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Introduction

Prions are responsible for transmissible diseases where the
agent is a conformationally altered protein of the host organ-
ism. Examples of prion diseases are scrapie in sheep,[1] bovine
spongiform encephalopathy[2] (BSE) in cattle and new variant
Creutzfeldt–Jakob disease[3] in man. In contrast to these dis-
ease-related cases, the HET-s prion protein produced by the fil-
amentous fungus Podospora anserina is thought to be involved
in a specific function. In its prion form it plays a role in the pro-
grammed-cell-death phenomenon termed “heterokaryon in-
compatibility”,[4, 5] which can prevent different forms of parasit-
ism. The proteinase K-resistant core of the prion fibrils formed
by the C-terminal residues 218–289 is unstructured in solution
and forms infectious fibrils in vitro.[6] Earlier work showed that
HET-s ACHTUNGTRENNUNG(218–289) fibrils consist of four b-strands forming two
windings of a b-solenoid.[7] Recently, the structure of HET-s-ACHTUNGTRENNUNG(218–289) has been determined[8] on the basis of NMR-derived
intra- and intermolecular distance restraints.[9, 10] The HET-s-ACHTUNGTRENNUNG(218–289) prion exhibits a 13C line width of 0.25–0.5 ppm rival-
ling those of microcrystalline preparations.[11] This suggests
that the HET-sACHTUNGTRENNUNG(218-289) fibrils are highly ordered. On the other
hand, HRMAS experiments have shown that parts of HET-s-ACHTUNGTRENNUNG(218–289) are flexible.[12] Similar observations have been made
for amyloids formed by Tau,[13] a-Synuclein,[14] and the
Y145Stop variant of the human prion protein.[15]

Recent advances in hardware and methodology[16] have al-
lowed for molecular dynamics (MD) simulations of small fibrils
consisting of several monomer units on the nanosecond time-

scale.[17–21] Herein, we have performed simulations of a HET-s-ACHTUNGTRENNUNG(218–289) trimer in explicit solvent within a classical model
(GROMOS force field parameter set 45A3).[22] The starting con-
formation is shown in Figure 1 A and B. One of the key features
of amyloid fibrils is their structural stability. In this work, we
used MD simulations as a tool to probe the stability of the
solid-state NMR structure of HET-s ACHTUNGTRENNUNG(218–289) amyloids on a
10 ns timescale. Furthermore, we compared the conformation-
al dynamics observed in the simulation with results from two
complementary types of NMR experiments. In an 15N,13Ca corre-
lation experiment that is based on transfer mediated by dipo-
lar couplings, only rigid parts of the amyloid contribute to the
spectrum. In contrast, only flexible parts, in which dynamics
lead to an efficient scaling of dipolar couplings, give rise to
cross peaks in INEPT-based experiments.[23] The scaling of dipo-
lar couplings with a coupling constant wD is described by an
order parameter[24] S2 : The motionally averaged dipolar cou-

The three-dimensional structure of amyloid fibrils of the prion-
forming part of the HET-s protein [HET-s ACHTUNGTRENNUNG(218–289)] , as deter-
mined by solid-state NMR, contains rigid and remarkably well-
ordered parts, as witnessed by the narrow solid-state NMR line
widths for this system. On the other hand, high-resolution
magic-angle-spinning (HRMAS) NMR results have shown that
HET-s ACHTUNGTRENNUNG(218–289) amyloid fibrils contain highly flexible parts as
well. Here, we further explore this unexpected behaviour using
solid-state NMR and molecular dynamics (MD). The NMR data
provide new information on order and dynamics in the rigid
and flexible parts of HET-s ACHTUNGTRENNUNG(218–289), respectively. The MD
study addresses whether or not small multimers, in an amyloid
conformation, are stable on the 10 ns timescale of the MD run
and provides insight into the dynamic parameters on the

nanosecond timescale. The atom-positional, root-mean-
squared fluctuations (RMSFs) and order parameters S2 obtained
are in agreement with the NMR data. A flexible loop and the
N terminus exhibit dynamics on the ps–ns timescale, whereas
the hydrophobic core of HET-sACHTUNGTRENNUNG(218–289) is rigid. The high
degree of order in the core region of HET-s ACHTUNGTRENNUNG(218–289) amyloids,
as observed in the MD simulations, is in agreement with the
narrow, solid-state, NMR lines. Finally, we employed MD to pre-
dict the behaviour of the salt-bridge network in HET-sACHTUNGTRENNUNG(218–
289), which cannot be obtained easily by experiment. Simula-
tions at different temperatures indicated that the network is
highly dynamic and that it contributes to the thermostability
of the HET-s ACHTUNGTRENNUNG(218–289) amyloids.
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pling weff
D is given by (weff

D )2 = S2 w2
D. The order parameter S2 can

also be calculated from MD simulations and, therefore, the
simulations can provide an atomic-level understanding of the
large dynamical heterogeneity observed in the HET-sACHTUNGTRENNUNG(218–289)
fibrils ; while the core is very rigid, the loop of roughly a dozen
residues connecting the rigid b sheets b2b and b3a (see Fig-
ures 1 and 4 B) are highly flexible with an almost isotropic
motion on the NMR timescale.

A fascinating feature of HET-s ACHTUNGTRENNUNG(218–289) amyloids is the
abundant network of surface salt bridges. A full experimental
characterization is difficult, but our MD simulations at different
temperatures provide an atomic-resolution picture of the dy-
namic nature of the network and its role in fibril stability.

Results and Discussion

Figure 2 A shows a 15N,13Ca correlation spectrum of HET-s ACHTUNGTRENNUNG(218–
289) amyloid fibrils recorded on a 850 MHz spectrometer. The
experiment is based on dipole-mediated polarization transfer,
and therefore, only residues with high-order parameters[25, 26] S2

(on the NMR timescale of ms) give rise to signals. Typical ob-
served line widths were 0.9 ppm and 0.5 ppm for 15N and 13C,
respectively. Virtually all residues that are part of the triangular
core region (N226–L241 and N262–I277) of HET-s ACHTUNGTRENNUNG(218–289)
contribute to the spectrum. A detailed scheme of the side-
chain arrangement in the core region is given in Figure 1 C and
D for the two pseudo-repeats that form the two layers of the
b solenoid. The signal intensities for the resolved cross peaks
were extracted from the spectrum and are plotted in Fig-
ure 2 B. The most intense resonances were observed for resi-

dues E234 and K270, which are on top of each other in the
amyloid structure (Figure 1) and located at the ends of b-
strands b1b and b3b, respectively. For the numbering of the b-
strands see Figure 1 C and D. In general, high intensities were
observed for all residues that are located in b-strands with the
exception of the residues in b-strands b2b and b4b, which are
not part of the triangular core of the fibrils. These residues ex-
hibited smaller intensities especially at the ends that point
away from the hydrophobic core. No signals were observed for
residues in the N and C termini (except a rather broad cross
peak for W287) and the loop that connects the two layers;
this indicates that they are either dynamically or statically dis-
ordered.

Figure 3 shows results from a series of INEPT-based 13C-de-
tected 1H,13C HETCOR experiments. In this type of experiments
only relatively flexible residues with low-order parameters S2

values give rise to signals. The observed line widths for 1H and
13C were typically 0.15 ppm and 0.5 ppm, respectively. The 13C
line width was probably dominated by unresolved 13C–13C cou-
plings. Using a combination of 1H,13C, 1H, ACHTUNGTRENNUNG(13C),13C and
(1H),13C,13C correlation spectra, we could assign the observed
signals to specific amino acid types. We identified the follow-
ing spin systems: 1 � Ala, 1 � Glu,� 3 � His, 1 � Lys, 1 � Leu, 1 �
Met, 1 � Gln, 1 � Arg, 1 � Ser, 2 � Asp, 2 � Gly, 2 � Ile, 2 � Thr and
2 � Val. The corresponding chemical shift assignments are listed

Figure 1. A) Side view of a HET-s ACHTUNGTRENNUNG(218–289) fibril. All MD calculations were
performed on a HET-s ACHTUNGTRENNUNG(218–289) trimer. B) Top view. (C and D) Schematic rep-
resentation of the two windings in each HET-s ACHTUNGTRENNUNG(218–289) molecule: The first
winding [N226–V245, displayed in D)] of the b solenoid is located beneath
the second one [N262–Y281, displayed in C)] .

Figure 2. A) 15N,13Ca correlation spectrum of HET-s ACHTUNGTRENNUNG(218–289) amyloid fibrils.
The spectrum was recorded on a 850 MHz wide-bore spectrometer at a
probe temperature of �10 8C (corresponding sample temperature 5–10 8C)
and at 19 kHz magic-angle spinning. B) The cross-peak intensity in the
15N,13Ca correlation spectrum is plotted as a function of the residue number.
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in Table S1 in the Supporting Information. The assigned 13Ca

and 13Cb chemical shifts agree well with random-coil values
from the Biological Magnetic Resonance Data Bank. This shows
that the flexible parts are indeed unfolded. For His, one can
identify at least three overlapping signal sets, which most
probably represent the highly flexible C-terminal His-tag.

Notably, not all amino acid types that are present in the
HET-s ACHTUNGTRENNUNG(218–289) sequence were found in the INEPT-spectra;
Asn, Phe, Trp and Tyr were missing. Thus, the possibility that
the assigned resonances belong to residual monomers in the
sample can be excluded. The INEPT-based data is in full agree-
ment with previous HRMAS studies; this also excluded the pos-

sibility of monomers on the basis of pulsed-field gradient
methods.[12] We tentatively assigned the observed spin systems
to the N and C termini and the flexible loop that connects the
two pseudo repeats. The result is shown in Figure 3 D. The ob-
served amino acids correspond well with the sequence of the
N terminus and the loop. In contrast, the C terminus did not
give rise to cross peaks, as indicated by missing Phe, Trp and
Asn resonances. Only the C-terminal His-tag was visible. The
observed Glu resonance is difficult to explain. It possibly corre-
sponds to E280 in a small population of the sample in which
b-strand b4b is flexibly disordered. This would be in agreement
with the low intensity 15N,13Ca cross peak of E280 (see Fig-

Figure 3. A)–C) NMR spectra that were recorded utilizing an initial 1H,13C INEPT transfer step. Therefore, only mobile residues that have long enough trans-
verse dephasing times T2 give rise to cross peaks. A) Aliphatic region of a 1H,13C correlation spectrum. B) A 1H, ACHTUNGTRENNUNG(13C),13C spectrum (in grey) overlaid with the
1H,13C spectrum (in black). The aromatic region of the spectra is shown. C) C’-Ca correlations in a (1H),13C,13C spectrum. The homonuclear 13C polarization trans-
fer in B) and C) was achieved via P91

3 TOBSY (mixing time: 6 ms). D) Tentative assignment of the observed residues to segments (in grey) in the flexible loop
and the N and C termini.
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ACHTUNGTRENNUNGure 2). In line with this observation, the low-intensity second
Val set could be attributed to a population of V245.

While experimentally measured NMR parameters report on
ensemble properties, MD simulations are indicative of the
properties of individual molecules. Combining the techniques
can thus be useful in obtaining a more complete picture of
the biomolecular system of interest. Herein, we performed
atomistic MD simulations of HET-s ACHTUNGTRENNUNG(218–289) trimers in explicit
water at two different temperatures (T = 298 K and T = 323 K)
for 10 ns. Figure 4 A shows the atom-positional root-mean-

square deviations (RMSDs) from the energy-minimized and
equilibrated HET-sACHTUNGTRENNUNG(218–289) trimer conformation. The Ca atoms
of residues N226–V245 and N262–Y281 of the middle molecule
only (black line: 298 K; red line: 323 K) and of all three mole-
cules (green line: 298 K; blue line: 323 K), respectively, were
considered. In both cases and at both temperatures, the
RMSDs reached a plateau well below 0.2 nm within the first
4 ns and stayed stable until the end of the simulations. This
demonstrates that the simulated trimer is stable and does not
dissociate on the investigated timescale. An MD conformation-
al ensemble of the middle molecule at 298 K is depicted in
Figure 4 (20 structures, sampled every 0.5 ns, fitting to the Ca

atoms of residues N226–V245 and N262–Y281 of the middle
molecule). The backbone of the triangular hydrophobic core

exhibits a remarkable stability. Also the side chains that point
into the core appear rather rigid, whereas the side chains on
the outside are more mobile. Several NMR distance restraints
place the hydrophobic side chain of W287 in the corner
formed by b-strands b2a and b2b (and correspondingly b4a
and b4b). The MD conformational ensemble indicates that the
side chain of W287 stays in the same position (labelled in Fig-
ure 4 D with an asterisk) although the C terminus in generalACHTUNGTRENNUNGexhibits more disorder. Also, the loop (residues A247–T261)
and the N terminus appear disordered in the MD ensemble.

To assess the dynamics quantitatively we calculat-
ed atom-positional root-mean-squared fluctuations
(RMSFs) of the Ca atoms and NH order parameters S2

from the MD simulations at the two temperatures.
The results are shown in Figure 5. To remove the ef-
fects of overall tumbling, a fit to the Ca atoms of resi-
dues N226–V245 and N262–Y281 of the middle mole-
cule preceded the calculation of S2 (reference struc-
ture: after 5 ns of MD simulation). This is mandatory
if the data are to be compared with NMR data re-
corded on fibrils comprising virtually thousands of
stacked molecules. Only the second half of the trajec-
tories was considered in the analyses since it might
require several ns for the flexible loop to find anACHTUNGTRENNUNGenergetically favourable conformation. Order parame-
ters were determined from Equation (1)

S2 ¼ 1=2

�
3
X3

a¼1

X3

b¼1

hmambi2�1

�
ð1Þ

where ma (a= 1, 2, 3) are the x, y and z components
of the normalized interatomic vector in the fibril-
fixed axis system. This equation, derived in ref. [24]
has favourable properties for the numerical evalua-
tion of order parameters.[27, 28] The averages involved
10 000 frames sampled every 0.5 ps from 5 to 10 ns
of MD simulation.

For residues in the b-strand conformation, we
found very small RMSF values around 0.05 nm and
order parameters S2 of 0.8–0.9 (see Figure 5). In con-
trast, the loop connecting the two pseudorepeats
and the N and C termini are characterized by larger
RMSF values, above 0.1 nm, and smaller order param-

eters S2 below 0.6. The smallest NH order parameters for resi-
dues in the loop were found for residues G252 and G253 (both
0.23). At the higher temperature, slightly larger RMSFs and
slightly smaller order parameters were found for residues in
the b-strand conformation and the N terminus. In contrast,
smaller RMSFs and larger order parameters were observed for
the loop and the C terminus. Since flexible segments couldACHTUNGTRENNUNGexhibit mobility on timescales that are not accessible by the
10 ns simulation, the calculated RMSFs and order parameters
represent the lower and upper limits, respectively.

The calculated order parameters for W287 and F286, both in
the C-terminal tail, which appear in the CP spectra and not in
the INEPT spectra, were indeed higher and the RMSFs were
smaller (see Figure 5) than for the residues in the long loop, in

Figure 4. A) Atom-positional RMSD of MD trajectory structures from the energy-mini-
mized and equilibrated HET-s trimer conformation. Ca atoms of residues N226–V245 and
N262–Y281 of the middle molecule only (black line: 298 K; red line: 323 K) and of all
three molecules (green line: 298 K; blue line: 323 K), respectively, were considered. (B, C
and D) MD conformational ensemble of the middle molecule at 298 K (20 structures,
sampled every 0.5 ns, fitting to Ca atoms of residues N226–V245 and N262–Y281 of the
middle molecule). Residues I219–N289 are shown in B). In C), residues I219–S257 are
shown, which comprise the N terminus, the first winding and the first part of the loop.
Residues D258–N289 are shown in D) and include the second part of the loop, the
second winding and the C terminus. The side chain of W287 is labelled with an asterisk.
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agreement with the experimental findings. This behaviour is
also reflected in Figure 4 D, where this part seemed quite or-
dered. Note that the side chain of W287 is marked with anACHTUNGTRENNUNGasterisk.

Additionally, we calculated order parameters for isoleucine
side chains, which can be found in the N terminus, the loop
and the hydrophobic core. The results are shown in Table 1.
For the Cb-Cg1, S2 at T = 323 K, we determined values between
0.05 for the N-terminal I219 and 0.8–0.9 for I231 and I277,
which are found in the hydrophobic core. The corresponding

Figure 5. A) and B) Atom-positional RMSFs of Ca atoms of the middle molecule. Only the second halves of the trajectories (that is, 5–10 ns) are included in
the analysis. Before the RMSF calculation a fit to Ca atoms of residues N226–V245 and N262–Y281 of the middle molecule was performed. Blue bars refer to
residues that point into the hydrophobic core, residues in red point outwards. Residues in green are not part of the triangular core region but give rise to
cross peaks in experiments based on cross polarization and are therefore considered rigid. The remaining residues are shown in grey. C)–F) Order parameters
S2 for the middle molecule. To remove the effects of overall tumbling a fit to Ca atoms of residues N226–V245 and N262–Y281 of the middle molecule pre-
ceded the calculation of S2 (reference structure: at 5 ns MD run). Only the second halves of the trajectories were considered. C) and D) NH order parameters.
E) and F) Cb-Cg(2) order parameters. A), C) and E) T = 298 K; B), D) and F) T = 323 K.

Table 1. Isoleucine side chain order parameters S2 at T = 298/323 K.

Residue Ca�Cb Cb�Cg1 Cg1�Cd

I219 0.58/0.17 0.16/0.05 0.24/0.03
I222 0.80/0.27 0.44/0.39 0.31/0.16
I231 0.95/0.94 0.84/0.83 0.32/0.11
I254 0.40/0.73 0.11/0.24 0.10/0.26
I256 0.86/0.43 0.47/0.12 0.48/0.10
I277 0.97/0.96 0.94/0.92 0.78/0.51

ChemBioChem 2009, 10, 1657 – 1665 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 1661

Stability and dynamics of HET-s ACHTUNGTRENNUNG(218–289)

www.chembiochem.org


values for the loop residues I254 and I256 are 0.24
and 0.12, respectively. This fits well with the experi-
mental observations. In general, the agreement is
better at the higher temperature, possibly due to
better sampling of the conformational space. On the
other hand, the calculated Cg1-Cd order parameters
seemed to be slightly too small since at least in the
case of I231 and I277, Cg1-Cd cross peaks could be ob-
served in dipolar-mediated correlation experiments
(see for example, the spectrum shown in Figure 2 of
ref. [4]). We also calculated S2 for Cb-Cg for all residues
but Ala, Gly and Ser. The results are shown in Fig-
ure 5 E and F. In general, side chains that point into
the hydrophobic core (depicted in blue) are charac-
terized by large S2 values around 0.8.

Next, we analysed the salt-bridge network in HET-
sACHTUNGTRENNUNG(218–289). According to the NMR structure, the core
of HET-s ACHTUNGTRENNUNG(218–289) amyloids contains six positively
and six negatively charged side chains that are all
solvent exposed (Figure 1 C and D). There are three
short-distance pairs of counter charges that could
potentially form salt bridges: K229–E265, E234–K270
and R236–E272. Several distance restraints that were
derived from NMR experiments[8] support the exis-
tence of these salt bridges. Because the stacking is
parallel, the charge compensation could be both
intra- and intermolecular in nature. Figure 6 shows
an overview of the observed salt bridges in the core
region of HET-s ACHTUNGTRENNUNG(218–289). The network appeared very
dynamic on the ps–ns timescale. Intra- as well asACHTUNGTRENNUNGintermolecular K229–E265 salt bridges, for example,
were occupied during 34 % and 24 %, respectively, of
the simulation at T = 298 K (36 % and 25 %, respec-
tively, at 323 K; see also Figure 6 C). The dynamic
nature of the salt-bridge network is not surprising
considering the relevant enthalpic and entropic con-
tributions to the free energy of protein folding. The
Coulomb interaction is not sensitive to dynamics as
long as distances remain approximately the same (r�1

distance dependence), while a dynamic salt-bridge
network is entropically favoured with respect to a
static one. Indeed, the average salt bridge occupancy
slightly increases with temperature (26 vs. 24 %). This
view is corroborated by an analysis of the nonbond-
ed interaction energies between the molecules in the
trimer and water. The intermolecular Coulomb inter-
action for the middle molecule of the trimer becomes
more negative with a temperature increase from 298
to 323 K [from �2209ACHTUNGTRENNUNG(202) to �2484ACHTUNGTRENNUNG(223) kJ mol�1] ,
and the corresponding interaction with water be-
comes weaker [from �8387ACHTUNGTRENNUNG(438) to �8278-ACHTUNGTRENNUNG(447) kJ mol�1]. The values in parentheses refer to the
RMSFs.

Figure 6. Analysis of the dynamic salt-bridge network at A) T = 298 K and B) T = 323 K.
Distances between Lys Nz and Arg Cz atoms on the one hand and Asp Cg and Glu Cd

atoms on the other hand were considered. The cutoff for salt-bridge interactions involv-
ing Arg and Lys was set to 0.6 and 0.5 nm, respectively. The residue that is listed first in
the Figure legend is from the middle molecule. The partner can be either from the mid-ACHTUNGTRENNUNGdle molecule as well (i.e. , intramolecular) or from the first or third molecule (i.e. , intermo-
lecular). The average occupancy of the salt bridges is included in the legend. Vertical
bars in the plot indicate the presence of the salt bridge at the given time point. C) Car-
toon representation of the simulated HET-s ACHTUNGTRENNUNG(218–289) trimer. Residues E265 and K229 are
shown in a stick representation.
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Conclusions

The HET-s ACHTUNGTRENNUNG(218–289) prion in its amyloid conformation repre-
sents the only amyloid for which a high-resolution structure is
available. Herein, we discuss new solid-state NMR data that
report on order and disorder and explain them in terms of
both the molecular structure and MD simulations of short fibril
fragments in explicit water. The observed intensity variations in
the two-dimensional 15N,13Ca correlation spectrum correlate
well with the NMR structure. An additional set of signals in ex-
periments based on INEPT transfer could be attributed to the
N terminus and the loop that connects the two pseudo repeats
of HET-s ACHTUNGTRENNUNG(218–289). Narrow lines were observed in both types
of experiments, albeit for different reasons. In the 15N,13Ca spec-
trum, only parts of the protein that are both well-ordered and
inflexible gave rise to sharp cross peaks. In the INEPT-based ex-
periment, the dynamics of the observed flexible parts resulted
in an averaging of isotropic chemical shifts, and broadening
mechanisms, such as residual heteronuclear dipolar couplings,
were diminished.

The simulated HET-s ACHTUNGTRENNUNG(218–289) trimer is stable on a 10 ns
timescale. Since the simulated system is small in comparison
to real HET-s ACHTUNGTRENNUNG(218–289) amyloids, which comprise virtually thou-
sands of stacked molecules, this indicates that the observed
fold is indeed remarkably stable. The MD ensemble of Fig-
ure 4 B is, despite the different timescales involved, strikingly
similar to the NMR bundle of the 20 lowest-energy structures
(Figure 2 C of ref. [8]) and features a well-defined core region.
The observed dynamics, as reflected in RMSFs and NH order
parameters, correlate well with the NMR data; a flexible loop
and the N terminus exhibit dynamics on the picosecond–nano-
second timescale, whereas the hydrophobic core of HET-s ACHTUNGTRENNUNG(218–
289) is rigid. Since scaling of dipolar couplings also takes place
on a slower timescale (up to ms–ms), motion that is not ade-
quately sampled in a 10 ns simulation will lead to a deviation
between NMR data and results from MD simulations.[27] Espe-
cially disordered protein segments might require significantly
longer to sample their conformational space. In contrast, the
simulation timescale provides very well for the study of dy-
namics in the b-strand parts. In general, the calculated order
parameters represent upper limits. A future direction of our
work could be a direct comparison between NMR and MD
order parameters. For this purpose, we would perform MD
simulations on a longer timescale. Solid-state NMR order pa-
rameters would be measured similarly to the work by the
groups of McDermott and Huster.[25, 30]

Of particular interest in this work was the nature of the salt-
bridge network in HET-s ACHTUNGTRENNUNG(218–289). The MD simulation showed
that the network was highly dynamic on a ps–ns timescale. A
comparison of the results obtained at T = 298 and 323 K indi-
cated that HET-sACHTUNGTRENNUNG(218–289) does not unfold over this range.ACHTUNGTRENNUNGInstead, electrostatic interactions are even slightly increased, a
behaviour that is reminiscent of thermophile proteins.[31] A
comparison of high-resolution structures of homologous pro-
teins in mesophilic and thermophilic organisms has revealed
several potentially stabilizing factors, such as rigidity, improved
packing of side chains in the hydrophobic core, increased hy-

drogen bonding and, most strikingly, an increased number of
salt-bridge networks.[29, 32] Interestingly, these factors can also
be found in HET-s amyloids, although the fungus Podospora
anserina is not a thermophile organism.

Experimental Section

NMR spectroscopy: Uniformly [13C, 15N] labelled HET-s ACHTUNGTRENNUNG(218–289) was
recombinantly expressed in E. coli, purified and fibrillized at pH 7.5
as previously described.[33] Subsequently, the fibrils were washed
4–5 times in deionized water and centrifuged into magic-angle-
spinning (MAS) rotors. To ensure a constant hydration level, the
MAS rotor tips were glued to the rotors, and proper sealing was
controlled by weighing the rotors before and after NMR measure-
ments. The NMR samples contained approximately 70 weight per-
cent water.

Two-dimensional NMR experiments were conducted on 14.1 and
20 T (corresponding 1H resonance frequencies of 600 MHz and
850 MHz, respectively) wide-bore instruments (Bruker Biospin, Ger-
many) equipped with 4 mm (600 MHz) and 3.2 mm (850 MHz)
triple resonance probes. The MAS frequency was set to 10 kHz
(600 MHz) and 19 kHz (850 MHz), respectively.

A 15N,13Ca experiment[34] (total acquisition time: 18 h) was carried
out at a sample temperature of 5–10 8C on the 20 T instrument.
Proton-decoupling using the sequence SPINAL64[35] with an radio
frequency amplitude of 100 kHz was applied during evolution and
detection periods. Contact times were set to tHN = 1 ms and tNC =

3 ms for H!N and N!C transfer. Radio frequency fields of
~50 kHz on 15N and ~70 kHz on 1H with a linear ramp on 1H were
employed for the 1H,15N cross polarization. For the second step,
radio frequency fields of ~50 kHz on 15N and ~30 kHz on 13C with
a linear ramp on 13C were used. Maximum t1 and t2 times were
19.2 ms (768 points) and 22.2 ms (3072 points), respectively.

INEPT-based experiments[36, 37] were performed similarly as de-
scribed by Andronesi et al.[23] 1H,13C, 1H, ACHTUNGTRENNUNG(13C),13C and (1H),13C,13C
spectra were recorded at a sample temperature of 35–40 8C on the
600 MHz spectrometer. During 13C evolution and detection periods,
SPINAL64 decoupling with an radio frequency amplitude of 55 kHz
was applied. In the middle of 1H evolution periods, a 13C �1808
pulse was used to refocus the 1H,13C J interaction. For the hetero-
nuclear polarization transfer, a refocused INEPT block with delays
of 1=4J, 1=4J, 1=6J, 1=6J with J = 200 Hz was employed. A 1H,13C spec-
trum was recorded in 27 h with maximum t1 and t2 times of
14.9 ms (372 points) and 20.5 ms (2048 points), respectively. For
the homonuclear 13C,13C transfer in the 1H, ACHTUNGTRENNUNG(13C),13C experiment
(total acquisition time: 3 h; 128 and 2048 points in t1 and t2, re-
spectively) and the (1H),13C,13C experiment (total acquisition time:
15 h; 824 and 2048 points in t1 and t2, respectively), a P91

3 TOBSY[38]

sequence with a mixing time of 6 ms (corresponding to 20 full
cycles) was applied.

All spectra were processed by using QSINE window functions in F1
and F2 and analysed by using SPARKY version 3.110 (T. D. Goddard
and D. G. Kneller, University of California–San Francisco). The 13C
chemical shift scale was calibrated using adamantane as an exter-
nal reference (upfield 13C resonance: 31.47 ppm), which is consis-
tent with DSS (internal). 1H shifts were indirectly calibrated using a
13C to 1H ratio of X= 0.251449530.[39]

Molecular dynamics simulations : Steepest-descent energy mini-
mizations and MD simulations at constant temperature and pres-
sure were carried out using the GROMOS05 biomolecular simula-
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tion package[40] with the GROMOS force-field parameter set
45A3.[22]

An initial configuration of the HET-sACHTUNGTRENNUNG(218–289) trimer was adapted
from the solid-state NMR structure (PDB ID: 2RNM). The primaryACHTUNGTRENNUNGsequence used in the simulations was “NH3

+-IDAIVGRNSAKDIRT-ACHTUNGTRENNUNGEERARVQLGNVVTAAALHGGIRISDQTTNSVETVVGKGESRVLIGNEYGGACHTUNGTRENNUNGK-ACHTUNGTRENNUNGGFWDN-COO�”. Note that the six amino acid C-terminal His-tag
and the first two residues of the expressed HET-s ACHTUNGTRENNUNG(218–289) con-
struct (M217 and K218) were not considered; that is, the first simu-
lated residue was I219. Since the NMR experiments were per-
formed at neutral pH in a salt-free medium, all K, R, D and E resi-
dues were simulated in their charged state. H251 was assumed to
be uncharged and protonated at Nd1. This system is electrically
neutral, and no further ions had to be considered. In a first round
of energy minimization in vacuum, all side chains were allowed to
move freely while the backbone atoms were position-restrained
with a force constant of 2.5 � 104 kJ mol�1 nm�2. The minimization
terminated when the energy change per step became
<0.1 kJ mol�1. Next, the HET-s ACHTUNGTRENNUNG(218–289) trimer was solvated in
20 559 pre-equilibrated water molecules, modelled according to
SPC[41] water. The minimum distance from any atom of the peptide
to the walls of the cubic box exceeded 1.6 nm. In a second round
of energy minimization, the solute atoms were restrained and the
solvent could relax. Finally, an energy minimization without any re-
straints was performed to remove residual strain.

Initial velocities for the MD simulations were taken from a Max-
well–Boltzmann distribution at 100 K. The temperature was then
stepwise (five steps of 50 ps) increased to 298 K (simulation 1) and
323 K (simulation 2). Simultaneously, the restraints on the back-
bone atom positions were gradually loosened (the force constant
during the first step: 2.5 � 104 kJ mol�1 nm�2). In the last 50 ps, the
pressure was kept constant at 1 atm. Solvent and solute were
weakly coupled to separate temperature baths[42] with a relaxation
time of 0.1 ps. Similarly, the pressure was coupled to a pressure
bath[42] with a relaxation time of 0.5 ps and an isothermal compres-
sibility of 0.4575 � 10�3 (kJ mol�1 nm�3)�1. The SHAKE algorithm[43]

was applied to constrain all bond lengths with a relative geometric
tolerance of 10�4, and a leap-frog integration time step of 2 fs was
used. Nonbonded interactions were truncated at a distance of
1.4 nm and recalculated every time step in the range 0.0–0.8 nm
and every five time steps in the range 0.8–1.4 nm using a twin-
range cutoff scheme. Outside of 1.4 nm, a reaction field (relativeACHTUNGTRENNUNGdielectric permittivity: 61) approximated the electrostatic interac-
tions.[44]

MD simulations were performed for 10 ns at both temperatures,
and molecular configurations were extracted every 0.5 ps for fur-
ther analysis.
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