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6 Structural Studies of Prion Proteins

Stephan Schwarzinger, Dieter Willbold, and Jan Ziegler

6.1 Introduction

The previous chapter dealt with the biophysical
characterization of recombinant mouse prion
protein. This included a first characterization
of the conformation of the cellular form of
prion protein (PrP€) by circular dichroism (CD)
spectroscopy, which indicates a significant
amount of helical structure in the cellular iso-
form. CD has also been successfully applied to
study conformational changes, for example, in-
troduced by the addition of small amounts of
the denaturant sodium-dodecylsulfate (SDS)
resulting in changes of the oligomeric state as
well as the secondary structure content depend-
ing on the amount of SDS (see Chapter 8). How-
ever, techniques such as CD do not allow precise
localization of where certain secondary struc-
ture elements are positioned or are involved in
structural changes. Ultimately, for the under-
standing of basic principles underlying the con-
version of PrP¢ into its scrapie isoform (PrP),
knowledge of both conformations and event-
ually of intermediate conformations at atomic
detail is required. The situation is shown sche-
matically in Figure 6.1. In this chapter we review
the current state of high-resolution structural
studies on prion proteins. Besides the wealth of
experimental data, which are available at pres-
ent on the structure of the globular part of PrP,
we will outline new approaches on fragments
of PrP, interacting ligands, hydrogen exchange
and insoluble, PrP%-like conformations or PrP,
where we can expect further progress in the fu-
ture.

At present there are only two methods avail-
able that provide true resolution at atomic de-
tail, namely, nuclear magnetic resonance
(NMR) spectroscopy and X-ray crystal diffrac-
tion. In the following we shall briefly review the

principles underlying these two techniques. X-
ray crystallography utilizes the fact that an elec-
tromagnetic beam is scattered by the electron
clouds in a single crystal of a given compound.
In a single-crystal, molecules are arranged into
a so-called asymmetric unit, which is period-
ically repeated in the three directions of space.
If the crystal is hit by an X-ray beam the asym-
metric unit produces a particular pattern of
scattered rays, typical for the space group in

Fig. 6.1: Schematic representation of the conforma-
tional changes related to the conversion of cellular
prion protein (PrP°) into the pathogenic form (PrP*).
Knowledge of the conformations of PrP¢, PrP%, and
intermediate states called PrP— will provide important
insights into the infectious mechanism of transconfor-
mation. The structure of PrP has been experimen-
tally determined by NMR [Protein Data Bank (PDB)
code 1QM2]. PrP* has been modeled as described
[64], and the schematic PrP* has been obtained from a
molecular dynamics (MD) unfolding simulation. ©):
Figure by S. Schwarzinger with WebLabViewer Lite,
Accelrys, San Diego.
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which the crystal grew. Structural information
is extracted from the phases and intensities of
the individual spots from patterns obtained
from numerous different orientations of the
crystal in the X-ray beam. The caveats of this
technique are that (i) a protein crystal of suit-
able size and quality has to be grown, and (ii)
that the phases of the signals are a priori un-
known. Crystallization usually requires screen-
ing of large numbers of crystallization condi-
tions, and today is often achieved by utilizing
crystallization robots. Phases are routinely ob-
tained by isomorphous heavy-metal replace-
ment, molecular replacement, or more recently,
by multiwavelength anomalous diffraction
(MAD) techniques. Protein crystallography
usually yields positions of the heavy atoms of
a protein and can be applied to rather large mol-
ecular assemblies, such as the proteasome.
However, crystallography of proteins with
rather large flexible parts is problematic, either
because no crystals can be grown at all or be-
cause of large conformational flexibility in the
crystal, prohibiting recording of suitable reflec-
tions from the flexible parts.

In contrast, high resolution NMR spectro-
scopy traditionally works in aqueous solutions.
It makes use of the radio frequency response
that is obtained when a magnetically active nu-
cleus is put into a strong external magnetic field
and perturbed by a radio frequency pulse. The
radio frequency obtained depends on the local
magnetic field of a nucleus, which in turn de-
pends on its chemical environment. Usually,
each nucleus can be assigned to a particular res-
onance frequency. Modern NMR spectroscopy
makes use of the magnetically active, stable iso-
topes 'H (99 % natural abundance), *C, and
SN, the latter two of which can be conveniently
incorporated into the protein via bacterial ex-
pression systems. This way in combination with
ultra-high field magnets it is now possible to
routinely assign the NMR resonances to their
respective nuclei and resolve the three-dimen-
sional structures of proteins of up to approxi-
mately 25 kDa. This size limit has long been a
major obstacle of solution NMR, which, how-
ever, has recently been overcome by the devel-
opment of the so-called TROSY technique. The

TROSY technique allows structural studies of
proteins and protein complexes of hundreds of
kDa [1]. NMR structures have typically been
calculated from pairwise interproton distances,
available from nuclear Overhauser-type experi-
ments, and torsion angles extracted from scalar
coupling constants [2]. Nuclear Overhauser ef-
fects (NOEs) can be observed between protons
belonging to amino acid residues that may be
close or distant to each other within the protein
sequence. Observation of such NOEs for a given
proton pair indicates them to be close together
in space, ultimately yielding an experimentally
observed pairwise interproton distance. In gen-
eral, thousands of these pairwise interproton
distances are required to define a high-resol-
ution 3D protein structure. More recently, re-
sidual dipolar coupling constants resulting from
partial alignment of the protein relative to the
external magnetic field have become available
as additional structural parameters, which
allow the determination of bond vector orien-
tationsin space. For example, the relative orien-
tations of amide bond vectors relative to each
other are often used as experimental constraints
in protein 3D structure determination. In con-
trast to protein crystallography, solution NMR
typically yields an ensemble of converging struc-
tures, which already include to some extent in-
formation about dynamics within the protein.
Typically, these structures are essentially ident-
ical for the core and for well-folded parts of
the proteins. However, they display structural
variation in segments with increased chain flexi-
bility providing information about the extent
of motion and alternative conformations or
structural disorder in the respective part of the
protein. A particular strength of solution NMR
spectroscopy is the capability to deal with en-
tirely disordered polypeptide segments, which
is of special interest in the context of the intrin-
sically disordered N-terminus of the PrP, and
to extract information about residual or prefer-
red structures in such sequences, for example,
from chemical shift deviations [3]. As the only
experimental technique available, NMR spec-
troscopy allows monitoring of internal motions
in a molecule on a timescale ranging from
nanoseconds to hours. Such studies often reveal
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important dynamical and conformational fea-
tures of both folded and disordered polypeptide
chains. Solution NMR has also gained import-
ance when it comes to screening for ligands
binding to a particular protein and for mapping
binding interfaces, for example, in complexes
of biological macromolecules.

Both methods have a common disadvantage,
namely that they require extremely pure protein
with solubility in the mg/ml range (i.e., high
UM to mM concentrations). Therefore, produc-
tion of substantial amounts of properly folded,
soluble PrP is of crucial importance for struc-
tural studies. As explained in the previous chap-
ter, PrPs are highly conserved among mammals.
PrP€ is translated as a 253-residue protein with
a 22-amino-acid N-terminal leader sequence
that is cleaved off during transport to the cell
surface. There, the protein is attached to the
membrane via a C-terminally linked glycol-
phosphatidylinositol (GPI) anchor. The protein
consists of two domains, the N-terminal (resi-
dues 23-120) of which is intrinsically disorder-
ed. This domain contains an octarepeat segment
(51-91, five times PQGG[T/G/SIWGQ) and is
capable of binding copper ions [4]. The C-ter-
minal domain (residues 121-231) adopts a pre-
dominantly helical globular fold. It contains a
disulfide bridge (Cys179 and Cys214), two sites
for N-glycosylation (Asn181 and Asn197), and
the GPI anchor is attached to Ser231. Initial
attempts to express the PrP were hampered by
protease activity cleaving the protein preferen-
tially at residues 112, 118, and 120. Therefore,
the first expression system that yielded protein
in amounts suitable for structural studies in-
cluded only the globular C-terminal domain,
i.e., residues 121-231 [5]. However, highly ef-
ficient transcription systems enabled expression
of longer, protease-sensitive constructs as insol-
uble inclusion bodies, which are insensitive to
proteolysis and which could be resolubilized
and properly refolded. This way it was possible
to produce large quantities of full-length PrP
(23-231), a PrP fragment lacking the N-ter-
minal part and the octarepeat region (90-231),
as well as the fragments solely consisting of the
globular domain 121-231 [6; 7]. In the follow-
ing, we will initially focus on the structural

properties of the globular domain of the PrP,
the comparison of structures from different spe-
cies as well as structures from variants that are
associated with increased pathogenic potential,
before we briefly review studies on protein dy-
namics, studies of isolated structural features,
investigations on molecules binding to PrP€, in-
termediate structures, solid state NMR studies,
as well as first structural investigations of a
scrapie conformer of PrP.

6.2 Structure of the globular domain of PrP¢

The first prion structure made available was the
C-terminal fragment of mouse prion protein
(moPrP), which was solved by NMR spectros-
copy at the Eidgendssische Technische Hoch-
schule in Zurich, Switzerland, in 1996 [§]. A
little later, the structure of the fragment 90-231
of Syrian hamster prion (shPrP) was solved by
NMR at the University of California, San Fran-
cisco [9]. As expected from CD data, both struc-
tures displayed a high content of a-helices. As
seen in Figure 6.2, the globular domain consists
of three a-helices, helix 1 (residues 144—154), he-
lix 2 (residues 175-193), and helix 3 (residues
200-219) with a helix-like extension from resi-

Fig. 6.2: NMR structure of the globular domain of
recombinant mouse prion protein (PDB code 1AG2).
Elements of regular secondary structure and their
corresponding part in the sequence are color coded:
strand 1, red; helix 1, green; strand 2, yellow; helix 2,
blue; helix 3, magenta; helix 3", orange. ©: Figure by
S. Schwarzinger with PyMOL, DeLano Scientific, San
Francisco.



g}j:akap06 10-10-2006 p:82 c:1 Dblack-text

82 6 Structural Studies of Prion Proteins

due 222 to 226, as well as a short antiparallel
B-sheet with strand 1 extending from residue
128 to 131 and strand 2 from residue 161 to
164. The ensemble of NMR structures con-
verges very well for these elements of regular
secondary structure indicating a stable fold. He-
lices 2 and 3, which do not have a high intrinsic
propensity to form helices, are linked and thus
stabilized by the disulfide bond. However, in-
creased structural diversity indicating a certain
degree of disorder is found in the terminal re-
gions of the polypeptide chain (residues 121—
125 and 220-231), but increased backbone flexi-
bility is also detected for the loop between
strand 2 and helix 2 (residues 166—-171). The N-
glycosylation sites are located on the solvent-ex-
posed side of helix 2 and in the loop region be-
tween helices 2 and 3.

A central question when analyzing structures
of post-translationally modified mammalian
proteins that have been obtained by hetero-
logous expression in bacterial expression sys-
tems is, whether or not the modifications have
a significant impact on the structure. In case of
the PrP, which carries a GPI anchor as well as

Fig. 6.3: Effect of pH on the structure of human PrP,
huPrP(121-231). The NMR structures obtained at
pH 4.5 (PDB code 1QM2, shown in green) and pH 7.0
(1HJM, shown in red), respectively, have been over-
laid by root-mean-square deviation (RMSD) fitting.
The most pronounced changes are observed for helix
1, which is extended at its C-terminus by a turn of a
3,,-helix. This causes displacement of the entire helix 1
and the C-terminus of helix 2, which is in contact with
helix 1. ©: Figure by S. Schwarzinger with PyMOL,
DeLano Scientific, San Francisco.

two N-glycan moieties, it was shown that the
one-dimensional proton NMR spectra of rec-
ombinant bovine PrP and of PrP extracted from
calf brains are essentially identical in their most
important structural features [10]. Initially,
structures have been determined at slightly
acidic pH values. Studies of PrP€ at neutral pH,
however, revealed an essentially identical struc-
ture over the pH range from 4.5 to 7.0. The
most pronounced change is a C-terminal exten-
sion of helix 1 by about one turn; 3,,-helix from
residues 153 to 156 as depicted in Figure 6.3
[11]. By comparison of the PrP structure with
structures of proteins with known functions
[12], a possible signal-peptidase function was
predicted as one of several suggestions for the
physiological function of PrP¢ (see Chapter 7).

Based on the known PrP structure, it is poss-
ible to locate the amino acid sequence positions
for pathogenic mutations and map binding in-
terfaces of other proteins interacting with the
PrP. The binding site of the so-called protein X,
which is thought to be involved in the
pathogenic conformational change to PrP% in
vivo, could be mapped by biochemical experi-
ments to residues 168, 172, 215, and 219 of the
human prion protein, huPrP [13]. From the
three-dimensional structure, it is clear that these
residues are located in close spatial proximity
(Fig. 6.4). Also, the binding epitope of the anti-
body 6H4, which is capable of preventing
scrapie formation, was found to coincide almost
exactly with helix 1 [14]. Helix 1 itself is remark-
able, since it is the most polar helix in the entire
structure database. It shares only very few ter-
tiary contacts with the remainder of the protein.
Studies on peptide segments yielded a very high
tendency to form stable a-helices [15], also dis-
cussed in Section 6.4.

Structure determination of PrPs from differ-
ent species might provide insights into suscep-
tibility for interspecies prion transmission and
into the nature of the species barrier. Thus,
structures of the PrPs of mouse [8], hamster [9],
humans [16], cattle [17], cat, dog, pig, sheep [18],
elk [19], chicken, frog, and turtle [20] have been
studied by NMR spectroscopy. The structures
of sheep PrP [21] as well as huPrP [22] have
also been determined by X-ray crystallography.
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Fig. 6.4: Location of the putative binding interface of
“protein X”’. Residues 168, 172, 215, and 219, shown
as cyan spacefill models, represent the proposed
binding interface for protein X. ©: Figure by

S. Schwarzinger with PyMOL, DeLano Scientific, San
Francisco.

In essence, all PrPs studied so far share the same
fold. An exception is represented by an X-ray
structure of a domain-swap dimer of the huPrP,
which will be discussed in more detail below.
An overlay of the structures of PrP® from
mouse, cattle, and man along with differences
in sequence is depicted in Figure 6.5. Despite
only few differences in sequence and the same
overall fold, some deviations in the structures
can be seen. In particular, differences in the
alignment of helix 1 with the other helices are
evident, as well as differences in the orientation
of the carboxy-terminus of helix 3. It can also
be seen that the structures of bovine and huPrP¢
are structurally more closely related than they
are to the structure of mouse PrPC. This actually
may indicate why BSE can be transmitted to
humans. The recent report on five additional
structures of mammalian PrP provides further
insights into the possible role of certain struc-
tural elements in prion diseases [18]. In particu-

Fig. 6.5: Differences between the structures of the PrP
of mouse (PDB code 1AG2), man (PDB code 1QM2),
and cattle (PDB code 1IDWY). Although the overall
fold is well conserved, local differences arise between
structures. Positions with differences in the sequence
between the three species are colored. A cluster of
variations in the sequence is located near or within
helix 1 (red), and another cluster is located in the loop
between strand 2 and helix 2 (green). Clusters are also
found at the C-terminus of helix 3 (yellow) and at the
interface between helices 2 and 3 (blue). Another
position with differences in the sequence is positioned
in the center of helix 2. Figures (a) and (b) are rotated
by 180° for better visibility. Interestingly, the structure
similarity between cattle and man is higher that for
mouse PrP. ©: Figure by S. Schwarzinger with
PyMOL, DeLano Scientific, San Francisco.

lar, it appears that amino acid substitutions in
the structurally flexible loop region linking
strand 2 and helix 2, which has also previously
been assigned as part of the putative protein X
binding interface [13], may play an important
role in susceptibility to prion diseases. Especial-
ly amino acid substitutions which alter charges
in this region have been shown to have pro-
nounced effects. For example, sheep carrying
the positively charged arginine residue at posi-
tion 168 of PrP are highly resistant to TSE,
while sheep with glutamine or histidine residues
at this position display high to medium-high
susceptibility for scrapie infection. Based on a
comparison of residues varying among different
species, the important role of surface charge dis-
tribution on the species barrier has already been
previously suggested [23].

Amino acid substitutions in the strand 2-he-
lix 2 loop region are reported to have a strong
effect on backbone flexibility. Exchange of
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Fig. 6.6: Schematic representation of known PrP
structures. The panel shows the structures of the PrP
of (a) man (PDB code 1QLZ), (b) cattle (PDB code
1DWZ), (c) sheep (PDB code 1Y2S), (d) mouse (PDB
code 1XYX), (e) Syrian hamster (PDB code 1B10), (f)
elk (PDB code 1XYW), (g) cat (PDB code 1XY]J), (h)
dog (PDB code 1XYK), (i) pig (PDB code 1XYQ), (§)
chicken (PDB code 1U3M), (k) frog Xenopus laevis
(PDB code 1XUO0), and (1) turtle Trachemys scripta
(PDB code 1U5L). While the global fold is well
conserved, differences can be found especially in the
loop parts and in the positioning of helix 1 relative to
helices 2 and 3. In some cases (chicken and turtle), an

additional short 3, helix is formed within the globular
domain. Despite the low sequence identity of about
30 %, even in these cases the global fold is nearly
identical to mammalian prions. Sequence variation
within mammalian PrP tends to cluster within the
loop 166-172 and at the carboxyterminus of helix 3.
Apart from small local structural deviation, these
sequence differences do not lead to major structural
consequences. However, as these regions are mostly
surface exposed, they alter the charge distribution on
possible interaction sites of the protein. ©): Figure by
J. Ziegler with PyMOL, DeLano Scientific, San Fran-
cisco.
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Fig. 6.7: Location of disease-related mutations in the
PrP structure. Mutations are mapped on the NMR
structure of huPrP(121-231) and have been color
coded. Residues shown in red are associated with
CJD, those shown in green have been found with GSS.
Residue Asp178 is found in either CJD or GSS,
depending on whether residue 129 is methionine or
valine (both residues shown in blue). Thr183 (ma-
genta) is linked to dementia when changed. Mutation
of Tyr145 (yellow) into a stop codon also causes
disease. Mutations Pro102Leu, Pro105Leu,
Ala117Val, and Met232Arg lie outside the globular
domain of PrP and are therefore not shown. ©:
Figure by S. Schwarzinger with PyYMOL, DeLano
Scientific, San Francisco.

Asn173 to Ser in pig significantly reduces the
structural variability in this region. Similarly in
elk PrP, this part of the PrP is very stable [19].
Based on studies of mouse/elk hybrid PrPs, it
has been shown that residues Asn170 and
Thr174 are decisive for introducing rigidity in
the strand 2-helix 2 loop.

Recent studies of non-mammalian PrP with
a sequence identity of approximately 30% to
mammalian PrP [29] revealed that the architec-
ture of PrP is obviously well conserved over
large parts of the animal kingdom. However,
significant perturbations in local structure were
observed (Fig. 6.6).

Another interesting feature of PrP¢ structure
is that most PrP mutations related to TSE

Fig. 6.8: X-ray structure of the domain-swap dimer of
huPrP(121-231) (pdb code 114M). The dimer is
created by rotation along the helix 2-helix 3 loop, so
that helix 2 of either monomer (colored red and blue)
contacts helix 3 of the other one, and vice versa. The
subdomain formed by the -sheet essentially keeps its
orientation relative to the (now domain-swapped)
helices 2 and 3. Interestingly, excellent conservation of
the native prion fold is revealed when overlaid with
the structure of huPrP at pH 7. Structural deviations
are most pronounced at the C-terminus of helix 2 and
its connecting loop with helix 3. A minor deviation is
also observed for the orientation of the C-terminus of
helix 3. ©: Figure by S. Schwarzinger with PyMOL,
DeLano Scientific, San Francisco.

pathogenesis can be found buried in the interior
of the protein, while only a relatively small
number of affected residues are surface exposed
(Fig. 6.7). However, the effect of such mutations
cannot be explained exclusively by a destabil-
ization of the globular domain of PrP¢ [24].

An X-ray crystallographic study of the huPrP
revealed a domain-swapped dimer of PrP [22].
The two monomers orient such that helix 3 of
one monomer interacts in a native-like manner
with the second monomer forming native-like,
although intermolecular disulfide bonds
(Fig. 6.8). Formation of the dimer implies open-
ing of the monomeric fold of PrP® and involves
a rearrangement of the native intramolecular
disulfide bond. Interestingly, the interface be-
tween both monomers contains many
“pathogenic” mutations. Thus, it may be
speculated, whether a structural rearrangement
as observed in the reported dimer plays a role
in the conversion of PrP¢ to PrP*. Up to now,
however, a physiological role of a dimer with
intermolecular disulfide bonds has not been
shown.
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Fig. 6.9: Effect of the “pathogenic’” mutation
Glu200Lys on the surface charge distribution of PrP.
Wild-type huPrP (PDB code 1QM?2) and
huPrPGlu200Lys (PDB code 1FO7) have been alig-
ned and their vacuum electrostatics have been es-
timated with PyMOL. Residue 200 is located at the
N-terminal part of helix 3. The mutation Glu200Lys
leads to a drastic change in the surface charge around
this position (marked by arrows). ©: Figure by

S. Schwarzinger with PyMOL, DeLano Scientific, San
Francisco.

A comparison of the structures of the disease-
related mutants Glu200Lys [25] and Met129Val
[26] revealed no significant differences. This
polymorphism is associated with cases of new
variant Creutzfeldt-Jakob disease (vCJD),
where patients were shown to be homozygous
for methionine at position 129. Furthermore,
the mutation Asp178 to Asn is associated with
fatal familial insomnia (FFI) when residue 129
is methionine, and with CJD when residue 129
is valine. No differences in structure, dynamics,
or stability could be detected between mutant
and wild-type protein. This suggests that
Met129Val does not act via changes in the struc-
ture of PrP¢ rather than on the folding or con-
version intermediates.

The mutation Glu200Lys involved in familial
CJD, is located in the loop connecting helices
2 and 3 at the N-terminus of helix 2. Interest-
ingly, again no structural deviations could be
observed between mutant and wild-type pro-
tein. The mutation alters the charge distribution
at the proteins surface, indicating that surface
charge distribution plays an important role in
prion diseases (Fig.6.9).

6.3 Structural studies of full-length PrP

Structural investigations of the flexible N-ter-
minal tail are particularly difficult, as rapid con-
formational averaging prevents crystallization
as well as calculation of structural ensembles
from NMR studies. Thus, NMR studies of the
structure of full-length PrP only resulted in
three-dimensional structures for the globular
domain of the protein studies, which are essen-
tially identical to the structures obtained from
the isolated C-terminal domains as shown in
Fig.6.10 [16; 17; 27; 28]. However, measurable
differences in the structure of the globular do-
main of huPrP could be detected for the car-
boxy-terminal parts of helices 2 (187-193) and
3(219-226). Because these structural variations
do not depend on the concentration of the pro-
tein over a range from 0.1 mM to 1 mM it was
concluded that these structural variations arise
from transient contacts to the flexible N-termi-
nus [16; 29].

NMR can reveal differences in the dynamics
ofindividual residues. Measurements of the het-
eronuclear 'H-'"N Overhauser effect (hetNOE)
and of the longitudinal (R,) and transverse (R,)

Fig. 6.10: Effect of absence or presence of PrP N-
terminal parts on the structure of the globular do-
main. HuPrP(23-231) blue, PDB code 1QLX;
huPrP(90-231) red, PDB code 1QMO0; and
huPrP(121-231) green, PDB code 1QM2, have been
aligned by RMSD minimization. Small structural
variations, caused by transient contacts of the flexible
N-terminal tail with the globular domain, are centered
at the C-terminus of helices 2 and 3. ©: Figure by
S. Schwarzinger with PyMOL, DeLano Scientific, San
Francisco.
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relaxation rates of the amide nitrogen nuclei re-
vealed that the most rigid part of the globular
domain is the interface between helices 2 and
3 near the interhelical disulfide bond [30]. Parts
of the protein that are not in contact with this
core exhibit higher backbone flexibility. Helix
1, which has only a few tertiary contacts with
helices 2 and 3, shows increased backbone dy-
namics in comparison to the core. These data
are in line with the structural convergence ob-
served in the NMR-ensembles as well as with
amide-hydrogen protection factors (see Section
6.4.3). Methionine 131 in B-strand 1 of sheep
PrP undergoes complex motions on the ps to
ms timescale that are typical for conformational
exchange [30]. Such dynamic behavior in the -
sheet of PrP could be of importance for prion
aggregation.

Relaxation measurements have confirmed
that the N-terminal region (residues 23-125)
does not adopt a compact and stably folded
structure. Instead, it samples a large conforma-
tional space with a high frequency [30]. Never-
theless, this does not mean that this part of the
polypeptide chain moves randomly and does
not have residual or preferred structure el-
ements. As previously mentioned, the N-ter-
minal domain appears to be in transient contact
with the globular domain [29]. Moreover, the
N-terminal domain contains the copper-bind-
ing octarepeat unit as well as a copper-binding
site involving residues His96 and His111 [31].
Copper, being a paramagnetic nucleus, has so
far prohibited high-resolution NMR structures
of the copper loaded N-terminus. However, stu-
dies of isolated fragments of the octarepeat re-
gion reveal presence of a well-defined structure
depending on the pH value [32]. Dynamic data
derived from hetNOE studies at pH4.5 and
pH 6.2 support this finding by indicating loss
of backbone mobility in the central part of the
octarepeat region upon pH increase [32]. Simi-
larly, a well-ordered structure could be obtained
from NMR studies of octarepeat peptides in
micellar environments [33]. It could also be
shown that the octarepeat region represents a
pH-dependent oligomerization site. Copper
binding may modulate this aggregation [32].
For instance, binding of copper to the oc-

tarepeat region has recently been shown to in-
duce B-sheet formation in the unstructured do-
main [34].

Nevertheless, it has been possible to gather
some structural insights into the copper-bound
states of the N-terminal region of PrP using
combinations of NMR, CD, electron paramag-
netic resonance (EPR) techniques, and extended
X-ray absorption fine structure (EXAFS) spec-
troscopy [35; 36]. In particular, the latter tech-
nique permits investigation of the coordination
of copper in the complex with octarepeat pept-
ides. Furthermore, it is possible to obtain an
X-ray structure of a peptide HGGGW-Cu?**
[37]. The NMR structures [32; 33] display rea-
sonable agreement with the backbone geometry
of the crystal structure of the copper-loaded
pentapeptide. It appears that B-turn structures
are formed from segments encompassing
GWGQ [32], and that WGQPH also forms a
loop-like core structure [33]. However, the side-
chain orientation of the tryptophane residue
differs about 180° from the structures obtained
from X-ray and NMR studies. Recent EXAFS
and EPR studies proposed a three-dimensional
structure of a single octarepeat peptide involv-
ing a planar coordination of copper with three
nitrogen atoms and one oxygen atom [36]. Ap-

Fig. 6.11: Structure of the copper-free octarepeat
residues 61-84 (PDB code 10EI). ©: Figure by

S. Schwarzinger with PyMOL, DeLano Scientific, San
Francisco.
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parently, a picture of the octarepeat is emerging,
in which the nonglycine residues (WGQPH)
form a well-structured core linked by three
glycine residues (Fig. 6.11). As a result of these
studies, it seems that free octarepeat and cop-
per-loaded forms share a high degree of struc-
tural similarity. A promising route for obtaining
structural insights into the copper-loaded form
at high resolution was recently taken by using
diamagnetic nickel ions in a '"H-NMR investi-
gation to show that the six copper ions can be
bound in the flexible N-terminus of PrP [38].
In particular, this study suggests that each of
His96 and His111 are involved in the binding
of one copper ion, independent of each other
(see also Section 6.4.2).

6.4 NMR studies on isolated structural features
of PrP

6.4.1 Peptide studies

While NMR studies on full-length proteins
yield a wealth of information on structure and
dynamics of a protein in its native context,
examining the solution behavior of smaller frag-
ments can provide valuable insights on the be-
havior and structural preference of smaller
parts under deviation from the native environ-
ment. This is especially interesting in the case
of PrP, as this particular protein undergoes
massive structural changes during the confor-
mational transition from PrP€ to PrP%, in which
parts of the protein are excluded from their na-
tive environment, possibly populating struc-
tural ensembles of unfolded or at least highly
dynamic species. The highly dynamic behavior
of short peptides in solution might therefore
provide a valuable model system for intermedi-
ates in prion conversion. Such studies, however,
are usually not able to yield structures or even
structural models, as there are usually no well-
defined distance constraints in such systems.
Nevertheless, analysis of chemical shifts and
their deviation from random coil values can give
information on the existence or propensity of
secondary structure elements and their popula-
tion, even in only partially folded proteins [3;
39]. Additionally, the existence of regular i, i+ 3

and 7, i+4 NOE connectivity patterns can point
out the existence of helices in such peptide sys-
tems even at low abundance averaged over time.

Of special interest in this regard are peptide

studies on regions which are supposed to take
part in the conformational conversion of the
PrP. Several studies focused on the region con-
taining the B-sheet, helix 1, and the connecting
loops (residues 125-170), which has been sug-
gested to form an initiation site during the con-
formational transition [8].
Contrary to the expected intrinsic tendency to
form sheet-like structures, it was shown that
peptides huPrP(125-170), huPrP(142-170), and
huPrP(154-170) adopted mainly helical con-
formers in aqueous solution [40]. The strongest
tendency to form helices was observed for the
sequence corresponding to helix 1 (145-154).
Interestingly, both B-strands did not show any
tendency to adopt extended conformations. Ad-
ditional peptide studies focused on helix 1 in
murine [15] and human [41] PrP, and further
corroborated the high intrinsic tendency of this
sequence to populate helical conformers. Be-
cause of its exceptionally high helix propensity
helix 1 has been proposed as an energetic barrier
in the pathogenic transformation [41].

Other peptide studies on PrP focused on the
unstructured amino terminal domain, for which
conformational information is largely inaccess-
ible in full-length PrP. The amino terminal se-
quence of bovine PrP, boPrP(1-30), was shown
to populate helical conformers in solutions con-
taining DHPC micelles, thereby simulating a
membrane environment [42]. In combination
with deuterium exchange data and NMR stu-
dies on magnetically aligned micelles, this study
points to the insertion of a helical part of this
peptide in the membrane in a stable and rigid
way. The function of this sequence as a cell-
penetrating peptide might play a role in the cell
surface accumulation of PrP, facilitating mem-
brane translocation and possibly pathogenesis.

6.4.2 Interaction studies

Observation of chemical shift changes in a pro-
tein upon ligand binding is a sensitive method
for measuring the strength of an interaction and
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for defining the protein’s interaction surface.
Especially useful and sensitive are, for example,
heteronuclear single quantum correlation
(HSQCQ) spectra [43]. A "H-"N-HSQC experi-
ment correlates the chemical shift of a '*N-ni-
trogen nucleus of an NH, group with the chemi-
cal shift of a directly attached protons. Each
resonance signal in the HSQC spectrum thus
represents a proton that is directly bound to a
SN-nitrogen atom (HY proton). Therefore, the
spectrum contains the signals of the HY protons
and '""N-nitrogens in the protein backbone.
Since there is one backbone H per amino acid
(except for proline), each HSQC signal repre-
sents one single amino acid. Because the chemi-
cal shifts of the nuclei whose resonances appear
in the HSQC are sensitive to their chemical en-
vironment, any binding of a ligand molecule in
the vicinity induces changes in chemical shifts
(““‘chemical shift perturbation’) of the HSQC
cross resonances of the respective amide pro-
tons and nitrogens. Therefore, one can con-
clude, that those amino acid residues that show
changes in the chemical shifts of their reson-
ances upon addition of a ligand are somehow
affected by the ligand binding. One may further
conclude, that these residues build up the ligand
binding site, although this is not exactly the
same statement. Other experiments to map
ligand binding sites are, for example, cross-satu-
ration experiments.

Using such methods, details for the interac-
tion of murine PrP with the SH3 domain of the
signal transduction protein Grb2 could be elu-
cidated. The existence of the interaction itself
had been known before [44]. NMR spectros-
copy, however, revealed the structural and dy-
namical nature of the interaction site on PrP.
Differences in hetNOEs, indicating a change in
backbone flexibility upon ligand binding,
identified the segment moPrP(101-105) as the
interaction site [45]. This sequence fulfils the re-
quirements of a classical SH3 binding motif
consisting of at least two proline residues sep-
arated by exactly two residues (PxxP), and re-
placement of either of the two proline residues
abolishes the binding. This is especially interest-
ing in the light of the Pro102Leu mutation, a
common cause for several familiar TSEs in hu-

mans [46], implicating the loss of the Grb2-
modulated signal transduction pathway from
PrP as a possible cause of the neuropathology
of TSEs in humans.

Apart from interactions with other proteins,
NMR can also reveal details about the interac-
tion of proteins with smaller ligands. By
monitoring the 'H -'>N heteronuclear correla-
tion spectra of *'N-labeled huPrP in the absence
and presence of the tricyclic aromatic molecule
quinacrine, it was found that quinacrine binds
to a region formed by residues Tyr225, Tyr226,
and GIn227 in helix 3 of PrP [47]. Quinacrine,
long known to be an anti-malarial medication,
was previously shown to cure cultured cells
from PrP% infection [48]. As the carboxyter-
minal region of helix 3 is considered a putative
binding site for protein X, quinacrine might in-
terfere with the PrP—protein X interaction,
thereby preventing the conformational transi-
tion of PrP to its pathogenic isoform [47].

Further interaction studies on PrP have con-
centrated on copper binding to PrP, which has
been proposed to play a significant role in main-
taining and regulating synaptic copper concen-
trations [49]. In addition to the known copper-
binding properties of the octarepeat region (see
Section 6.3), NMR spectroscopy revealed inter-
actions of the sequences huPrP(106-113) and
huPrP(106-126) with copper ions. Copper bind-
ing is modulated by the residues Lys106,
Lys110, and His111 [50]. For the binding of
manganese ions to huPrP(106-126), similar ef-
fects were observed [51]. Interestingly, ion coor-
dination and peptide conformation differ for
Cu’" and Mn?" ions, which might have impli-
cations for the mechanism of neurotoxicity this
peptide exhibits in the presence of some bivalent
metal ions.

6.4.3 Hydrogen exchange studies of protein
dynamics

NMR experiments that monitor hydrogen ex-
change of proteins form, by some means, a
middle ground between structural and dynami-
cal information. The key principle is based on
the loss of signal intensity occurring after ex-
change of protons with deuterons in proteins
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solvated in heavy water (D,0). Most experi-
ments focus on the amide protons of the protein
backbone. Apart from environmental condi-
tions, such as pH and temperature, hydrogen
exchange is predominantly governed by the sol-
vent accessibility of the relevant protons. There-
fore, it is a method for the direct detection of
solvent accessibility, as well as an indirect
method to measure backbone flexibility; back-
bone motions can render amide protons, which
seem to be protected from solvent interaction
in the average structure accessible to solvent.
Additionally, hydrogen bonding has a signifi-
cant influence on hydrogen exchange, lowering
the observed exchange rates.

Not surprisingly, hydrogen exchange experi-
ments performed on Syrian hamster PrP
(shPrP) showed most protected residues located
within the regular secondary structure elements
of the folded carboxyterminal domain. The
strongest protection from hydrogen exchange
is observed for helices 2 and 3, whereas helix 1
and both strands of the -sheet exhibit only in-
termediate protection, indicating elevated dy-
namic behavior of those regions [52]. The car-
boxyterminal ends of helices 2 and 3, however,
exhibit lower protection factors than the re-
maining parts of those helices, which points to
the existence of an equilibrium between helical
and unfolded states in these regions. Similar ob-
servations were reported in experiments on the
huPrP [16]. However, it should be pointed out
that the protection factors observed for the PrP
are comparatively small compared to other
well-structured proteins. This may indicate a
certain degree of structural breathing, even in
the core of the protein. A recent crystallo-
graphic study revealed the existence of water
molecules buried inside the folded core [53]. The
authors could also establish a possible role of
these structural water molecules for the stability
of the protein.

Furthermore, hydrogen exchange studies are
suited to identify regions of the hydrogen
bonded backbone which remain stable until the
protein is fully unfolded. Kinetic analysis identi-
fies those residues whose protection factors are
characteristic for exchange from the unfolded
form, rather than from the folded state or from

unfolding intermediates. By this approach, re-
gions of the protein which remain folded during
the whole unfolding process can be identified.
Application of this method to the PrP revealed
a core of hyperstable residues, which basically
coincide with the core residues of the natively
folded protein [54]. As this indicates the persist-
ence of the basic fold throughout the whole un-
folding process, the protein has necessarily to
go through a nearly completely unfolded state
in order to adopt an alternative, B-rich confor-
mation.

Recent methodical advancements [55] allow
the investigation of hydrogen-exchange rates in
the fibrillar state. The method is based on the
very slow exchange rates of protein amide pro-
tons in mixtures of organic solvents, such as
DMSO, with D,O. Fibril preparations are ex-
posed to D,O and are subsequently transferred
to a DMSO/D,0O mixture to quench the ex-
change process and to dissolve the fibrils into
their monomers. The latter are then investigated
by solution NMR studies to determine which
amide protons had exchanged during D,0 ex-
posure. Application of this method to fibrils of
the amyloidogenic peptide huPrP(106-126)
yielded interesting information on possible con-
formational behavior of the peptide in its fib-
rillar state [56]. Hydrogen exchange data under
these conditions support models derived from
molecular dynamics simulation, depicting the
fibrillar structure as a stack of four stranded
parallel sheets, shown by the existence of single-
exponential exchange kinetics in the central part
of the peptide.

6.5 High pressure NMR

Whereas the abovementioned methods mostly
focused on the native state of PrP, high pressure
NMR presents an approach to the characteriz-
ation of alternative conformations. Perturbing
the native state by application of high pressures
allows observation of rare conformers, which
become stable under such thermodynamic con-
ditions [57]. Under high pressure, the solvated
protein can principally react in two ways: (i)
reduction of effective volume by general com-
pression of the structure (indicated by linear
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change of chemical shifts with pressure in-
crease), or by reduction of effective volume by
shifting the equilibrium between at least two dif-
ferent conformations (indicated by nonlinear
changes in spectral parameters with increasing
pressure).

High pressure studies on the PrP revealed the
existence of a metastable, only slightly popu-
lated alternative conformer of PrP, which has
been hypothesized to be identical to the postu-
lated conversion intermediate PrP— [58]. This
intermediate is characterized by transient helix
formation in the amino terminal region and
within the hydrophobic cluster. Anomalous,
nonlinear shift deviations could be observed for
the strand 1-helix 1 region, as well as for the
loops between helix 1 and strand 2, and the loop
between helices 2 and 3. Such alterations can
be indicative of hinge motions altering the glo-
bal structure. Interestingly, regions of confor-
mational instability coincide with regions in
which most pathogenic mutations of huPrP
cluster together. In a more recent study high-
pressure NMR measurements were combined
with NMR relaxation measurements [59]. This
study reveals regions of complex conforma-
tional mobility that cluster in the short anti-
parallel B-sheet and parts of helices 2 and
3. They are in agreement with the earlier obser-
vations [30] that suggest a conformational ex-
change in strand 1.The same study indicates
that the helix 2-helix 3 interface, where many
pathogenic mutations cluster, undergoes slow
motions, which is somewhat in contrast to the
deuterium experiments reported above.

6.6 Structural studies on PrPS*

In contrast to the soluble and crystallizable
PrP€, PrP% is not directly accessible for struc-
ture determination by NMR or X-ray. The in-
solubility and strong tendency to form fibrils
and rather amorphous aggregates renders this
isoform inaccessible to classical methods of
structure determination. For this reason, no
high-resolution structure of PrP% is available
up to now.

It is, however, possible to gain insight into
several structural features of PrP% by various

biophysical methods. Solid-state NMR is able
to retrieve information on the structural behav-
ior of prion peptide aggregates. While it is not
yet possible to obtain high-resolution structures
from such experiments, they nevertheless can
yield information of secondary structure dis-
tributions in the aggregated conformation. Sig-
nificant differences in secondary structure dis-
tribution between the fibrillar and the randomly
aggregated, amorphous form of moPrP(§89—
143) were found for several PrP variants. Es-
pecially the Pro102Leu variant exerted signifi-
cant long-range effects on the conformation of
the peptide, showing a strong shift of the con-
formational distribution towards the mostly
extended structures. Similarly, introduction of
several alanine to valine exchanges in the pal-
indromic AGAAAAGA-region of shPrP, shif-
ted the conformational distribution of PrP from
helical to extended [60]. Interestingly, the mere
presence of extended conformers seems not to
be sufficient to stimulate disease in animal
models. This indicates the necessity of very spe-
cific, highly defined conformations for the inter-
action with PrP¢ and the development of dis-

Fig. 6.12: Schematic model of the proposed B-helical
conformation of PrP%. PrP molecules are arranged in
trimeric discs that can staple thereby forming fibrils.
The model was constructed as described [64]. Coordi-
nates for Figure 6.12 were kindly provided by

M. Stork, LMU Munich. ©: Figure by S. Schwarzin-
ger with PYMOL, DeLano Scientific, San Francisco.
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ease. Further evidence for high conformational
flexibility of the fibrillar form of the huPrP(109—
122) region were concluded from the contents
of secondary structure elements in aggregates
of this peptide prepared from different solution
conditions [61].

A global picture of PrP%, albeit with low res-
olution was obtained using negative stain elec-
tron microscopy on two-dimensional crystals of
PrP%¢[62]. The method yielded rough structures
with a resolution of 0.7 nm, which subsequently
could be fitted to a right-handed B-helical model
structure based on the structure of the Meth-
anosarcina thermophila carbonic anhydrase. In-
terestingly, the models show helices 2 and 3,
which are linked by the intramolecular disulfide
bond, retaining their helical conformation. In
the remaining part of the protein, consisting of
the unstructured amino terminal domain, the
B-sheet and helix 1 are incorporated into the
B-helix. This underscores the abovementioned
importance of the B-strand 1-helix 1-f-strand
2 region for the conformational transition, as
this region has to undergo a complete structural
rearrangement during conversion to the patho-
logical isoform. Further evidence for the ar-
rangement of such P-helical subunits into a
trimeric superstructure could subsequently be
obtained by low-resolution fiber diffraction,
electron microscopy (EM), and atomic force
microscopy (AFM) [63], as well as from mol-
ecular modeling studies, as shown in Fig. 6.12
[64].
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