600, 700, and 800 MHz NMR spectrometers

at 15�C. PRE effects were measured from the peak in-

tensity ratios between two 2D 15N-1H HSQC spectra

with a paramagnetic sample and a diamagnetic sam-

ple, respectively.

Flexible-meccano, was used to sample the confor-

mational space available to disordered proteins in

terms of explicit ensembles of molecules.26 Unbiased

conformational ensembles of 10,000 structures were

calculated, and effective relaxation rates for each con-

former calculated in the presence of the four spin

probes. Relaxation rates for each conformer are

described using the model free formalism introduced

for interpretation of 1H-1H dipole–dipole cross relaxa-

tion (nOe) interactions,27 and recently adapted to the

calculation of PRE by Clore et al.28 The correlation

time for the electron-nuclear interaction sc was set to

4 ns, in agreement with previous studies.22 The aver-

age relaxation rate was calculated over all individual

backbone conformers. Experimental values for the

intrinsic transverse relaxation rates15 were used to

account for the diamagnetic contribution to the spin

relaxation rate.

Subensembles were then selected on the basis of

agreement with respect to the experimental data using

a genetic algorithm. Simulations indicated that for a

molecule of this size with four spin labels, ensembles

of 80 structures presented a reasonable description of

the conformational behavior while avoiding over-fit-

ting. A more detailed description of this algorithm is

in preparation. The identical procedure was applied

for both samples, and contact maps showing a loga-

rithmic comparison between the selected ensemble

and the original unbiased ensemble are used to com-

pare the data.

A detailed description of Materials and Methods is

available in the Supporting Information.
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