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Abstract: The major component of neural inclusions that are the pathological hallmark of

Parkinson’s disease are amyloid fibrils of the protein a-synuclein (aS). Here we investigated if the
disease-related mutation A30P not only modulates the kinetics of aS aggregation, but also alters the

structure of amyloid fibrils. To this end we optimized the method of quenched hydrogen/deuterium

exchange coupled to NMR spectroscopy and performed two-dimensional proton-detected high-
resolution magic angle spinning experiments. The combined data indicate that the A30P mutation

does not cause changes in the number, location and overall arrangement of b-strands in amyloid

fibrils of aS. At the same time, several residues within the fibrillar core retain nano-second dynamics.
We conclude that the increased pathogenicity related to the familial A30P mutation is unlikely to be

caused by a mutation-induced change in the conformation of aS aggregates.

Keywords: a-synuclein; NMR spectroscopy; structure; amyloid fibril; mutation

Introduction

The pathological hallmark of Parkinson’s disease

(PD) and several other neurodegenerative disorders

is the deposition of intracytoplasmic neuronal inclu-

sions termed Lewy bodies.1 The major components

of Lewy bodies are amyloid fibrils of the protein a-
synuclein (aS).2 Three separate mutations (A30P,

E46K, and A53T) as well as duplications or triplica-

tions of the aS gene, which increase levels of aS

with no alteration in sequence, cause PD.3–5 While

dopaminergic nerve cell loss clearly is linked to

enhanced aS aggregation, oligomeric intermediates

might be the most toxic species.6 However, due to

their transient and heterogeneous nature they are

difficult to characterize.7,8

Since their discovery, the three disease-related

aS mutants have been the subject of intense study, as

differences in aggregation behavior and morphology

with respect to the wild-type (wt) form may yield val-

uable insights into the fundamental processes under-

lying amyloidogenic diseases.3,9–24 As in the case of

wt aS, all three mutants are natively unfolded in

aqueous solution,20 although the propensities for re-

sidual secondary and tertiary structure are slightly

altered.9,17,21,25,26 Upon binding to micelles or small

unilamellar vesicles, the N-terminal domain of aS

assumes a helical structure, with a reduced affinity

for A30P aS.22,27–29 In agreement with the aggrega-

tion of aS into fibrillar Lewy bodies, the A53T and
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E46K mutations have an increased aggregation pro-

pensity in vitro. In contrast, contradicting observa-

tions regarding oligomerization and aggregation

kinetics were reported for the A30P mutant.12,15,20,21

The secondary structure of amyloid fibrils of wt

aS has been studied by a battery of biophysical

techniques, including hydrogen/deuterium exchange

measurements coupled to solution-state nuclear

magnetic resonance (NMR) spectroscopy,30 solid

state NMR spectroscopy,30–32 mass spectrometry,33

and electron paramagnetic resonance spectroscopy.34

The combined data indicate that the rigid core of

amyloid fibrils of aS starts at about residue 38 and

ends at about residue 100, and comprises a mini-

mum of four b-strands.
Much less is known about the structural proper-

ties of amyloid fibrils formed by the disease-related

mutants of aS. According to electron microscopy and

atomic force microscopy A30P and A53T aS possess

similar fibril morphology with some deviations in

the degree of twist along the fibrillar axis.23 A recent

solid-state NMR study on amyloid fibrils of A53T aS

suggested that the fibrillar core of A53T aS is

extended by about five residues when compared to

the wild-type protein,19 in agreement with the

higher aggregation rate of A53T aS.

Here we compare the conformational properties

of amyloid fibrils of wt and A30P mutant aS using a

combination of hydrogen/deuterium (H/D) exchange35

and high-resolution magic angle spinning (HR-MAS)

in combination with liquid-state NMR spectroscopy.36

Our data demonstrate that the fibrillar core of aS is

not perturbed by the genetic mutation A30P.

Results and Discussion

Flexible regions in amyloid fibrils of aS detected

by HR-MAS NMR spectroscopy
15N isotope labeled wt and A30P aS were aggregated

at 37�C for 7 days with agitation. Electron micros-

copy showed a morphology that is characteristic for

amyloid fibrils [Fig. 1(b)]. Initially, a conventional

one-dimensional liquid-state NMR spectrum was

measured. Only signal from water was detected,

demonstrating that the concentration of monomeric

aS is below the detection limit. In addition, after the

NMR measurements (see below) the sample was cen-

trifuged and a 1H spectrum of the supernatant was

recorded. Despite 1024 scans, no protein signals

were detected in the spectrum (data not shown). Sig-

nals from aggregates are not expected to be seen

due to their reduced mobility, slow rotational diffu-

sion and associated variations in magnetic suscepti-

bility anisotropy. To overcome the broadening due to

variations in magnetic susceptibility anisotropy, we

applied high-resolution magic angle spinning.36

Narrow 1H line widths obtained under HR-MAS

allowed measurement of a 1H,15N heteronuclear single

quantum coherence (HSQC) spectrum. The 2D spec-

trum showed a narrow dispersion of peaks [Fig. 1(c)],

indicating the absence of rigid secondary and tertiary

structure. Comparison with the 1H,15N-HSQC of mono-

meric aS, revealed that many cross peaks in the two

spectra overlap. We assigned all peaks in the HR-MAS

spectrum, which deviated by less than 0.2 ppm for 15N

and less than 0.02 ppm for 1H from a single cross-peak

in the HSQC of monomeric aS, to the corresponding res-

idue [Fig. 1(c,d)]. Based on this approach, signals of 28

residues in the region 98�140 could be identified [Fig.

1(d)]. The C-terminal domain was previously suggested

to be dynamically disordered, however, due to larger

line-width and lower sensitivity of carbon-carbon corre-

lation spectra only a few of the residues in the C-termi-

nal domain could be assigned by solid-state NMR.30,31,33

Sequence-specific assignment of residues in the C-ter-

minal domain of aS fibrils is important for evaluation of

the effect of post-translational modifications in the

fibrillar state, such as phosphorylation at S129 and

nitration at Y125, Y133, and Y136.37,38 In addition a

few signals were observed in the HR-MAS spectrum,

which overlapped with signals of residues 1-98 of mono-

meric aS, for example residues 45, 47, 82�83, and 89

[Fig. 1(c)]. Based on chemical shift similarity [Fig. 1(d)]

these residues are thus tentatively assigned to the core

of aS fibrils, suggesting the presence of dynamics in the

fibrillar core of aS amyloid. Note that due to the high

molecular weight of amyloid fibrils rigid residues are

not expected to be observed by liquid-state NMR in

agreement with the absence of most of the signals from

the fibrillar core in the HR-MAS spectra. To make these

signals observable in 1H,15N HSQC spectra the corre-

sponding residues must be flexible on fast time scales

including the pico and nano-second time scale.

Optimized method for hydrogen/deuterium

exchange coupled to NMR spectroscopy
H/D exchange combined with NMR spectroscopy has

been widely used for the study of protein folding and

for the characterization of the structure of protein

aggregates.39–43 The large size of amyloid fibrils

hampers direct detection of H/D exchange in amy-

loid fibrils by solution-state NMR spectroscopy.

Hence, a critical step has been introduced that is

rapid dissociation of fibrils into unfolded protein

during, which the H/D exchange information of the

fibrillar state is preserved. Deuterated dimethyl sulf-

oxide with 5% H2O
39,42 or 100 mM of deuterated

SDS, pD 3.5 in 100% D2O
43 or 6M guanidine thio-

cyanide (GuSCN), 0.4% formic acid (pD 2.4) in

99.9% D2O
33 are the solvents used for that purpose.

Typically, a series of aliquots from a solution con-

taining fibrils are subjected to different durations of

H/D exchange (denoted as forward exchange) fol-

lowed by lyophilization. Then the fibrils are dissoci-

ated in the dissolving solution in the NMR spectrom-

eter and a series of 15NA1H spectra are measured,
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in which the decay of cross-peaks is followed. For

determination of protection factors, often a single

HSQC recorded at a specific time point during back-

exchange is used. Cross-peak intensities in HSQC

spectra obtained for aliquots with different H/D

exchange times are then compared to those of an

external reference (often amyloid fibrils without H/D

exchange) and are fitted to a single exponential

curve as a function of H/D exchange time. Some of

the H/D exchange experiments require several

months due to the highly stable cross-b structure of

amyloid fibrils.30

We modified this method to reduce the amount of

required material and to more easily distinguish

exposed and buried residues. The main modification

is the use of a 50%/50% H2O/D2O solution with 2M

GuSCN, 0.4% formic acid, pD 2.4. As a mixture of

50% D2O and 50% H2O is used, the final peak inten-

sity in the HSQC after reaching equilibrium should

be 50% of the total amount of monomeric protein in

the solution. Thus, the initial peak intensity ratio (at

time 0 in the dissolving buffer, I1wEX/InoEX) can be

obtained by extrapolation of a simple exponential

decay curve with 0.5 offset. When this method is

applied to fibrils, which had been subjected to H/D

exchange, the initial peak intensity should report on

the reduced amount of hydrogens in the fibril. The

use of the internal reference intensity as proposed

here can minimize possible experimental errors that

may be introduced by unequal amounts of amyloid

fibrils, when the H/D exchange is probed with multi-

ple samples. Moreover, residues for which amide pro-

tons were exchanged by more than 50% show an

increase in protonation during the back-exchange

Figure 1. NMR-based detection of residues with nano-second dynamics in amyloid fibrils of aS. (a) Thioflavin T fluorescence

of amyloid fibrils (red) of wt aS and of monomeric aS (blue). (b) Electron migrograph of aS fibrils that were used in HR-MAS

NMR measurements. (c) Comparison of 2D 15N-1H HSQC spectra observed for fibrillar aS using HR-MAS (red) and

monomeric wt aS (blue). (d) Residue specific peak intensities observed in the 15NA1H HR-MAS HSQC spectrum of amyloid

fibrils of wt aS shown in Figure 1(c). The dashed line indicates the noise level in the spectrum representing the error of the

shown peak intensities. Note that for most residues in the N-terminal region from residue 1–98 no signal at the position

expected for monomeric aS was found, demonstrating that the concentration of residual monomeric protein is below

detection level. On top the domain organization of aS is shown. The three sites affected by disease-associated mutation

(A30P, E46K, A53T) are indicated in magenta. The five prolines of aS are marked in cyan. In addition, averaged 15N, 1H

chemical shift differences between fibril and monomer, calculated according to [(DN/5)2þDH2]0.5, are depicted.
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period, resulting in a clear distinction between

strongly buried (slower H/D exchange) and exposed

(faster H/D exchange) residues from a single H/D

exchange experiment. The method was tested with

fully protonated monomeric and fibrillar wt aS. Fig-

ure 2 shows a comparison of the development of NMR

signal intensities for monomeric and fibrillar aS dur-

ing back exchange. The average decay curves follow

a single exponential. No significant difference was

observed between monomeric and fibrillar aS indicat-

ing that dissociation of fibrils in 2M GuSCN is very

rapid. H/D back-exchange is already occuring during

the first HSQC spectrum (acquired within 31 minutes

after mixing the solution and the protein); hence the

ratio of cross-peak intensities between the HSQC at

equilibrium and that in the first HSQC after dissolv-

ing is not 0.5 but 0.7. The data demonstrate that amy-

loid fibrils of aS are rapidly dissociated and that the

back-exchange is sufficiently slow to be followed by

two-dimensional NMR spectroscopy.

Back-exchange profiles of one week H/D

exchanged fibrils of wt and A30P aS

wt and A30P aS fibrils were prepared and resus-

pended in 99.9% D2O with 0.1% formic acid, pD 4.

After one week of H/D exchange at 4�C, the fibrils

were collected by ultracentrifugation, resuspended

into the dissolving buffer and protonation levels

were followed by a series of 2D 15NA1H HSQC spec-

tra. Peak intensity ratios shown in Figure 3 (a) were

calculated based on the peak intensities observed in

the first 15NA1H HSQC (I31mn.) spectrum. For resi-

dues 1�37 in the N-terminal domain and 98�140 at

the C-terminus, peak intensity ratios increased by

more than 50%. Increasing peak intensities during

back-exchange report on increasing levels of proto-

nation, indicating that these residues had exchanged

more than 50% of their protons during the forward

exchange period. Conversely, cross-peak intensities

of residues L38 to K97 showed a much smaller

increase in peak intensities, 40% or less, or even

showed decreasing peak intensities, indicating that

the central domain of aS fibrils is more solvent pro-

tected. Some differences were observed between the

back-exchange curves of wt and A30P aS, in particu-

lar in the final value of peak intensity ratio after

complete back-exchange [Fig. 3(a)]. As the peak in-

tensity ratios report on the variation of protonation

levels relative to the intensity observed in the initial

HSQC, the differences might point to differences in

the solvent protection in the fibrillar state. Differen-

ces in the conformation present in the denaturing

buffer, which might also affect the back-exchange,

are unlikely to significantly contribute as the rates

of back-exchange are very similar for residues in wt

and A30P aS.

A conserved solvent protected core in amyloid
fibrils of wt and A30P aS

The peak intensity ratio, which is calculated for the

time point zero of back-exchange from the back-

exchange curve, represents the ratio of remaining

hydrogens in amyloid fibrils after one week of H/D

exchange (I1wEX/InoEX). Figure 3(b) shows the back-

calculated intensity ratios at time point zero for fibrils

of wt and A30P aS, which had been exposed to H/D

exchange for seven days. Two clearly distinct regions

can be identified in both wt and A30P aS: residues

M1-V37 and K98-A140 have deuterium incorporation

levels of 59�90%. In contrast, for residues L38-K97

less than 60% of amide protons have exchanged, indi-

cating that residues 38�97 are more solvent protected

in the fibrillar state. In wt aS, the NA and C-terminal

domains have average deuterium incorporation levels

of 0.73þ/�0.06 and 0.76þ/�.07, respectively. The C-

terminal domain is most strongly affected by solvent

exchange, in agreement with its detection in the HR-

MAS spectra (Figs. 1 and 3). Variations in the deute-

rium incorporation levels within the flanking domains

can be caused by the presence of residual structure,

in particular in the N-terminal domain that is not

observed in the HR-MAS spectra and thus has only

limited motion on the nano-second time scale. In the

C-terminal domain residual structure might be

Figure 2. Decay of signal intensity observed in dissolving

buffer for amyloid fibrils (open circles) and monomeric aS

(filled squares) due to exchange with buffer. Both the

amyloid fibrils and the monomeric protein were fully

protonated prior to dissolving. The dissolving buffer

consists of a 50%/50% H2O/D2O solution with 2M GuSCN,

0.4% formic acid, pD 2.4. Shown are average values

obtained by averaging over all signals observed for

backbone amide protons in a series of 2D 1HA15N HSQC

spectra and normalizing it by the intensity (I31min) observed

in the first HSQC spectrum, which was recorded within 31

minutes after the start of the dissolving procedure.
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promoted by the presence of the five proline residues

[indicated in cyan in Fig. 3(b)]. Particularly striking

are the sharp boundaries in the solvent protection

map observed at residues 37�38 and 97�98. The

higher solvent protection for residues L38-K97, is in

agreement with a protease resistant core of aS fibrils

comprising residues 31�101,44 previous hydrogen

exchange experiments coupled to mass spectrometry

(residues 39�101)33 or solution-state NMR (residues

35�96)30 and EPR studies on site-directed spin-la-

beled aS fibrils, which revealed a well-ordered central

region (residues 34�101) with parallel, in-register

b-strands.45

Our data demonstrate that the overall pattern

of deuterium incorporation in amyloid fibrils of wt

and A30P aS is very similar in the solvent protected

central domain as well as in the more exposed N-

and C-terminal domains [Fig. 3(b)]. Most differences

are within the experimental errors. Slightly outside

the experimental errors, are the differences between

the levels of protonation of A30P and wt aS close to

the site of mutation potentially induced by minor

changes in local conformation. Importantly, the

sharp boundaries between the two domains are

highly conserved, suggesting that the A30P muta-

tion does not change the size of the monomeric core

of aS fibrils. This is in contrast to the genetic muta-

tion A53T, which according to solid-state NMR spec-

troscopy, causes an extended boundary of the fibril-

lar region in A53T aS (residue number 38�100)

Figure 3. Back-exchange profiles of one week H/D exchanged fibrils of wt and A30P aS. The back-exchange buffer was a

50%/50% H2O/D2O solution with 2M GuSCN, 0.4% formic acid, pD 2.4. The temperature was 4�C. (a) Residue-specific
changes in peak intensities observed for wt (filled circles) and A30P (open circles) aS during back-exchange. Each back-

exchange profile was fit with a single exponential curve (red, wt aS; green, A30P aS) reporting on the kinetics of back-

exchange. (b) Levels of deuterium incorporation in amyloid fibrils of wt (gray) and A30P (orange) aS after one week of H/D

exchange at 4�C, pD 4.0. Levels of deuterium incorporation are equal to the peak intensity ratio that is back-calculated for

time point zero of back-exchange from the back-exchange curves and takes into account that after completion of the back-

exchange the protonation level is 50%. Error bars were calculated on the basis of the signal-to-noise ratio in the last and first

HSQC spectrum. Residues of wt aS with partial signal overlap are shown with open bars. The three sites affected by disease-

associated mutation (A30P, E46K, A53T) are indicated in magenta. The five prolines of aS are marked in cyan.
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compared to wt aS (position 38�95).19 Thus, the two

genetic mutations A30P and A53T aS might differen-

tially affect the structure of aS aggregates. At the

same time, it should be noted that the length of the

fibrillar core varies slightly in several investigations

even for wt aS.30,31,33,34,46 These variations might be

related to the polymorphic nature of amyloid fibrils

and the strong influence of solution conditions on

the kinetics of aggregation.

The core of amyloid fibrils of wt and A30P aS

Are there differences in structure between wt and

A30P aS fibrils within the 38�97 region? Figure 4

shows a comparison of the deuterium incorporation

levels in detail. For both proteins a first dip in the

profile of deuterium incorporation is seen for resi-

dues L38-K43, which is clearly separated from the

remainder of the fibrillar core by the more solvent

exposed residues 44�47. Taking into account that it

is well established that aS fibrils are composed of b-
sheets, the H/D exchange data suggest that residues

L38-K43 form a b-strand. The higher levels of deute-

rium incorporation downstream indicate that resi-

dues T44-G47 form a turn or loop in both wt and

A30P aS amyloid fibrils, in agreement with the ob-

servation of signals for T44 and E46 in the HR-MAS

spectra (Figs. 1 and 4). Importantly, the third known

familial mutation E46K is located in this loop (Fig.

3). The loop is followed by the residue stretch V48-

N65, which shows lower levels of deuterium incorpo-

ration pointing to the presence of hydrogen-bonded

b-structure. At the same time, however, there is

some variation in the levels of deuterium incorpora-

tion in this region, potentially caused by the pres-

ence of shorter elements of b-structure. In both

A30P and wt aS, this region ends at V66-G68, a resi-

due stretch, which is more solvent exposed (Fig. 4),

which gives rise to a signal in the 15NA1H HR-MAS

spectrum (Fig. 1) and which was previously impli-

cated in turn formation in amyloid fibrils of

aS.30,31,46 The most solvent protected region is V70-

Q79 (Fig. 4). Within this region, there might be

some differences in the level of deuterium incorpora-

tion between A30P and wt aS, e.g., at G73. The re-

mainder of the fibrillar core region up to K97 has

then again slightly increased levels of deuterium

incorporation in both wt and A30P aS. The combined

data demonstrate that the solvent protection profiles

in the flanking domains as well as in the fibrillar

core are highly similar for A30P and wt aS. We at-

tribute minor differences between the two profiles to

small conformational differences, unavoidable varia-

tions in aggregation and the polymorphic nature of

amyloid fibrils.30,31,46

Interestingly, the levels of deuterium incorpora-

tion are not uniform across the fibrillar core for both

proteins. Primary factors that contribute to solvent

exchange are hydrogen bonding and burial within

the overall structure. It was previously shown that

several regions in aS fibrils, for example residues

V70-Q79 and residues G86-I88, have b-structure and

are thus likely to be involved in hydrogen

bonds,30,31,46 suggesting that the differences in the

average levels of deuterium incorporation in these

regions are due to different degrees of burial in the

amyloid fibrils. Average deuterium levels for resi-

dues 38�43, 48�65, 70�79, 86�97 in wt aS fibrils

are 0.58, 0.56, 0.52, and 0.56, respectively, suggest-

ing (also the standard deviation of þ/�0.06 is quite

large) that residues V70-Q79 are the most buried

part of aS. Residues V70-Q79 form the most hydro-

phobic region of aS and are part of the 12 residue

stretch that is essential for aggregation of aS,47–49

suggesting that residues, which are important for

conversion of aS from a monomeric into an aggre-

gated state also form the core in the structure of

amyloid fibrils. Moreover, as the variations in the

solvent protection for different regions with b-struc-
ture are highly similar in A30P and wt aS, changes

in the overall arrangement of the b-strands induced

by the A30P mutation are unlikely.

Conclusions

The aim of this study was to investigate if the patho-

genic mutation A30P not only modulates the kinetics

of aS aggregation, but also alters the structure of

amyloid fibrils, which form the end stage of aggrega-

tion and the histopathological hallmark of Parkin-

son’s disease. To this end we developed an optimized

method for H/D exchange of amyloid fibrils and com-

bined it with two-dimensional proton-detected HR-

MAS experiments. The HR-MAS measurements sug-

gested that several residues within the fibrillar core,

which most likely interconnect b-strands, retain

nanosecond dynamics in the amyloid fibrils, support-

ing the idea that even the core of amyloid fibrils is

Figure 4. The conserved solvent protected core in amyloid

fibrils of wt and A30P aS. Deuterium incorporation levels in

the fibrillar core of wt (gray bar) and A30P (orange circle)

aS (taken from Fig. 3) are compared to previous results for

wt aS fibrils using electron paramagnetic resonance34

(green) and solid-state NMR (blue, Heise et al.31; purple,

Vilar et al.30; pink, Kloepper46). Red circles mark the

location of residues observed by HR-MAS and tentatively

assigned to the fibrillar core (Fig. 1).
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not a single rigid unit.50 Comparison of solvent pro-

tection profiles for A30P and wt aS indicate that the

A30P mutation does not cause changes in the num-

ber, location and overall arrangement of b-strands in

amyloid fibrils of aS. This is in clear contrast to

design mutations of aS, in which even a single pro-

line substitution in the fibrillar core (A56P) strongly

impairs both the kinetics of aggregation and the b-
structure of insoluble aggregates.51 Interestingly,

whereas the design mutations with impaired b-
structure result in strongly enhanced neurotoxicity

in four different model systems for Parkinson’s dis-

ease, conflicting results for the toxicity of A30P aS

in model systems for Parkinson’s disease exist.52 We

cannot exclude that there might be differences in

the structure of amyloid fibrils prepared in vitro

from those found in the brain of patients with Par-

kinson’s disease. However, preparation of amyloid

fibrils of wt and A30P mutant aS prepared in vitro

enables a comparison of their structural properties

under identical conditions (pH, buffer, cofactors),

which is impossible for material extracted from the

brain. In summary our data suggest that the

increased pathogenity related to the familial A30P

mutation is unlikely to be caused by a mutation-

induced change in the conformation of aS

aggregates.

Materials and Methods
15N isotope labeled recombinant wt and A30P aS

were expressed and purified from E. Coli as

described previously.9 Protein solutions were pre-

pared in 20 mM Tris-HCl (pH 7.5 at 25�C), 100 mM

NaCl and 0.02% NaN3 with protein concentrations

of � 100 lM. Fibrillization was achieved by incuba-

tion at 37�C for 7 days with agitation and monitored

by a thioflavin T fluorescence assay [Fig. 1(a)] as

described previously.53 Fibrils were collected by two

consecutive steps of centrifugation (215,000 g) and

resuspension in distilled H2O to remove residual

monomeric protein and buffer. The final pellet was

resuspended in 50 mM HEPES (pH 7.4), 100 mM

NaCl solution for HR-MAS NMR measurements.

For electron microscopy, aS fibrils were pre-

pared on a glow-discharged carbon foil and stained

with 1 % uranyl acetate. The samples were eval-

uated with a CM 120 transmission electron micro-

scope (FEI, The Netherlands). Images were taken

with a 2048� 2048 TemCam 224 A camera (TVIPS,

Germany).

The optimized protocol for hydrogen-deuterium

exchange is described in the main text. To slow down

H/D exchange and in that way allow a better defini-

tion of regions with only slight differences in solvent

protection,33 the forward H/D exchange was done in

0.1% formic acid (pD 4.0), 200 mM NaCl in 99.9 %

D2O. The forward H/D exchange was stopped, fibrils

were collected by ultracentrifugation, frozen by liquid

nitrogen and stored in a refrigerator at �80�C. Note

that monomers or oligomers that might dissociate

from the fibrils during the 7 days of forward H/D

exchange are usually not or only in very small con-

centrations found in the pellet after ultracentrifuga-

tion. Thus, they do not significantly influence the

subsequent back-exchange curves. Subsequently,

back-exchange in the dissolving buffer was followed

by a series of 2D 1HA15N HSQC spectra recorded on

a Bruker AVANCE 600 MHz NMR spectrometer

equipped with a 5 mm triple-resonance, pulsed-field

z-gradient cryoprobe. Preparative steps such as shim-

ming and temperature equilibration resulted in a

dead time of about 8 minutes before the start of the

first HSQC. Acquired spectra were processed with

linear prediction for the 15N dimension and analyzed

by NMRPipe.54 Resonance assignments in the dis-

solving buffer were obtained with the help of a

GuSCN titration and a 3D HNN experiment.55

HR-MAS spectra were recorded on a Bruker

Avance 900 MHz spectrometer equipped with a 4

mm high-resolution MAS probe with the sample

spinning at 7.2 kHz.
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