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Abstract: We report the observation of undetected (until now) residues of the prion protein fragment HET-
s(218-289) which give rise to well-resolved 13C, 15N, and 1H NMR resonances under high-resolution magic-
angle spinning (HRMAS) conditions. The observed signals belong to large polymeric units as shown by
measuring the lateral diffusion constants. The amino acids identified in the spectra are compatible with
their localization in the segments of the protein which could not be detected in earlier solid-state NMR
experiments. The observed chemical shifts indicate that these residues are in a random-coil conformation.
Complementary experiments which detect only dynamic or static residues, respectively, strongly suggest
that they belong to different parts of the same molecule.

Introduction

Prion proteins are associated with neurodegenerative diseases
in mammals but can also be found in fungi and yeasts.1,2 The
HET-s prion protein of the filamentous fungusPodospora
anserinais a key player in a genetically controlled cell-death
phenomenon called heterocaryon incompatibility. The prion
properties of HET-s, including the formation of amyloid fibrils,
are essential in this context.3-6 The protease-resistant part of
the prion fibril7 is formed by the C-terminal domain of HET-s,
comprising residues 218-289 (HET-s(218-289)). This fragment
alone forms amyloid fibrils and is sufficient for prion propaga-
tion.8 The secondary structure of the fibrils formed in vitro from
HET-s(218-289) has recently been characterized using solid-
state NMR, H/D exchange data, fluorescence studies, and
mutagenesis experiments.9,10 These studies suggest a structural
model containing four well-ordered and rigidâ-strands arranged
perpendicular to the fibril axis.9 The core of the fibrils of HET-
s(218-289) formed by theâ-strands was found to be well ordered
and lead to narrow resonance lines but the NMR signals from

29 residues were absent from the spectra. This finding was
explained by conformational and/or dynamic disorder of the
loops connecting theâ-strands and forming the N- and C-
terminal ends.11 The hypothesis of dynamic disorder is supported
by the observation that the amide hydrogens of these 29 residues
undergo fast hydrogen exchange.9 Flexible residues are likely
to be present in other amyloids, and experimental evidence from
NMR is already available, for example inR-synuclein12 or tau-
protein helical fragments.13 In this work, we report the observa-
tion of these so-far undetected residues using liquid-state NMR
techniques under HRMAS conditions.14 Our results show that
short segments of HET-s(218-289), even in the close vicinity
of well-ordered static residues, can be dynamic enough to
average out all anisotropic spin interactions. Consequently, these
segments lead to13C, 15N, and1H spectra reminiscent of liquid-
state NMR when HRMAS14 is used to remove susceptibility
broadening.

Experimental Section

Uniformly 13C,15N-labeled HET-s(218-289) was prepared as de-
scribed elsewhere.8,9 Spectra were recorded on a Bruker AV600
spectrometer operating at a static magnetic field of 14.09 T. Spectra
with direct 1H detection were recorded on a Bruker 4-mm HRMAS
probe spinning at 5 kHz MAS; all other spectra were recorded on a
2.5-mm Varian T3 probe.

For proton-detected spectra, WATERGATE was used for solvent
suppression.15,16 The 15N-1H HSQCs were recorded as described by
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Mori et al.,17 and13C-1H HMQCs were measured with the scheme of
Andersson et al.,18 both experiments using GARP19 decoupling with
an rf-field strength of 6 kHz for15N and 4.5 kHz for13C, during acquisi-
tion. For the15N-1H HSQC 192t1-experiments with 64 scans each,
for the 13C-1H HMQC 1536t1-experiments with 14 scans each were
acquired in a total measurement time of 8.5 h, and 13 h, respectively.

The clean adiabatic TOCSY experiments followed the experimental
scheme of Kupce et al.20,21 using 200µs WURST-2 pulses22 and an
overall mixing time of 50 ms. GARP decoupling on15N and13C was
applied duringt1 and t2.

Three experiments with TOBSY transfer and a different preparation
step were performed. The adiabatic TOBSY experiment was done as
described by Hardy et al.23 The WiW24

1 sequence at 24.242 kHz MAS
with WURST-5 pulses was used for mixing. The length of the WURST
pulses was 55µs, and the mixing time was 7.9 ms. XiX1H decoupling24

was applied duringt1 andt2, and LG decoupling25 was applied during
mixing, both with an rf-field strength of 150 kHz. The initial polariza-
tion of these spectra was either generated by cross polarization, by NOE
presaturation followed by direct excitation, or by a refocused INEPT
transfer. The measurement times for the three experiments were 27,
27, and 54 h, respectively. All 2D-spectra were analyzed using the
CARA program.26

Diffusion coefficients were measured using the LED pulse sequence
with bipolar gradients.27 The total gradient pulse length wasδ ) 4 ms,
the diffusion time∆ ) 50 ms, and the eddy current delayTe ) 5 ms.
Sine-shaped gradients were used, and their strength was incremented
in 32 steps betweeng ) 3.9 × 10-2 T/m and 35.7× 10-2 T/m. The
diffusion coefficients were calculated by assuming a single diffusion
coefficient and fitting the intensity decay curves with the equationI(q)
) I(q) exp[-Dq2(∆ - δ/3 - τ/2)] with q ) γδg where γ is the
gyromagnetic ratio andτ ) 200µs is the delay for gradient switching.

Results and Discussion

One-dimensional1H spectra of the amyloid fibrils of uniform-
ly 15N,13C-labeled HET-s(219-289) are shown in Figure 1a.
Without MAS (“static”), no protein signals can be resolved, and
the spectrum is dominated by the water resonance, massively
broadened by magnetic susceptibility effects. HRMAS at a spin-
ning frequency as slow asνr ) 500 Hz was sufficient to obtain
narrow1H lines. Water presaturation reduces considerably the
intensity of the whole spectrum as can be seen in Figure 1a, sec-
ond trace. The1H line width observed withνr ) 5 kHz was, for
the aliphatic resonances, in the range of 0.03-0.08 ppm (20-
50 Hz).

To demonstrate that these sharp resonances indeed come from
fibrils and not from free monomers or small aggregates, a1H
NMR spectrum of the supernatant, obtained after mild centrifu-
gation (10 min at 3500g), was recorded. This spectrum did not
contain any protein-typical resonances (data not shown), exclud-ing the possibility that the signals come from dissolved

HET-s(218-289) monomers. To further characterize the size of
the observed entities, pulsed-field gradient methods were used
to estimate the molecular diffusion constant28 (see Experimental
Section for details). The measured diffusion constant of the
protein is 42 times slower than the one for the shift-reference
DSS used as an internal standard.29 Using the Stokes-Einstein
relation, the size of the particle can, therefore, be estimated to
be in the order of 16 MDa. This result excludes the possibility
that the narrow lines are caused by dissolved HET-s(218-289)
molecules or small aggregates thereof.

The narrow linewidths in the spectra allowed us to record
two-dimensional spectra using liquid-state pulse sequences under
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Figure 1. (a) One-dimensional1H NMR spectra of amyloid fibrils of
15N,13C-labeled HET-s(218-289) recorded using a Bruker 4 mm HRMAS
probe. For the static spectrum no water suppression was applied, and 256
scans were recorded. For the spectra at 5 kHz MAS WATERGATE water
suppression was applied, and 768 scans were recorded. The water-selective
presaturation was done with an rf-field strength of 150 Hz. (b) Experimental
diffusion decay curves under the LED pulse sequence with bipolar gradients.
The data shown are representative of the decay of the sharp lines belonging
to the protein (circles). DSS which was used as an internal molecular weight
reference (M ) 218 Da) is shown in diamonds. The best fits assuming a
single diffusion constant are also plotted. The corresponding diffusion
coefficients areD ) 5.0× 10-11 m2 s-1 (protein) andD ) 2.1× 10-9 m2

s-1 (DSS).
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HRMAS. The1H-1H TOCSY spectrum20,30of amyloid fibrils
is shown in Figure 2, the1H-13C HMQC and the1H-15N
HSQC spectra are given in Figure 3. Thirteen different amino
acids could be identified tentatively from these spectra, namely,
Ala, Arg, Asn, Asp, Gln, Glu, His, Ile, Leu, Lys, Thr, Val, and
Met. The chemical shifts of the corresponding resonances are
given in the Supporting Information. We were not able to detect
any protein-protein cross peaks in the1H-1H NOESY spectra
recorded with mixing times in the range ofτm ) 20-750 ms
(data not shown), and no sequential assignment is currently
available for the mobile residues.

From the measured shifts of the HR, CR, and Câ resonances
conclusions about the secondary structure of the protein can be
drawn. All shifts are consistent with a random-coil arrangement
(see Supporting Information). This interpretation is also sup-
ported by the narrow overall distribution of the chemical shifts
in the1H-15N HSQC spectrum of Figure 3b. These observations
are evidence that the residues observed in the spectra come from
parts of the protein that have no well-defined secondary structure
and are highly dynamic, showing an almost isotropic local
mobility. All amino acids detected appear either in the long
loop or in the head and tail pieces of the molecular structure
model described in ref 9. These molecular segments are marked
with black letters in Figure 4d. There is one exception, however,
namely the amino acid Glu whose presence could be explained
by deamidation of a Gln.31,32Note that the purification of HET-
s(218-289) included stages at low pH.8 The amino acid His only
appears in the long loop and at the C-terminus; Met appears
only at the N-terminus of HET-s(218-289). However, all the
other amino acids detected above appear also in theâ-strand
part of the molecule whose resonances were assigned earlier
by solid-state NMR techniques (residues marked in red letters
in Figure 4d). Despite the fact that many of the residues in

question appear more than once in the black segment, no obvious
peak doubling is observed in the spectra, indicating that either
only one of these residues is observable or that their chemical
shifts are almost degenerate. The latter was also observed for
liquid silk proteins inside the gland of a spider.33

To further discriminate between the mobile and rigid parts,
we have recorded13C-13C TOBSY spectra that filter out
selectively either mobile or immobile parts of the sample, or
show all resonances. The TOBSY polarization transfer is
mediated by the isotropicJ couplings and has the same
efficiency for mobile and rigid systems. For liquid samples, the
TOBSY sequence has properties equivalent to those of TOCSY.
In anisotropic phase, TOBSY additionally suppresses the dipolar
interaction as a transfer mechanism.34,35The filtering is imple-
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Figure 2. Two-dimensional1H-1H TOCSY spectrum of amyloid fibrils
of 15N,13C-labeled HET-s(218-289) recorded at 5 kHz MAS in a 4-mm
HRMAS probe at 30°C. The mixing time was 50 ms. Contour levels start
at 2.5 times rms-noise level and increase by a factor of 1.4.

Figure 3. 1H-13C and1H-15N correlation spectra of amyloid fibrils of
uniformly labeled HET-s(218-289) recorded at 5 kHz MAS in a 4-mm
HRMAS probe. (a)1H-13C HMQC at 5 °C, tentative assignments are
indicated. (b)1H-15N HSQC at 30°C.
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mented in the preparation step for the13C magnetization prior
to the t1 period of the experiment: when (i) polarization is
transferred from the protons using an INEPT step, immobile
parts are filtered out because sizeable proton-proton dipolar
interactions lead to a fast decay of the transverse magnetization
in the free evolution periods of the INEPT preparation. The
resonances from the static part are then missing in the TOBSY
spectrum. In contrast, when (ii) a cross-polarization step is used
for the polarization transfer, mobile segments are filtered out
because (heteronuclear) dipolar interactions are required for
efficient cross polarization. As a further option, (iii)13C magne-
tization can be prepared by a single13C 90° pulse, with NOE
presaturation, which leads to signals from the mobile as well
as immobile parts. The corresponding spectra are shown in
Figure 4. Filtering for mobile components leads to the blue spec-
trum of Figure 4b, and filtering for immobile parts leads to the
red spectrum. Nonselective excitation yields the TOBSY spec-

trum in Figure 4a which qualitatively can be interpreted as the
sum of the two spectra in 4b. The red TOBSY spectrum of the
immobile parts of HET-s(218-289) is very similar to a dipolar
DREAM spectra of HET-s(218-289) fibrils.9 As emphasized in
Figure 4c the blue resonances of the mobile part represent
largely additional resonances. The fact that all the previously
assigned peaks are also found in Figure 4a and that the resonance
intensities for the blue and red resonances are similar supports
the interpretation that the molecular segments that give rise to
the blue peaks and the sharp proton lines in Figures 1-3 indeed
come from the same molecules as do the red peaks and that
they represent the mobile loops of the molecular structure. The
interpretation that they come from a second conformer of the
HET-s(218-289) molecule seems, in the light of these data,
unlikely but can not rigorously be excluded. It is interesting to
remark that no Leu or Gln residues can be found in the head
and tail segments of the molecules, their presence on the liquid-
type spectra would thus indicate that the 13-amino-acid loop
betweenâ-strands 2 and 3 also contributes to the mobile fraction.
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Figure 4. (a,b) 13C-13C adiabatic TOBSY spectra of amyloid fibrils of15N,13C-labeled HET-s(218-289) recorded in a 2.5-mm solid-state MAS probe at
24.242 kHz MAS and 7.9 ms mixing time. The spectra based on initial magnetization coming from NOE-enhancement and direct excitation (a), CP (b),
and refocused INEPT (b) are colored in black, red, and blue, respectively. (c) Enlargements of the regions indicated in (b). (d) Amino acid sequence of
HET-s(218-289) with residues assigned using dipolar-based solid-state NMR methods10 colored in red.
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We note that the unfiltered spectrum of Figure 4a or,
equivalently, the sum of the two spectra in Figure 4b still does
not contain the resonances from all amino-acid residues. At least
eight residues are missing (5 Gly, Ser, Phe, Trp). It is our
conjecture that these residues are structurally disordered and
less mobile or/and undergo a slow conformational exchange,
leading to broad lines in all spectra. It should also be noted
that the observed resonances are mainly assigned to side-chain
atoms which explains the missing Gly resonances.

Conclusion

In summary, we have reported the existence of highly flexible
amino-acid residues in a sample of HET-s prion protein fragment
218-289 in its amyloid state. The mobility leads to sharp proton
resonance spectra under HRMAS conditions, indicating that the
averaging by the local motion is almost complete. The reso-
nances representing highly dynamic residues come from large
particles, and there is strong evidence that they belong to the
segments framing theâ-sheets in the structural model of ref 9.

This study thus refines the model of the HET-s prion protein
and emphasizes the possibility of significant dynamic hetero-
geneity in amyloids. It can be hypothesized that this high
flexibility enables optimalâ-sheet formation, thus explaining
the high degree of order in it.11 The highly mobile regions are
water accessible. The study of these highly mobile and acces-
sible parts could be of importance for understanding prion
interaction with drugs or membranes.
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