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Abstract

The progress of solid-state NMR obtaining atomic-resolution structural information for amyloid forming proteins is reviewed
using the example of fungal prions. A detailed atomic resolution structure of an amyloid fibril is currently still missing. The main
focus of this review is on the amyloid-forming fragment 218—289 of the prion protein HET-s of the filamentous fungus Podospora
anserina. This prion exhibits the narrowest NMR resonance lines described so far for an amyloid and is therefore a favorable model
system for such studies. Potential bottle-necks for three-dimensional structural determination, such as inherent conformational
disorder, are discussed and the prospects for improvement in the methodological aspects and in sample preparation are discussed.
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1. Prions and amyloids

Prions are responsible for transmissible diseases
where the agent is a conformationally altered protein
of the host organism. Examples include chronic wasting
disease in deer [1], scrapie in sheep [2], bovine spongi-
form encephalopathy (BSE) in cattle [3] or (new vari-
ant) Creutzfeldt—Jakob disease in man [4]. Prion
diseases are believed to be associated with the forma-
tion of B-sheet rich aggregates, some of them forming
amyloid fibrils.

Amyloid fibrils [5] are also associated with a number
of different neurodegenerative diseases which are dis-
tinct from prion diseases and which are not believed
to be transmittable. This class of diseases includes
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type 2 diabetes, Alzheimer’s disease, Parkinson’s dis-
ease, and Huntington’s disease, to name a few [6]. It
should, however, be pointed out that the classification
into transmissible and non-transmittable disease is still
a matter of debate [7,8].

Amyloid fibril formation can also be observed in
de novo designed peptides [9] and appears to be a ubig-
uitous state of a polypeptide chain [10]. However, how
this state is thermodynamically and kinetically related
to the globular state and to the unfolded state of a protein
is still unclear.

2. Structural aspects of prions in their amyloid
state: the role of solid-state NMR

At the time of the writing of this document, no
atomic resolution structure of an amyloid fibril has
been published, although structural constraints have
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been determined. Because of their size and shape, amy-
loid fibrils pose a challenge to the structural character-
ization by standard techniques for three-dimensional
(3D) structure determination. X-ray diffraction patterns
of partially aligned fibrils have resulted in the cross-
B structure: a ribbon-like B-sheet that extends over the
entire fibril with the individual B-strands aligned per-
pendicular to the fibril axis [11]. Small fragments of
amyloid-forming peptides have been obtained in micro-
crystalline form and the crystal structure has been deter-
mined [12,13] but comparative solid-state NMR studies
of the microcrystalline and fibrillar forms have shown
that the structures are not identical [14].

The applicability of solution-state NMR spectros-
copy is, due to the dimensions of the fibrils, limited.
Nevertheless, important information has been gained
by H/D exchange experiments: protonated fibrils are ex-
posed to deuterated water for a given time interval and
the H/D exchange is monitored after dissolution of the
fibrils in aprotic solvents. The monomeric peptide is
easily amenable to liquid-state NMR and the kinetics
of H/D exchange reflects the formation of stable sec-
ondary structures in the fiber. The kinetics can be very
slow with lifetimes in the order of months for well-
formed B-sheets [15,16].

Recent progress in hardware (especially access to
higher field strengths and faster MAS), methodology
and sample preparation have enabled the spectral assign-
ment and 3D structure determination of small globular
proteins [17]. Examples include an SH3 domain [18],
kaliotoxin [19,20], and ubiquitin [21,22]. Unlike solu-
tion-state NMR, solid-state NMR is not fundamentally
restricted by a size limit. Thus, systems such as amyloid
fibrils that form huge molecular weight complexes but
are built up from small identical units can, in principle,
be readily studied. Solid-state NMR has indeed already
been applied to a variety of amyloid fibrils [16,23—28].
A recent review on amyloids is found in Ref. [5].

Nevertheless, limitations exist. Atomic-resolution
NMR structure determination for solids is still not fully de-
veloped, even for crystalline proteins and, in the case of
amyloids, is complicated by difficulties in distinguishing
intra- from intermolecular interactions. In addition, amy-
loids in general and prions in particular tend to have
slightly to significantly broader linewidths than good mi-
crocrystals [17]. For the fungal prion HET-s(218—289)
a *Clinewidth of 0.25—0.5 ppm was found [29] which ri-
vals microcrystalline preparations. Other spectra from am-
yloids published so far are somewhat or significantly
broader. Linewidths exceeding 1 ppm have been observed
for example for AP [30], Ure2p(10—39) [31], and
MoPrP(89—143) [32]. In the recent study of van der Wel

et al. [14] comparably narrow '*C linewidths in the order
of 0.5—1.1 ppm have been reported for a segment of
Sup35p. Whether this broader linewidth is a representation
of a genuine structural disorder present in such systems (in
silk, arelated material [33,34], disorder is indeed an impor-
tant feature [35]) or whether it is a consequence of non-
optimal sample preparation remains to be investigated.

Solid-state NMR studies of infectious mammalian
prions are complicated considerably by the fact that
magic-angle sample rotation is required for high-
resolution spectra with the inherent risk of rotor ex-
plosions and release of the agent into the environment.
Therefore, fungal prions with no known toxicity and
which, in part, appear naturally in our environment,
are the most suited for initial investigations and the
establishment of the method.

3. Fungal prions

Fungal prions include the three prions [URE3],
[PSI], and [PIN] from the budding yeast Saccharomyces
cerevisiae and the [HET-s] prion of Podospora anser-
ina. The proteins expressed by these genes are Ure2p,
Sup35p, Rnqlp, and HET-s, respectively. An excellent
review covering a broad range of aspects of fungal
prions has very recently appeared [36] and structural
aspects have been reviewed in [37]. In the following
we simply summarize some common aspects of these
fungal prions before we discuss in some detail structural
aspects of HET-s as seen from solid-state NMR.

In analogy to the mammal prion PrP [38—41], the
above mentioned fungal prions consist of a globular and
a prion-forming domain, the latter being disordered in
the soluble form (corresponding to PrP<) and suspected
to be high in B-sheet content in the prion form (corre-
sponding to PrP5%). If the fungal prion has a function
(e.g. in Ure2p and Sup35p), the globular domain is the
functional domain. The prion-forming domain is at one
of the termini of the prion, the N-terminus for Ure2p,
Sup35p, and the C-terminus for HET-s, Rnqlp, and PrP.

In the prion form, these proteins form filaments as do
smaller fragments including the prion-forming domain.
It is commonly assumed that all these fibrils can be de-
scribed as being amyloids with a cross- core, but this is
subject of an ongoing discussion, in particular for Ure2p
[36,42—44], where evidence for fibrils with and without
amyloid character has been presented.

As mentioned in the introduction, no atomic-resolu-
tion structures of prions (and amyloids in general) in
their fibrillar form are presently published. Nevertheless
structural constraints are known from electron micros-
copy, circular dichroism, infrared spectroscopy and
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NMR. Detailed information is given in Ref. [37]. Most
studies propose an arrangement of multiple -strands
(with less than 20 residues each). An exemplary
example is the B-arch model proposed by Tycko and
coworkers [5], where each monomer consists of two
B-strands linked by a short 180° turn that brings hydro-
phobic residues in both strands in close contact. Along
the fibril axis the monomers stack in a parallel cross-f3 ar-
rangement. A related model for the prion protein Ure2p,
with 10 B-sheets per monomer (‘“‘parallel superpleated
B-structure’’), has been proposed by Kajava et al. [45].
As described in detail below, also the amyloid confor-
mation of HET-s can be seen as stacking of two 3-arches
within one monomer. Amyloids containing -arches can
be looked at as a member of the class of B-solenoid pro-
teins. Interestingly, for this class a wide variety of differ-
ent cross-sections and a variable number of B-strands
per layer (>2) have been found [46].

4. HET-s

The system that we describe in detail in the follow-
ing is the HET-s prion protein produced by the filamen-
tous fungus P. anserina. This fungus can spontaneously
undergo vegetative cell fusion events within the same
but also between different individuals [47,48]. These
cell fusion events lead to cytoplasmic mixing and to
the formation of cells that contain different nuclear
types (heterokaryons). Specific loci (e.g. het-s; see
Table 1 for overview of HET-s notation) control the vi-
ability of these heterokaryons. Heterokaryotic cells
formed between individuals of unlike het genotypes
can be severely inhibited in their growth or even
undergo a characteristic cell death reaction. The two
different alleles het-s and het-S that are found at the lo-
cus het-s encode the proteins HET-s and HET-S. Strains
of the het-s genotype exist in a non-prion phenotype
[Het-s*] and a prion phenotype [Het-s]. On the other
hand, there is only a non-prion phenotype [Het-S] of
the het-S genotype. A heterokaryon formed by [Het-
s*] and [Het-S] is viable, whereas heterokaryons of
[Het-s] and [Het-S] are not. [Het-s*] strains can sponta-
neously convert to the [Het-s] phenotype. In addition,
cell fusion between [Het-s] and [Het-s*] leads to a con-
version of [Het-s*] to [Het-s]. These properties are due

Table 1

HET-s notations

het-s Gene locus
het-s/het-S Different alleles
[Het-s*] and [Het-s]/[Het-S] Phenotypes
HET-s/HET-S Proteins

to the prion nature of HET-s, which can serve as a model
protein for the study of amyloid assembly and prion
propagation [2]. Even though the exact mechanism of
the cell death reaction is not known, it has been hypoth-
esized that the non-prion HET-S incorporates into the
HET-s fibrils and inhibits further aggregation. In this
theory the toxic species are the smaller aggregates of
HET-s and HET-S and not the full-length HET-s fibrils
[47,48]. A similar mechanism could in principle also be
conceivable for amyloid diseases.

The HET-s prion protein is 289 amino acids long. It
differs in only 13 residues from HET-S. Biolistic intro-
duction of amyloid fibrils formed by HET-s into [Het-
s*] strains can induce the [Het-s] phenotype [49,50].
Also the protease K resistant core of the fibrils that is
formed by the C-terminal residues 218—289 is prion in-
fective. In solution, HET-s(218—289) is unstructured
[47]. The conformation of HET-s(218—289) in its fibril-
lar state has recently been studied by a combination of
solid-state NMR spectroscopy [29], H/D exchange, and
mutant and water accessibility studies [16]. The study
resulted in a model of the HET-s(218—289) protein in
its fibrillar state. In this model the structural unit of
HET-s amyloids consists of four B-strands that are ar-
ranged in a B-solenoid arrangement (see Fig. 1).

The model is based on information from solid-state
NMR chemical shifts of Ca. and CB atoms (indicative
of secondary structure; can be obtained unequivocally
from well resolved two-dimensional spectra; see e.g.
Fig. 2), H/D exchange experiments in combination
with solution-state NMR (identification of solvent-pro-
tected backbone amide protons involved in hydrogen
bonds) and fluorescence studies (indicating which resi-
dues are solvent-exposed). The model is in agreement
with point mutant and deletion studies and recent
mass-per length measurements [51]. The mass-per-
length measurements indicate that the fibrils consist of
a stack of single protein molecules continued along
the fibril direction. This finding is in contrast to other
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Fig. 1. Cartoon representation of the B-solenoid arrangement of the
HET-5(218—289) protein in its fibrillar form. Artwork: courtesy of
Ansgar Siemer.
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Fig. 2. *C—"3C correlation spectrum of HET-s(218—289) amyloid fibrils (PDSD with a mixing time of 100 ms). The spectrum was recorded on
a 850 MHz wide-bore spectrometer (Bruker Biospin, Germany) at a probe temperature of —10 °C and at 19 kHz magic-angle spinning.

amyloids where the fibrils are “‘thicker” than a single
molecule, often with the number of molecules stacked
perpendicular to the fibril axis being variable (see
Ref. [9] for an example) and possibly inducing an ele-
ment of disorder. The model of Ritter et al. is supported
by numerous through-space distance constraints
between the backbone carbons of the 1 and 33 strands
and between side chains of the B1 and B2 strands
(unpublished data, presented at the XII ICMRBS,
Gottingen). However, a detailed atomic structural
model has not yet been presented. Interestingly, the N-
and C-termini and the long loop between B2 and B3
(see Figs. 1 and 3) seem to be dynamically disordered
[52]. The precise biological role of these flexible parts
is not known.

Based on the data that are already known from Ritter
et al. different possible supra-molecular arrangements
can be imagined. An important experimental observation
for these considerations is the fact that only one set of
NMR frequencies is observed. This can only be true if
all monomers in the fibril have (a) exactly the same con-
formation and (b) exactly the same inter-monomer inter-
face. Two models that fulfill this requirement are shown

in Fig. 3. Both parallel and anti-parallel supra-molecular
arrangements are conceivable. The supra-molecular
structure of the HET-s(218—289) fibrils could be deter-
mined experimentally by a combination of solid-state
NMR spectroscopy and isotope labeling. For example,
NHHC [53,54] experiments can be performed on
samples that are a mixture of U-['3C] 1abeled

Fig. 3. Models of HET-s(218—289) fibrils assuming a symmetric
(left panel) and antisymmetric (right panel) supra-molecular arrange-
ment, respectively. Each monomer consists of rigid (four B-strands)
and flexible (N-, and C-termini, loop) parts.
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HET-s(218—289) and U-[ISN] labeled HET-s(218—289).
In this type of sample the NHHC cross peaks that arise in
the spectrum are a direct probe of the intermolecular in-
terface between the individual monomers and thus, can
be used to infer the supra-molecular arrangement [55].
In addition, a comparison of CHHC [53,54] spectra on di-
luted and CHHC spectra that are recorded on undiluted
samples can be used to assign intermolecular cross peaks.
These will only be observed in the spectra of the undiluted
samples. Similarly, a comparison of '*C proton-driven
spin diffusion spectra of diluted and undiluted samples
will yield additional information.

Solid-state NMR methods can also be utilized to
study the flexible parts of the HET-s amyloids. Initial
HRMAS experiments indicate that some 15 residues
in a loop that connects two of the four B-strands and
N- and C-terminal residues are flexible [52]. However,
up to now no sequential assignment of these flexible
residues has been obtained. The main reasons for this
are (a) the spectral overlap of resonances that results
from all flexible residues being in a random coil confor-
mation and (b) the difficulty to obtain NOESY con-
straints. In addition, 13C detected experiment as
described by Andronesi et al. [56] can be performed.
In contrast to usual solid-state NMR experiments that
are based on an initial cross-polarization step these
experiments utilize an INEPT transfer. In this case
only mobile residues that have long enough transverse
dephasing times T, will be visible. As an example
a '"H—"2C INEPT spectrum is shown in Fig. 4.

5. Potential for methodological improvements

Applications of solid-state NMR to prions, other am-
yloids as well as biological applications in general have

60 50 40

only been made possible by improvements in resolution
and sensitivity and sample-preparation techniques.
Still, these issues are far from being fully solved and
there is considerable potential for significant improve-
ments in the years to come. The magnetic field strength
available for NMR experiments will continue to in-
crease with the associated improvements in resolution
and sensitivity. Our lab has recently commissioned
a 20 Tesla wide-bore magnet (at 850 MHz 'H larmor
frequency, Bruker Biospin, Karlsruhe, Germany) and
the spectra of HET-s(218—289) amyloid fibrils show in-
deed a significantly improved spectral resolution when
compared to 600 MHz data. Fig. 5b shows a '"N—'3C
correlation spectrum of HET-s(218—289) amyloid fi-
brils that was recorded at 850 MHz. In contrast to older
data (Fig. 5a), basically all resonances of the rigid parts
of HET-s are observed and can be assigned unambigu-
ously. Due to the large dispersion of '*C NMR frequen-
cies in proteins the '*C dimension usually exhibits the
highest resolution that can be obtained in solid-state
NMR. Consequently two-dimensional spectra with
two '*C dimensions can be very well resolved. As an
example Fig. 2 shows a PDSD spectrum that was
recorded at 850 MHz 'H larmor frequency. The high
resolution is a necessity if structural constraints
from two-dimensional data sets are to be obtained.
Here, two-dimensional cross peaks can be only as-
signed unambiguously if both resonance frequencies
are specific.

The improvements in signal-to-noise ratio seem to be
about what is expected (850 MHz/600 MHz)** = 1.7,
but a detailed comparison is presently not available.
While further increases in the static magnetic field
will undoubtedly further increase the signal-to-noise ra-
tio, the improvements in spectral resolution are harder
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Fig. 4. "H—">C INEPT spectrum of HET-s(218—289) amyloid fibrils. The spectrum was recorded on a 600 MHz wide-bore spectrometer (Bruker
Biospin, Germany) at a probe temperature of 0 °C and at 10 kHz magic-angle spinning.
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Fig. 5. (a) ISN—'3C correlation spectrum of HET-s(218—289) amyloid fibrils. The spectrum was recorded on a 600 MHz wide-bore spectrometer
(Bruker Biospin, Germany) at a probe temperature of +10 °C and at 40 kHz magic-angle spinning (spectrum reprinted from PhD thesis of Ansgar
Siemer, DISS. ETH No. 16916); (b) ">’N—'3C correlation spectrum of HET-s(218—289) amyloid fibrils. The spectrum was recorded on a 850 MHz
wide-bore spectrometer (Bruker Biospin, Germany) at a probe temperature of —10 °C and at 19 kHz magic-angle spinning.

to predict. They depend on the mechanism that domi-
nates the line broadening. Some mechanisms, like
non-resolved homonuclear couplings and some contri-
butions from imperfect heteronuclear decoupling are
field independent. Because the chemical-shift disper-
sion increases linearly with the static field strength,
the resolution in spectra with a linewidth determined
by such mechanisms improves linearly with the mag-
netic field strength. There are also other broadening
mechanisms, including contributions to the remaining
dipolar coupling and bulk susceptibility effects, which
depend linearly on the magnetic field. Such spectra
will show no improved resolution in higher fields. A
particularly important mechanism of the latter type is
the line broadening caused by disorder in the sample.
Disorder leads to a distribution in isotropic chemical
shifts and the resulting linewidth is, expressed in ppm
of the field strength, independent of the field. The uni-
formity of the sample is, therefore, an ultimate limit
for the resolution of solid-state NMR spectra. While
highly resolved spectra will ultimately lead to atomic-
resolution structures, poorly resolved spectra will only
be interpretable with considerable investment into the
production of selectively labeled compounds.

6. Conclusions and outlook

The high local order detected for HET-s(218—289)
shows that at least this fragment of a fungal prion is

clearly amenable to atomic structure determination by
solid-state NMR. So far, published spectra of other
prion proteins — all of them being relatively small frag-
ments — show broader lines. The same was observed for
a fragment of a mammal prion [57]. The linewidth ob-
served still allow for structural characterization in these
systems but high-resolution structure determination
from a single or a few multidimensional NMR spectra
is complicated in the case of severe spectral overlap.
At this point in time it is not clear, if improved sam-
ple-preparation techniques will enhance the spectral
resolution or if the present linewidth represents a native
disorder inherent in these systems.

In cases where narrow line widths can be obtained
we expect that solid-state NMR spectroscopy will prove
to be successful in obtaining high-resolution structures
of amyloid fibrils formed by prion proteins. High-reso-
lution structural information would be very beneficial
for the understanding of amyloid formation and prion
propagation. Such results could also prove to be useful
in the context of inhibitors of amyloid fibril growth and
drug development related to amyloid diseases.
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