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The NMR structures of three single-amino acid variants of the
C-terminal domain of the human prion protein, hPrP(121–230), are
presented. In hPrP(M166V) and hPrP(R220K) the substitution is
with the corresponding residue in murine PrP, and in hPrP(S170N)
it is with the corresponding Syrian hamster residue. All three
substitutions are in the surface region of the structure of the
cellular form of PrP (PrPC) that is formed by the C-terminal part of
helix 3, with residues 218–230, and a loop of residues 166–172. This
molecular region shows high species variability and has been
implicated in specific interactions with a so far not further char-
acterized ‘‘protein X,’’ and it is related to the species barrier for
transmission of prion diseases. As expected, the three variant
hPrP(121–230) structures have the same global architecture as the
previously determined wild-type bovine, human, murine, and
Syrian hamster prion proteins, but with the present study two
localized ‘‘conformational markers’’ could be related with single
amino acid exchanges. These are the length and quality of defini-
tion of helix 3, and the NMR-observability of the residues in the
loop 166–172. Poor definition of the C-terminal part of helix 3 is
characteristic for murine PrP and has now been observed also for
hPrP(R220K), and NMR observation of the complete loop 166–172
has so far been unique for Syrian hamster PrP and is now also
documented for hPrP(S170N).

The three-dimensional structures of the recombinant prion
proteins (PrP) from mouse (mPrP; refs. 1–3), Syrian hamster

(shPrP; refs. 4 and 5), humans (hPrP; ref. 6), and cattle (bPrP;
ref. 7) share a common architecture, consisting of a globular
domain with residues 125–228 and an N-terminal, f lexibly
disordered ‘‘tail’’ of about 100 residues from position 23 to
position 124. The globular domains in the four PrP structures
differ only by strictly localized conformational variations, which
include differences in atom positions, variable surface charge
distribution, and locally different dynamic properties. To further
investigate the origin of these species variations on the three-
dimensional structure level, we exchanged individual residues in
the globular domain of hPrP with the corresponding amino acid
types in mPrP and shPrP (8). On the basis of initial character-
ization by 1H NMR and circular dichroism spectroscopy, three
of these hPrP variants were selected for complete structure
determination of the fragment composed of residues 121–230. In
these three variant proteins the residues Met-166 and Arg-220 in
hPrP were replaced with Val and Lys, respectively, which are the
corresponding residues in mPrP, and Ser-170 in hPrP was
replaced with Asn, which is the corresponding amino acid in
shPrP. The present paper reports the NMR structures of
hPrP(M166V), hPrP(S170N), and hPrP(R220K).

The ‘‘species barrier’’ for transmissible spongiform encephalop-
athies (TSEs) describes the fact that although transmission between
different individuals of the same mammalian species may occur
efficiently, the process of infection between different species may be
either inefficient or completely ineffective (9, 10). If one accepts the
protein-only hypothesis (9–13) so as to attribute a key role to PrP
in the TSE-infection process, either as the infective agent or in a
supporting role, one will quite necessarily infer that the stringency
of the species barrier is related to species variations in the PrP

structure. By correlating species variations in the amino acid
sequence (8) with variations in the three-dimensional structure of
the cellular, monomeric form of PrP (PrPC), the present project
attempts to gain new insight into the structural basis of variable
stringency of the species barrier between different combinations of
mammalian species.

The selection of the variant hPrP proteins for this study was
based on the data in Fig. 1: The polypeptide segments 166–170
and 215–230 have an outstandingly high incidence of noncon-
servative species variations, which are located in close proximity
in a contiguous surface area of the three-dimensional structure
(14). Evidence has also been presented, from experiments with
transgenic laboratory animals, that this surface area of the
molecule is recognized by a species-specific ‘‘protein X,’’ which
has been suggested to be a mediator of the transformation of
PrPC into the TSE-related ‘‘scrapie form,’’ PrPSc (15). Intrigu-
ingly, among the presently available human, bovine, murine, and
Syrian hamster PrPC structures, significant conformational vari-
ations are observed in this very region of the molecule, where we
can actually identify two ‘‘conformational markers’’ for the
globular domain of mammalian PrPs (Table 1). These are the
regular nature of the C-terminal part of helix 3, and the presence
in the [15N,1H]-COSY spectra of all of the backbone resonances
in a loop formed by residues 166–172. In hPrP, shPrP, and bPrP
a regular, straight helix 3 extends from residue 200 to approxi-
mately residue 226, while it is well defined only up to residue 219
in mPrP. In hPrP (6), mPrP (1–3), and bPrP (7) the backbone
amide resonances of three amino acids in the loop 166–172 and
of Phe-175 were not observed, probably because of line broad-
ening, whereas in shPrP all backbone amide resonances were
observed and assigned (5). The presently described variant
proteins were selected with the purpose of changing the afore-
mentioned markers from hPrP-type to either mPrP-type for helix
3, or to shPrP-type for the loop 166–172.

Materials and Methods
Sample Preparation and Characterization. For the cloning, expres-
sion, and purification of hPrP(121–230) variants in unlabeled
form and with uniform 13C,15N-labeling we closely followed the
strategy used for the preparation of wild-type hPrP (6, 16).
Single-point mutants of hPrP were constructed by following the
Quickchange site-directed mutagenesis protocol (Stratagene).
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Melting temperatures, TM, were evaluated from the temperature
dependence of the circular dichroism spectrum at 222 nm.
Concentrated protein solutions for NMR spectroscopy were
obtained by using Ultrafree-15 Centrifugal Filter Biomax De-
vices (Millipore), resulting in 1 mM protein solutions either in
90% H2Oy10% 2H2O (D2O) or in 99.9% D2O, and containing
10 mM sodium acetate and 0.05% sodium azide at a pH meter
reading of 4.5 and 20°C.

NMR Measurements and Structure Calculations. NMR measure-
ments were performed on Bruker DRX600 and DRX750 spec-
trometers. The programs PROSA (17) and XEASY (18) were used
for data processing and spectral analysis, respectively. Sequence-
specific resonance assignments for the variant proteins were ob-
tained by standard triple-resonance NMR experiments (19), start-
ing from the chemical shift lists of wild-type hPrP(121–230) (6).

For each mutant protein, distance constraints for the structure
calculation were obtained from three nuclear Overhauser en-
hancement spectroscopy (NOESY) experiments recorded at a
proton frequency of 750 MHz with a mixing time of 40 ms: a
three-dimensional (3D) 13C-resolved [1H,1H]-NOESY spectrum
for NOEs with aliphatic CH moieties, a 3D 15N-resolved [1H,1H]-
NOESY spectrum, and a 3D 13C-resolved [1H,1H]-NOESY
spectrum for NOEs with aromatic CH moieties. NOE cross peak
assignments were initially generated by using an automatic NOE
assignment module (T. Herrmann, P.G., and K.W., unpublished
work) implemented in the program DYANA (20), and then
confirmed by visual inspection of the spectra. The program
DYANA was also used to convert NOE intensities into upper
distance bounds according to an inverse sixth power peak

volume-to-distance relationship, to remove meaningless con-
straints, to derive constraints for the backbone torsion angles f
and c from Ca chemical shift values (21), and to perform a
systematic grid search analysis of the local conformation along
the polypeptide backbone with the subroutine FOUND (22). Final
structure calculations using the torsion angle dynamics protocol
of DYANA with 8,000 steps (20) were started from 100 random-
ized conformers. The 20 conformers with the lowest final DYANA
target function value were energy-minimized in a water shell
with the program OPALP (23, 24), using the AMBER force field
(25). The program MOLMOL (26) was used to analyze the results
of the structure calculations (Table 2) and to prepare the
drawings of the structures.

Besides the addition of the aforementioned new routine for
automatic NOE assignments, the presently used, so far unre-
leased new version of DYANA varies from the original program
(20) by a modified implementation of the torsion angle dynamics
algorithm (27) and by a different treatment of distance con-
straints to groups of chemical shift-equivalent protons and pairs
of diastereotopic substituents that have not been individually
assigned (T. Herrmann, P.G., and K.W., unpublished work).
Since the main interest in the structures presented in this paper
is focused on quite subtle, local conformational variations rel-
ative to the bPrP structures in the preceding paper (7) and the
previously published structures of mPrP (2), hPrP (6), and shPrP
(5), we reevaluated the input data and repeated the calculations
of the previously published PrP structures from our laboratory
(hPrP, mPrP) with the new version of DYANA. In this way we
ensure that the structure comparisons in this and the preceding
paper (7) are not influenced by systematic differences that might
arise from the use of somewhat different protocols for data
analysis and structure calculation.

Results
In a group of five single-residue variants of hPrP(121–230),
which represent amino acid substitutions in the loop 166–172
and the helix 3 between the human, murine, and Syrian hamster
PrPs (see Fig. 1 and the Introduction), we concluded from
inspection of one- and two-dimensional 1H NMR spectra that
the proteins hPrP(E219Q) and hPrP(I215V) showed at most
minimal conformational differences relative to the wild-type
protein. The remaining three proteins, hPrP(M166V),
hPrP(S170N), and hPrP(R220K), were uniformly 13C,15N-
labeled for a complete structure determination. Solutions con-
taining 1 mM protein and 10 mM sodium acetate at pH 4.5 and
20°C were used for the structure determinations.

Resonance Assignment and Structure Determination. Sequence-
specific NMR backbone assignments of the three aforemen-

Fig. 1. Amino acid sequence alignment of the fragment 125–230 (numeration of hPrP following ref. 8; for each protein the number in parentheses on the right
indicates the sequence position attributed to the C-terminal residue) of the human, bovine, murine, and Syrian hamster PrPs. At the top the locations of the
regular secondary structure elements of hPrP(121–230) are indicated. The red letters identify residue positions with amino acid exchanges or insertions in the
region of the three-dimensional structure that are discussed in this paper. The row ‘‘hPrP var’’ lists the amino acid exchanges in the single-residue variants of
hPrP studied in this paper, where the doubly underlined residues indicate those variants for which a complete structure determination is presented. In the row
‘‘factor X’’ the black circles identify the sequence positions 168, 172, 215, and 219, which have been suggested to form an epitope or part of an epitope for
interactions with a species-specific ‘‘factor X’’ or ‘‘protein X’’ (15, 33).

Table 1. Conformational markers in mammalian PrPs

Protein TM,* K 166–172, 175† Helix 3‡

hPrP(121–230) 334 1 (0.49y—)
mPrP(121–231) 335 (0.68y1.59)
bPrP(121–230) 336 1 (0.38y0.71)
shPrP(90–231) 1 1 (0.33y0.65)
hPrP(M166V) 336 1 (0.49y0.91)
hPrP(S170N) 332 1 1 (0.49y0.44)
hPrP(R220K) 333 (0.62y1.12)

*TM, denaturation temperature.
†A 1 sign indicates that [15N,1H]-correlated spectroscopy (COSY) cross peaks
were observed and assigned for the entire loop 166–172 and for residue 175.

‡A 1 sign indicates that for the residues 200–226 the root-mean-square
deviation (rmsd) to the mean coordinates for N, Ca, and C9 among the 20
conformers used to describe the NMR structure is ,0.5 Å, and that the rmsd
of the mean structure relative to the mean hPrP(121–230) structure is ,1.0 Å
(the two rmsd values are given in parentheses).
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tioned variant hPrP domains were obtained based on intrare-
sidual and sequential connectivities of 15N, 1HN, and 13C
resonances, using standard triple-resonance experiments (19).
For hPrP(R220K) and hPrP(M166V) the polypeptide back-
bone assignments are nearly complete, the exceptions being
the amide protons and amide nitrogens of Asp-167, Tyr-169,
Ser-170, Asn-171, and Phe-175, for which no resonances were
detected in any of the spectra recorded. For hPrP(S170N) all
polypeptide backbone resonances were observed and assigned,
including the amide nitrogens and amide protons of all of the
residues in the loop 166–172 and of Phe-175 (Fig. 2a).

For each variant protein the same protocol has been used for
the collection of the structural constraints and the determination
of a bundle of 20 conformers that represent the NMR structure
(for details see Materials and Methods). Table 2 gives a survey of
the input of conformational constraints and the results of the

structure calculations with the programs DYANA (20) and OPALP
(23, 24). The small residual constraint violations show that the
structures are consistent with the experimental constraints, and
the spread among the bundles of 20 conformers described by the
global rmsd values is representative of a high-quality structure
determination.

Comparison of the hPrP(121–230) Variants with Wild-Type hPrP(121–
230). The three variant proteins have the same global fold as
wild-type hPrP, which is in turn very similar to mPrP (2), shPrP (5),
and bPrP (7). hPrP(121–230) and its presently used variants contain
a short two-stranded antiparallel b-sheet with residues 128–131 and
161–164, a-helix 1 with residues 144–154, a-helix 2 with residues
173–194, and a-helix 3, which is somewhat variable in length and
degree of definition within the segment 200–228. The N terminus
comprising residues 121–125, the residues 166–172 that form a loop

Table 2. Input for the structure calculation and characterization of the energy-minimized NMR
structures of three single-amino acid variants of hPrP(121–230)

Quantity

Value

hPrP
(M166V)

hPrP
(S170N)

hPrP
(R220K)

NOE upper distance limits 1,592 1,797 1,670
Dihedral angle constraints 418 488 414
Residual target function, Å2 0.19 6 0.05 0.84 6 0.19 0.18 6 0.05
Residual NOE violations

Number .0.1 Å 9 6 3 20 6 3 16 6 2
Maximum, Å 0.19 6 0.09 0.16 6 0.07 0.12 6 0.03

Residual angle violations
Number .2.0° 0.2 6 0.4 0.4 6 0.6 0.1 6 0.2
Maximum, ° 2.5 6 0.7 2.0 6 0.5 1.3 6 0.6

AMBER energies, kcal/mol
Total 24,669 6 78 24,689 6 84 24,615 6 85
van der Waals 2335 6 16 2324 6 15 2354 6 13
Electrostatic 25,234 6 73 25,304 6 94 25,157 6 78

rmsd to the mean coordinates, Å
N, Ca, C9 (125–228) 0.84 0.82 0.96
All heavy atoms (125–228) 1.33 1.40 1.23

Except for the top two entries the average for the 20 conformers with the lowest residual DYANA target function
values and the standard deviation among them are given.

Fig. 2. Two-dimensional [15N,1H]-COSY spectra. (a) hPrP(S170N). (b) hPrP(121–230). A spectral region is shown that contains most of the resonances of the loop
166–172 in hPrP(S170N). The following notation is used for the peak assignments: Cross peaks detected in both proteins are black. Cross peaks present only in
hPrP(S170N) are red. Cross peaks belonging to residues 166–175 are bold. The rectangular frames display cross peaks outside of the region shown here, with the
chemical shifts of the peaks indicated in italics. The spectra were recorded at 600 MHz with 1 mM protein solutions at pH 4.5 and 20°C.
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connecting the b-strand 2 with helix 2, the residues 190–200 that
form the last turn of helix 2 and the loop connecting the helices 2
and 3, and the C terminus of helix 3 are noticeably less well defined
than the remainder of the molecules (Fig. 3).

Within the framework of the preserved global structural
scaffold, the three proteins show variations in the conforma-
tional markers of Table 1. Helix 3 is as well defined in
hPrP(S170N) as in hPrP (Fig. 3d), and the differences between
these two proteins fall within the conformation space spanned by
the 20 conformers (Table 1). In hPrP(M166V) the helix 3 is well
defined up to residue 226 but shows a slight deviation from the
straight helix axis after residue 220 (Fig. 3c), which is manifested
in an increase of the local rmsd value for the residues 200–226
in hPrP(M166V) when compared with hPrP (Table 1). In
hPrP(R220K) the helix 3 is well characterized up to residue 219,

Fig. 4. Comparison of helix 3 in hPrP(121–230) (red), mPrP(121–231) (yellow),
and hPrP(R220K) (cyan) with the NMR structures represented by bundles of 20
conformers (28). (a) Polypeptide backbone of residues 200–229 superimposed
for best fit of the residues 200–218. (b) Residues 213–229 superimposed for
best fit of the residues 221–225.

Fig. 3. Superposition of the polypeptide backbone from residues 125–230 in
different PrP NMR structures for best fit of the backbone heavy atoms of
residues 125–220. The radius of the cylindrical rods representing the polypep-
tide chains is proportional to the mean global backbone displacement per
residue (35) among the 20 energy-minimized conformers used to represent
the NMR structures. The views on the right were obtained from those on the
left by a 290° rotation about a vertical axis. (a) hPrP(121–230) (red) and
mPrP(121–231) (yellow). (b) hPrP(121–230) (red) and hPrP(R220K) (cyan). (c)
hPrP(121–230) (red) and hPrP(M166V) (turquoise). (d) hPrP(121–230) (red) and
hPrP(S170N) (amber). For these comparisons we recalculated the NMR struc-
tures of mPrP(121–231) (2) and hPrP(121–230) (6), using the same protocol as
for the hPrP(121–230) variants (see Materials and Methods).
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but then it is less well ordered and shows a more pronounced
deviation from the straight helix axis than hPrP(M166V), which
is again clearly manifested in an increase of the rmsd value for
residues 200–226 (Table 1). These observations in the calculated
structures correlate with different experimental distance con-
straints within the segment of residues 217–224. In hPrP(R220K)
some of the medium-range NOE distance constraints expected
for a regular helix (28) are either missing or extremely weak,
whereas essentially complete sets of constraints are present in
hPrP, hPrP(M166V), and hPrP(S170N) (Table 3). Further in-
sight into the conformational variability of helix 3 was obtained
from comparison of the different proteins after superposition for
best fit of different polypeptide segments (Fig. 4). It is readily
apparent that the residues 221–225 form a quite regular a-helix
structure in both hPrP and hPrP(R220K), but in hPrP(R220K)
the helix 3 is less regular and slightly kinked at residues 218–220.

For the second conformational marker there is a clear-cut
qualitative difference among the three proteins. In
hPrP(R220K) and hPrP(M166V) the [15N,1H]-COSY cross
peaks for the residues 167, 169, 170, 171, and 175 were not
observed, which is similar to previous observations in hPrP (6),
whereas in hPrP(S170N) all of the cross peaks in the polypeptide
segment 166–175 have been detected (Fig. 2).

Discussion
In the group of the four prion proteins from humans, cattle,
mice, and Syrian hamsters the large number of species varia-
tions in the sequence locations 166–170 and 215–230 (Fig. 1)
results in variability of the two conformational markers char-
acterized in Table 1. Furthermore, as was previously pointed
out by Billeter et al. (14), the propensity for intermolecular
hydrogen bond formation in this surface area changes from
species to species as a result of nonconservative exchange of
polar and charged amino acids (Fig. 1). If this area of the PrP
molecule is involved in intermolecular contacts that inf luence
disease-related conformational transitions, as has been pos-
tulated from observations with transgenic laboratory animals
(15), these structure variations could possibly provide a basis
for rationalizing differences in the stringency of the species
barrier for transmission of prion diseases between different
combinations of mammalian species.

In Results it was shown that the three variants of hPrP differ in
qualitative aspects from the wild-type protein. If we now consider
the other species in Table 1, it is apparent that the variants of hPrP
show similarities with either mPrP or shPrP. The amino acid
substitutions M166V and R220K both result in significant changes
in helix 3, with M166V affecting the straightness of the helix axis,
and R220K affecting both the helix axis and the precision of the
structure determination for helix 3 (Fig. 3 and Table 1). In
the variants of hPrP this conformational marker thus changes from
the structure type seen in hPrP, bPrP, and shPrP toward the mPrP
structure. Although the individual amino acid exchanges in hPrP
result in structures intermediate between hPrP and mPrP (Fig. 3,
Table 1), the combined effects from M166V and R220K can

account for the difference between hPrP and mPrP. The effect of
the replacement S170N is particularly clear-cut, with the polypep-
tide segment 166–172 changing from the structure type seen for
hPrP, bPrP, and mPrP to that reported for shPrP (Table 1). Both
conformational markers do not correlate with the net charge of the
peptide segments 166–172 and 215–230, which is 23 in hPrP and
21 in the other three species.

Overall, the present experiments demonstrate that the con-
formational markers in Table 1 can be related to specific amino
acid exchanges between the different species. Since the mo-
lecular region considered here is not well defined in the
three-dimensional structure (Fig. 3), we refrain from a de-
tailed discussion of the nature of the nonbonding interactions
that cause the observed local conformational changes, except
to state that the residues 166 and 220 are clearly involved in
anchoring the helix 3 against the loop 166–172 and the residues
following the first strand of the b-sheet, respectively. It has
previously been argued that the observation of rather narrow
NMR signals of the residues 166–172 in shPrP is due to rapid
exchange between different conformations (29). In this con-
text it is intriguing that there are large variations of the
chemical shifts between hPrP and hPrP(S170N) for those
residues of this loop that can be observed in both proteins. This
would be compatible with a large change, between the wild-
type protein and the variant, of the relative populations in a
dynamic equilibrium of two or multiple conformers. This same
exchange process would presumably lead to broadening of
some resonances in wild-type hPrP (6).

Considering the high incidence of species variations in the
amino acid sequence of the presently considered molecular
region (Fig. 1), it is not surprising that evidence has accumu-
lated for its involvement in species-specific intermolecular
interactions, including intermolecular recognition related to
species barriers for TSEs. For example, the species barrier for
transmissible mink encephalopathy between ferret and mink
must relate to the only two residue variations between the two
species, which are in the positions 175 and 220 (30), and the
species barrier between human and rabbit has been related to
the replacement of Asn-174 in hPrP by Ser (31). One of three
polymorphisms in sheep PrP that have been associated with
increased susceptibility to scrapie is located in the position
corresponding to residue 168 in hPrP (32). A discontinuous
epitope of residues 168, 172, 215, and 219 (numeration for
hPrP) has been suggested to support binding to a conversion
factor, ‘‘protein X,’’ which would mediate the transformation
of PrPC to PrPSc (15, 33). Finally, the fragment 225–231
represents an epitope for a monoclonal antibody (R2) that
strongly reacts with mPrP and shPrP, but not with hPrP and
bPrP (34).

In conclusion, the presently described effects of single amino
acid variations on static and dynamic aspects of the hPrP
conformation (Table 1, Figs. 3 and 4) demonstrate that the local
conformational differences between hPrP, bPrP, mPrP, and
shPrP in the surface area of helix 3 and the loop 166–172 (Table

Table 3. Medium-range NOE constraints in the C-terminal part of helix 3 in five PrP structures

NOE connectivity hPrP(121–230) hPrP(M166V) hPrP(S170N) hPrP(R220K) mPrP(121–231)

Ha217–HNyHb220 wym wym mym wym 2yw
Ha218–HNyHb221 2y2 2y2 2yw 2y2 2y2

Ha219–HNyHb222 wym wym mys 2y2 2y2

Ha220–HNyHb223 mys wym mym mym wyw
Ha221–HNyHb224 wym mym mym 2ym 2yw

s,m,andwrepresentstrong,medium,andweakNOEs.Absenceofpeak intensityat the(known)positionfortheNOEcrosspeak is indicated
by a minus sign. The first entry refers to the daN(i, i 1 3) NOEs, the second one to the more intense of the dab(i, i 1 3) NOEs (28).
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1) are significant, although they are located in a poorly ordered
molecular region (Fig. 3). The data of Table 1 provide a frame
of reference for future investigations on the structural basis of
species-specific intermolecular recognition involving the PrPC

isoform, and in particular for processes that relate to species
barriers for transmission of prion diseases.
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