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The NMR structures of the recombinant cellular form of the prion
proteins (PrPC) of the cat (Felis catus), dog (Canis familiaris), and pig
(Sus scrofa), and of two polymorphic forms of the prion protein
from sheep (Ovis aries) are presented. In all of these species, PrP¢
consists of an N-terminal flexibly extended tail with ~100 amino
acid residues and a C-terminal globular domain of ~100 residues
with three a-helices and a short antiparallel B-sheet. Although this
global architecture coincides with the previously reported murine,
Syrian hamster, bovine, and human PrPC structures, there are local
differences between the globular domains of the different species.
Because the five newly determined PrP¢ structures originate from
species with widely different transmissible spongiform encepha-
lopathy records, the present data indicate previously uncharacter-
ized possible correlations between local features in PrP¢ three-
dimensional structures and susceptibility of different mammalian
species to transmissible spongiform encephalopathies.

mammalian species | feline transmissible spongiform encephalopathy |
scrapie

he prion protein (PrP) in mammalian organisms has at-

tracted keen interest because of its relation to a group of
invariably fatal neurodegenerative diseases, the transmissible
spongiform encephalopathies (TSEs) or “prion diseases,” which
include bovine spongiform encephalopathy (BSE), Creutzfeldt—
Jakob disease in humans, feline spongiform encephalopathy, and
scrapie in sheep. It is well established that expression of the
host-encoded PrP is essential for TSE propagation (1, 2). In
transgenic mice lacking the gene that encodes PrP, TSEs could
not be observed, and the susceptibility toward TSE of these mice
could only be restored by reestablishing PrP expression (3). High
sequence conservation of PrP in mammalian species (4) indi-
cates that this protein is functionally important in the healthy
organism (1, 2), but the search for this unknown function is still
ongoing.

PrP was identified in the context of TSEs in an aggregated
“scrapie” isoform of PrP (PrP5¢) (5), which copurifies with the
infective agent (6). This osbservation, the apparent stability of
the infectious agent under DNA/RNA denaturing conditions
(7), and the unusual progression of the disease (8) led to the
“protein-only hypothesis.” This hypothesis proposes that the
major component, if not the only one, of the infectious particle
causing TSE is a protein, i.e., presumably PrPSc (1, 7-9).

An early observation in TSE infections has been the species
barrier (10). Compared with transmission with infectious mate-
rial from the same species, the incubation time for onset of TSEs
is prolonged if a given species is challenged with infectious brain
homogenate originating from another species. The incubation
time may be reduced by consecutive passages within the new
host, whereby the adaptation to the new host can take several
generations for the disease to show clinical signs (11). In vivo and
in vitro experiments indicated that the species barrier for infec-
tious transmission of TSEs is somehow related to the extent of
PrP sequence homology between the species involved (12, 13)
(Fig. 1). Following the protein-only hypothesis, the compatibility
of the PrPs from the originating species to the new host should
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actually be a decisive factor for the propagation of the disease
because the covalent structure of PrP in the PrPS¢ form is
assumed to be identical to that in the cellular isoform of PrP
(PrP€) present in healthy organisms (1). Overall, however,
inspection of the amino acid sequence of PrP has not been
conclusive to even qualitatively assess either the species barrier
for TSEs between different species or the susceptibility of a given
species to TSE (4, 14-16). For example, the species barrier for
transmission of BSE to feline species seems to be readily
overcome, as indicated by numerous cases of feline spongiform
encephalopathy during the BSE crisis in the United Kingdom,
whereas there have been no reports of TSE-infected dogs (17).
These observations present an apparent contrast with the facts
that the number of amino acid exchanges between bovines and
cats or dogs is almost equal, with 14 and 13, respectively (15, 18),
and that the sequences of the dog PrP (cPrP) and cat PrP (fPrP)
differ only in four positions within the fragment 121-230 (Fig. 1).

With the aim to obtain more detailed insight into possible
correlations between PrPC€ structure and PrP€ function in health
and disease, we started years ago an investigation of the three-
dimensional structures of recombinant PrPs (19). The relevancy
of this approach has recently been substantiated by the demon-
stration that recombinant PrP has the same fold as PrP¢ (20, 21).
The lack of the posttranslational modifications in PrP expressed
in Escherichia coli thus has at most very limited local effects on
the protein molecular architecture (21). So far, three-
dimensional structures in solution have been reported for re-
combinant PrP€ of the widely used laboratory animals mouse
PrP (19) and Syrian hamster PrP (22), and cattle PrP (bPrP) (23)
and human PrP (hPrP) (24). A crystal structure is available for
the globular domain of a sheep PrP (ovPrP) (25). This paper now
presents the prion protein NMR structures of the pig (scPrP), the
dog cPrP, the cat fPrP, and two variant ovPrPs. This selection of
three-dimensional PrPC structures includes the prion protein
from a species that has so far been resistant to the challenge with
BSE-infected food in the natural environment, i.e., cPrP (26).

Abbreviations: PrP, prion protein; bPrP, bovine PrP; BSE, bovine spongiform encephalop-
athy; cPrP, dog PrP; fPrP, cat PrP; hPrP, human PrP; NOE, nuclear Overhauser enhancement;
ovPrP, sheep PrP; ovPrP[H168], recombinant ovPrP with histidine at position 168;
ovPrP[R168], recombinant ovPrP with arginine at position 168; PrPS, cellular isoform of PrP;
PrP5c, scrapie isoform of PrP; scPrP, pig PrP; TSE, transmissible spongiform encephalopathy.

Data deposition: The atomic coordinates for a bundle of 20 conformers of each of the five
NMR structures have been deposited in the Protein Data Bank, www.pdb.org [PDB ID codes
1XYQ for scPrP(121-231), 1XYJ for fPrP(121-231), 1XYK for cPrP(121-231), 1XYU for
ovPrP[H168](121-231), and 1Y2S for ovPrP[R168](121-231)].
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Fig. 1. Amino acid sequence alignment of the polypeptide fragment 125-231 for the following prion proteins (numeration of hPrP by following ref. 15): cow,
bPrP; sheep, ovPrP; dog, cPrP; cat, fPrP; pig, scPrP; mouse, mPrP; Syrian hamster, shPrP; and human, hPrP. At the top, the locations of the regular secondary
structuresin bPrP(121-231) are indicated, and the complete sequence of bPrP is given. For the other species, only the residue positions with amino acid exchanges
with respect to bPrP are indicated (and a deletion at position 230 of hPrP is indicated by ®).

For scPrP, observation of neurologic disorder after challenge
with BSE-infected brain homogenate (27) has so far not been
followed up with the standard procedures that would qualify the
disease as a TSE (1).

Materials and Methods

Cloning, Expression, and Purification of the Prion Proteins. The genes
for various ovPrP polymorphisms were provided to us by Dr. A.
Bossers (Central Institute for Animal Disease Control, Lelystad,
The Netherlands), and the constructs for cPrP(residues 121-
231), cPrP(23-231), fPrP(121-231), fPrP(23-231), scPrP(121-
231), and scPrP(23-231) were cloned from total DNA. All genes
were cloned into the vector pRSETA, and the proteins were
expressed in E. coli. For the purification of the recombinant
proteins, we followed procedures described in refs. 28 and 29.

NMR Measurements and Structure Calculations. NMR measure-
ments were performed at 20°C on Bruker DRX500, DRX600,
DRX750, and Avance900 spectrometers. The protein samples
used were uniformly '’N-labeled and !3C,>N-labeled
scPrP(121-231), cPrP(121-231), fPrP(121-231), ovPrP with his-
tidine at position 168 {ovPrP[H168](121-231)}, and ovPrP with
arginine at position 168 {ovPrP[R168](121-231)} and N-
labeled scPrP(23-231), cPrP(23-231), fPrP(23-231), and

ovPrP[H168](23-231). The proteins were dissolved at concen-
trations of 0.5-1.0 mM either in 95% H,0/5% *H,O or 99.9%
’H,0 containing 5 mM sodium acetate at pH 4.5. The programs
PROSA (30) and XEASY (31) were used for data processing and
spectral analysis, respectively. Sequence-specific resonance as-
signments for the proteins were obtained by using standard
triple-resonance NMR experiments (32).

Steady-state '>N{!'H}-nuclear Overhauser enhancements
(NOEs) of >N-labeled scPrP(23-231), cPrP(23-231), fPrP(23-
231), and ovPrP[H168](121-231) were measured with recovery
delays and proton saturation periods of 4 sec (33).

Distance constraints for the structure calculations were ob-
tained from three-dimensional '3C-resolved ['H,'H]-NOESY
and three-dimensional “N-resolved ['H,'H]-NOESY spectra
recorded at a proton frequency of 750 or 900 MHz with mixing
times of 40 or 50 ms. For scPrP(121-231) and ovPrP[H168](121-
231), the automatic NOE assignment module CANDID (34),
implemented in the program DYANA (35), was used for the
structure calculation. For cPrP(121-231), fPrP(121-231), and
ovPrP[R168](121-231), automatic NOE identification was
added by using the program suite ATNOS (36)/CANDID (34)/
DYANA (35) for the structure calculation. The program DYANA
(35) was also used to convert NOE intensities into upper-limit
distance constraints according to a sixth power peak volume-to-

Table 1. Input for the structure calculation and characterization of the energy-minimized NMR structures of scPrP(121-231),
fPrP(121-231), cPrP(121-231), ovPrP[H168](121-231), and ovPrP[R168](121-231)

scPrP fPrP cPrP ovPrP[H168] ovPrP[R168]

NOE upper distance limits 1,922 1,454 1,479 2,064 1,622
Dihedral angle constraints 110 114 122 114 94
Residual target function value, A2 0.99 = 0.19 1.77 = 0.28 1.93 = 0.21 0.98 = 0.21 1.61 = 0.23
Residual distance constraint violations

Number >0.1 A 19 +3 27 £ 4 25+5 31+ 3 20+ 5

Maximum, A 0.13 £ 0.01 0.16 = 0.01 0.14 = 0.01 0.14 = 0.01 0.22 = 0.00
Residual dihedral angle constraint violations

Number >2.0° 11 11 11 11 0+1

Maximum, ° 1.8 +0.8 1.94 = 0.45 2.90 + 0.85 23+038 1.45 = 0.78
AMBER energies (kcal/mol)

Total —4,628 + 63 —4,797 = 105 —4,657 + 99 —-4,960 = 73 —4,651 = 68

Van der Waals —300 = 12 —280 £ 15 —-283 + 16 —341 = 14 —123 = 14

Electrostatic —5,236 + 56 —5,497 + 85 -5,313 + 99 —5,542 + 68 —5,448 + 64
rms deviation to the averaged coordinates, * A

bb (N, Cx, C') 0.78 £ 0.13 0.74 £ 0.14 0.70 £ 0.12 0.76 = 0.10 0.94 + 0.18

(125-228) (125-166, 172-225) (125-166, 172-225) (125-228) (127-166, 173-225)
All heavy atoms 1.20 = 0.17 1.23 = 0.13 1.16 = 0.11 1.24 £ 0.14 1.46 = 0.24

Except for the top two entries, the average for the 20 conformers with the lowest residual bYANA target function values and the standard deviation among

them are given.

*bb, backbone. The numbers in parentheses indicate the residues for which the rms deviation values were calculated.
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Fig. 2. NMR structures of the globular domains in the five prion proteins
studied in this paper. Each structure is shown as a bundle of 20 energy-
minimized conformers, with gray coloring of the backbone and species-
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distance relationship, to remove meaningless constraints, and to
derive constraints for the backbone torsion angles ¢ and iy from
C« chemical shift values (37, 38). The final round of structure
calculation was started by using 100 randomized conformers.
The 20 conformers with the lowest residual DYANA target
function values were energy-minimized in a water shell with the
program OPALP (39, 40) by using the AMBER force field (41). The
program MOLMOL (42) was used to analyze the results of
the protein structure calculations (Table 1) and to prepare the
drawings of the structures (Figs. 2 and 3).

Results

For each of the four animal species for which the prion protein,
or in the case of the sheep two different polymorphisms of the
prion protein, were studied (Table 1), the mature full-length
polypeptide chain with residues 23-231 (the residue numeration
for human PrP (15) is used throughout this paper) and the stable
partial sequence 121-231 (19) were cloned and expressed in E.
coli. All nine recombinant proteins (ovPrP[R168](23-231) was
not studied) were prepared with uniform N-labeling, and the
five 121-231 fragments were also obtained with uniform 3C,>N-
labeling. The methods used for protein preparation and purifi-
cation are described in Materials and Methods.

Following up on the approach used previously for the global
characterization of other mammalian PrPs (23, 24, 43), hetero-
nuclear PN{'H}-NOEs were measured at 20°C for '*N-labeled
scPrP(23-231), fPrP(23-231), cPrP(23-231), and ovPrP[H168](23-
231). Each of the four proteins was thus shown to contain a
structured region extending approximately from residues 125-226,
with positive values for the “N{'H}-NOEs, as expected for a
globular protein with the size of PrP (44). At both ends of the
globular domain, there are flexible peptide segments, as evidenced
by negative values of the steady-state “N{'H}-NOEs (data not
shown). The C-terminal pentapeptide segment corresponds to a
flexible linker between the structured domain of PrP¢ and the
glycosylphosphatidylinositol anchor in the cell surface membrane
(1, 2). The N-terminal polypeptide segment 23-124 forms an
outstandingly long flexible tail, as evidenced by the observation in
all four species that the residues 23-121 all show negative values of
the BN{'H}-NOEs for the backbone amide groups. This result
coincides with corresponding data on all of the mammalian PrPs
described in refs. 23, 24, 43, and 45. Because of different insertions
relative to the human prion protein sequence (hPrP), this tail
includes 103 residues for fPrP, 100 residues for cPrP and scPrP, and
101 residues for ovPrP (15).

In the remainder of this section and in Discussion, we focus
primarily on the NMR structure determination of the constructs
with residues 121-231 of the five aforementioned prion proteins
and on an analysis of the resulting structures for the globular
domains.

Resonance Assignments. For scPrP(121-231), complete resonance
assignments were obtained for the entire polypeptide backbone.
For cPrP(121-231), fPrP(121-231), ovPrP[H168](121-231), and
ovPrP[R168](121-231), nearly complete assignments were ob-
tained for the polypeptide backbone, the exceptions being the
amide protons and amide nitrogens of GIn-168 (fPrP), Tyr-169

specific coloring of the amino acid side chains that are different from bPrP. For
each species, the amino acid replacements relative to bPrP are identified by
indication with the one-letter code of the amino acid in the species consid-
ered, the sequence position, and the amino acid in bPrP. The conformers were
aligned for best fit of the backbone heavy atoms of the residues 128-166 and
172-220, and displayed are the residues 125-227. (A) scPrP(121-231) (side
chains pink); (B) cPrP(121-231) (side chains red); (C) fPrP(121-231) (side chains
blue); (D) ovPrP[H168](121-231) (side chains green); (E) ovPrP[R168](121-231)
(side chains yellow).

Lysek et al.



Fig. 3. Surface views of the globular domains of the five proteins of Fig. 2.
Shown are the residues 125-229. The presentation in Right relates to the one
in Left through a 180° rotation around a vertical axis. The electrostatic surface
potential is indicated in red (negative charge), white (uncharged), and blue
(positive charge). The circles indicate charge differences relative to bPrP that
arediscussed in the text, and the amino acid residues are identified from which
the charge differences originate. (A) scPrP(121-231), (B) cPrP(121-231), (C)
fPrP(121-231), (D) ovPrP[H168](121-231), and (E) ovPrP[R168](121-231).

(cPrP and fPrP), Ser-170 (cPrP, ovPrP[H168], and ovPrP[R168]),
Asn-171 (fPrP, cPrP, ovPrP[H168], and ovPrP[R168]), and Phe-
175 (fPrP, cPrP, ovPrP[H168], and ovPrP[R168]). The amino

Lysek et al.

acid side chain assignments are nearly complete, including all
tyrosine, phenylalanine, and histidine ring resonances with the
sole exception of Phe-198{CH. The chemical shift lists of the five
proteins have been deposited in the BioMagResBank (www.bmrb.
wisc.edu) with the following entry codes: scPrP(121-231), 6380;
cPrP(121-231), 6378; fPrP(121-231), 6377; ovPrP[H168](121-231),
6381; and ovPrP[R168](121-231), 6403.

Collection of Conformational Constraints and Structure Calculation.
For scPrP(23-231) and ovPrP[H168](121-231), which were stud-
ied earlier than the other proteins, peak picking of the three-
dimensional N-resolved and three-dimensional 3C-resolved
['H,'H]-NOESY spectra was pursued interactively. The resulting
lists of NOESY cross peaks together with chemical shift lists
from the resonance assignments were used as input for automatic
NOE assignment and structure calculation by using the standard
protocol with the program package CANDID (34)/DYANA (35).

For cPrP(121-231), fPrP(121-231), and ovPrP[R168](121-
231), the automation of the structure determination process
included the peak picking of the NOESY spectra by using the
program package ATNOS/CANDID/DYANA with a standard pro-
tocol (34-36). The input of NOE upper distance limits obtained
for the individual proteins (Table 1) shows that the interactive
peak picking resulted in an ~25% higher total number of
constraints and in improved convergence of the structure cal-
culation, as evidenced by the lower residual DYANA target
function values.

The NMR Structures of the Globular Domains of scPrP, cPrP, fPrP,
ovPrP[H168], and ovPrP[R168]. Table 1 shows that four of the five
PrP structures were determined with comparable precision, as
documented by backbone rms deviation values of 0.70-0.78 A.
The somewhat lower precision achieved for ovPrP[R168](121-
231) is due to the fact that the NOESY data sets had to be
recorded at 0.5 mM protein concentration as compared with
~1.0 mM concentration for the other proteins.

In Fig. 2, the five structures are shown as bundles of 20
conformers (Table 1). The location of regular secondary struc-
tures coincides nearly identically with bPrP (Fig. 1). In Fig. 2, the
amino acid exchanges relative to bPrP are indicated, which also
serves as a guide to follow the polypeptide fold. The drawings
start with residue 125 in the lower right, from where the
polypeptide goes through the first B-strand 128-131 to the start
of helix a1, which is at residue 143 in the upper left corner of the
molecule. Following helix a1 from residues 144154, the chain
winds through the B-strand 161-164, which combines with
residues 128—131 to form an antiparallel B-sheet, to the extreme
right. A loop of residues 166—173 connects to helix o2 with
residues 174-194, which leads to the lower left corner of the
structure. A five-residue loop then leads to helix a3 with residues
200-226, which ends in the top right corner of the structure.

Some local features in the structures of Fig. 2 can all be directly
related with the absence or very low intensity of the NMR signals
for the backbone ’N-'H moieties of individual residues. First,
the loop of residues 166—173 is disordered; a complete set of
ISN-'H NMR signals could be observed only in scPrP(121-231)
(Fig. 24). Second, the start of helix a2 is poorly defined because
the amide proton NMR signal of Phe-175 could not be detected,
the sole exception being scPrP(121-231). Third, in all five
proteins the helix &3 is somewhat nonregular near residue 220,
which correlates with the observation that the 'SN-'H NMR
signals for one or several residues in the segment 218-222 have
very low intensity. Local superposition of the residues 222-226
reveals the presence of two turns of well defined a-helix, also in
ovPrP[R168](121-231) (Fig. 2E). Previously it was observed that
the distortion of the helix o3 is particularly pronounced in
murine PrP (19, 46).
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Discussion

Comparative NMR studies with natural bovine PrP€ isolated
from calf brains showed that the three-dimensional structure of
recombinant PrP prepared with the methods used in this paper
corresponds to the polypeptide structure in natural PrP¢ con-
taining all of the posttranslational modifications (21). In the
following discussion, we therefore refer to the structures of Fig.
2 as the PrP€ form of the prion protein.

All mammalian species studied so far (Fig. 2 and refs. 23, 24,
43, and 45) contain PrP¢ molecules with a flexibly extended
N-terminal tail of length ~100 residues and a C-terminal glob-
ular domain with ~100 residues. The architecture of the globular
domain is highly conserved in the different species, as was
expected from the high degree of sequence identity (Fig. 1).
Considering that the presently studied group (Fig. 2) includes
species with widely different susceptibilities toward TSEs, we
shall now search the preserved scaffold of the globular domain
for local structure variations that might relate to different
susceptibilities for developing TSE and, in particular, to variable
stringency of the species barrier against infection with BSE.

Two areas of the globular domain of PrP€ have been suggested
to be important for the development of TSEs. First, the helix al
has been implicated as a primary interaction site with the
TSE-associated isoform PrP5¢ (1). Second, an epitope compris-
ing the loop 166—172 and the C-terminal end of helix a3 has been
suggested to be recognized by a conversion chaperone, i.e.,
“protein X" (47). Inspection of Fig. 2 then shows that species
variations of the amino acid sequence are predominately located
in or near these two molecular regions.

With regard to a possible role of helix a1 in TSE susceptibility,
the five previously uncharacterized structures of Fig. 2 do not
indicate any conclusive correlation. The helix has identical
length, location, and orientation in all of the structures. Fur-
thermore, species with or without a record of TSEs (cat and dog)
and sheep polymorphisms with high and low TSE susceptibility
all have identical sequences from residues 143-158 (Fig. 1).

Inspection of the amino acid substitutions in Fig. 2 indicates
that there should be surface charge variations at or near the
presumed protein X epitope (Fig. 3). A first intriguing obser-
vation results for the different sheep PrPs. In vivo and in vitro
experiments that link BSE or scrapie susceptibility to the amino
acid sequence of ovPrP (48, 49), showed that sheep carrying
ovPrP[R168] are highly resistant to transmission of TSEs,
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whereas ovPrP[Q168] has been linked with high susceptibility
and ovPrP[H168] with medium-high susceptibility to BSE or
scrapie transmission (50). Position 168 is surface-exposed in the
loop 166-173 and, therefore, has a dominant effect on the
surface charges distribution in this region (Fig. 3). The positive
charge of R168 in ovPrPC€ thus appears to protect healthy sheep
when challenged with BSE infectivity or scrapie infectivity.

All four amino acid substitutions between the globular do-
mains of cPrPC and fPrP€ involve charged residues (Figs. 1 and
3). The presence of Asp-159 and Arg-177 in dogs causes unique
charge distribution patterns on the front as well as the back side
of c¢PrP€ (Fig. 3), which might, from the presently available
evidence, correlate with protection of dogs against challenge
with BSE. fPrPC, in turn, shares the presence of a positive charge
near the C terminus (Fig. 3C) with other TSE-susceptible species
(Fig. 1).

Relative to bPrP, scPrP has a single charge-effective amino
acid substitution in position 223 (Fig. 34), which it shares,
however, with both the dog and cat (Figs. 1 and 3), and which,
therefore, would not appear to be critical with regard to TSE
susceptibility. A charge-neutral amino acid replacement from
Asn-173 in bPrP to Ser-173 in scPrP (Fig. 1) stabilizes the loop
166-173 in scPrPC to the extent that complete NMR assignments
could be obtained. This amino acid substitution might thus affect
the presumed protein X epitope (1, 47).

In conclusion, the seminal observation by the Weissmann
group that expression of host-encoded PrP is a necessary con-
dition for the development of a TSE (3) implies that each
organism producing PrP¢ might be susceptible to spontaneous or
transmitted TSE. Thus, although PrPS¢ has an increasingly
prominent role in research on TSE diagnostics, it would appear
that independent of the nature of the TSE-causing agent, PrP¢
will be a prime target for TSE prevention in healthy organisms
and TSE treatment in disease. Detailed knowledge of PrP¢
three-dimensional structures will be an important part of the
platform for such future endeavors.
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