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Abstract The recombinant murine prion protein, mPrP(23—
231), was expressed in E. coli with uniform 5N-labeling. NMR
experiments showed that the previously determined globular
three-dimensional structure of the C-terminal domain
mPrP(121-231) is preserved in the intact protein, and that the
N-terminal polypeptide segment 23-120 is flexibly disordered.
This structural information is based on nearly complete
sequence-specific assignments for the backbone amide nitrogens,
amide protons and o-protons of the polypeptide segment of
residues 121-231 in mPrP(23-231). Coincidence of correspond-
ing sequential and medium-range nuclear Overhauser effects
(NOE) showed that the helical secondary structures previously
identified in /#PrP(121-231) are also present in mPrP(23-231),
and near-identity of corresponding amide nitrogen and amide
proton chemical shifts indicates that the three-dimensional fold of
mPrP(121-231) is also preserved in the intact protein. The
linewidths in heteronuclear 'H-'°N correlation spectra and
I5N{'H}-NOEs showed that the well structured residues 126—
230 have correlation times of several nanoseconds, as is typical
for small globular proteins, whereas correlation times shorter
than 1 nanosecond were observed for all residues of mPrP(23-
231) outside of this domain.
© 1997 Federation of European Biochemical Societies.
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1. Introduction

The ‘protein-only’ hypothesis [1,2] claims that transmissible
spongiform encephalopathies (TSE) are distinct from infec-
tious processes caused by bacteria, viruses or viroids in that
nucleic acids are apparently not essential for the propagation
of the infectious agent [3], which has been termed ‘prion’ [4].
TSEs have been linked with a conformational polymorphism
of the ‘prion protein’ (PrP) [5], where a disease-related trans-
formation of the ubiquitous cellular form of the protein,
PrPC, into the infectious scrapie form, PrP%, is believed to
consist of a change from a predominantly a-helical protein to
a B-sheet-containing fold [6,7]. Considering the central role
thus attributed to PrP, investigations of the three-dimensional
structure of this protein are of keen interest. We previously
solved the NMR structure of a self-folding C-terminal domain
of the cellular form of the murine prion protein, mPrP(121-
231) [8-10]. Here, we report a preliminary structural charac-
terization of the intact polypeptide chain of mature murine
PrP, mPrP(23-231), in aqueous solution.

*Corresponding authors: R.G. [Fax: (41) (1) 633-1036] and
K.W. [Fax: (41) (1) 633-1151].

Besides the NMR structure determination of mPrP(121-
231) [9], discussions on PrP conformations have so far been
founded primarily on optical spectroscopy. PrP® consists of a
single polypeptide chain that contains two glycosylation sites,
and is attached to the cell surface by a glycosyl-phosphatidyl-
inositol anchor at its carboxy-terminus [11]. After separation
from the cell membrane, it is a water-soluble, protease
K-sensitive protein for which circular dichroism (CD) spectro-
scopy indicates a high content of helical secondary structure
[12,13]. PrP% has so far only been observed as an insoluble
oligomer that displays resistance to protease K digestion and
has characteristics of an amyloid [6,7]. Based on Fourier
transform reflection infrared spectroscopy it was concluded
that a significant percentage of the polypeptide chain in
PrP5 forms B-sheet secondary structure [12,13]. Collection
of more detailed structural data is all the more important as
no one has succeeded so far to generate infectious PrP¢ in
vitro, either from previously denatured infectious material, or
from recombinant or synthetic PrP or fragments thereof (see
also ref. [14]). Three-dimensional structure determinations of
both functional forms of PrP, and possibly of refolding inter-
mediates arising in the course of the disease-causing confor-
mational transition, promise to contribute in essential ways to
a rational basis for continued investigations on the role of PrP
and possibly additional factors in the pathology of TSEs, such
as the Creutzfeldt-Jakob disease (CJD) in humans and bovine
spongiform encephalopathy (BSE) in cattle.

2. Materials and methods

NMR experiments were carried out either with uniformly »N-la-
beled murine prion protein, mPrP(23-231), that was prepared as de-
scribed in the preceding paper [15], or with the N-labeled C-terminal
domain mPrP(121-231) [8,9]. The protein concentration was 0.8 mM
in a solvent of 90% H,0/10% D,O containing 0.01 mM EDTA,
0.01 mM PMSF, 0.1 uM Pepstatin and the protease inhibitor cocktail
COMPLETE (Boehringer-Mannheim) at pH=4.5 and 7=293 K.
NMR spectra were recorded on a 750 MHz Varian UNITYplus spec-
trometer and on a 500 MHz Bruker DRX spectrometer. Two-dimen-
sional (2D) ["*'N,'H]-COSY spectra [16] were acquired using spectral
widths of ; =1800 Hz and ®w; =10000 Hz. For mPrP(121-231) the
maximal evolution times where 7, =45 ms and fy. =204 ms, and
the time domain data size was 160X4096 points. For mPrP(23-231)
we used fmax =36 ms, foy. =204 ms and a time domain data size of
128 X 4096 points. YN{*H}-NOEs of mPrP(23-231) were measured
using the procedure described by Dayie and Wagner [17] with a re-
laxation delay of 3 s and a proton saturation length of 3 s achieved by
applying a train of 120 degree pulses in 10 ms intervals. The dataset
was recorded with ®; =2440 Hz, ®w,=7000 Hz, t1n. =33 ms,
tamax =37 ms and a time domain data size of 160X512 points.
Three-dimensional (3D) ®N-resolved ['H,'H]-NOESY spectra [18]
were measured with ®; =1800 Hz, w, =10000 Hz, w3 =10000 Hz,
Hmax = 14 MS, lomax =23 MS, f3m.x=102 ms, a mixing time 1, =40 ms
and a time domain data size of 50 X460 X 2048 points. Data process-
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Fig. 1. Survey of the global structural characterization of mPrP(23-231) achieved in this paper. The fold that was previously observed in the
isolated C-terminal domain, mPrP(121-231) [9], is preserved in the intact protein, and the backbone "N-'H moieties of the well-structured resi-
dues 126-230 manifest rotational correlation times of several ns, which is typical for a folded protein of this size. Dots represent the 98 residues
of the N-terminal segment 23-120, which shows features of a flexible, ‘random coil-like’ polypeptide, with rotational correlation times for the

"N-*H groups of 1. <1 ns.

ing was performed with the program PROSA [19], and the spectral
analysis was supported by the program XEASY [20].

3. Results and discussion

For ease of presentation Fig. 1 visualizes the key conclu-
sions from the work reported in this paper: the previously
determined three-dimensional fold of the C-terminal domain
mPrP(121-231) is preserved in the intact protein. The back-
bone *N-'H moieties in this domain have effective rotational
correlation times, 1., of several nanoseconds, which is typical
for small globular proteins [21]. The N-terminal polypeptide
segment 23-120 has a small dispersion of the proton chemical
shifts and 1.-values <1 ns for the *N-'H moieties, which is
typical for a flexible ‘random coil-like’ polypeptide chain. In
the following we describe the NMR data that lead to this
global structural characterization of mPrP(23-231).

The NMR-spectral analysis in this paper is largely based on
the previously obtained, nearly complete sequence-specific res-
onance assignments for the isolated C-terminal domain
mPrP(121-231) [9] and on sequence-specific assignments for
the backbone N, 'HN and 'H® atoms of the residues 121
to 231 in intact mPrP(23-231). The assignments for mPrP(23-
231) were based on sequential NOE connectivities [22-24],
using 2D [N,'H]-COSY and 3D '*N-resolved ['H,'H]-NO-
ESY. The assignments are complete with the following excep-
tions: The Xxx-Pro connectivities in positions 136/137 and
157/158, the segment 165-170 and Phe'™, which could be

only partially assigned also in mPrP(121-231) [9], and the
segment 220-223 (Fig. 2).

Comparison of corresponding 1°N and 'HN chemical shifts
for the residues 121-231 in mPrP(121-231) and mPrP(23-231)
suggests that the three-dimensional structure of this polypep-
tide segment is very similar in the two proteins. The deviations
of the chemical shifts in mPrP(121-231) from the random coil
shifts (Fig. 3a and b) are typical for a globular protein and
indicate that even minor conformational rearrangements
would be manifested by readily measurable shifts [24]. The
shift differences between the two proteins (Fig. 3¢ and d),
however, are very small. The ensemble of the chemical shift
data in Fig. 3 thus provides strong evidence that the three-
dimensional fold of the structurally well-defined polypeptide
segment 126-230 in mPrP(121-231) [9] is preserved in the
intact mPrP(23-231). In addition, in mPrP(23-231) three heli-
ces and a single helical turn near the C-terminus could be
identified from the patterns of dny, dun(i,i+3) and dyn(i,i+4)
NOE connectivities (Fig. 2) obtained from a 3D '°N-resolved
['H,'H]-NOESY spectrum recorded with a mixing time of 40
ms [25]. These regular secondary structures are in exactly cor-
responding sequence locations to those of the helices that were
previously identified in mPrP(121-231) [9]. A long-range NOE
Tyr'B¥HN-H"Met'? identified in mPrP(23-231) has a coun-
terpart in the antiparallel B-sheet of mPrP(121-231) [9], and
thus supports the presence of a corresponding B-sheet in the
intact protein, which is independently implicated by the chem-
ical shifts.
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NMR data for mPrP(23-231)/ secondary structure of mPrP(121-231)
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Fig. 2. Amino acid sequence of the polypeptide segment 121-231 and survey of the sequential and medium-range NOE connectivities observed
in mPrP(23-231). The sequential NOE connectivities dyn, don and dgy are indicated with black bars, and the medium-range connectivities
dun(i,i+3) and dyn(i,i+4) are shown by lines starting and ending at the positions of the residues that are related by the NOE. The sequence lo-
cations of the regular secondary structure elements identified in the isolated C-terminal domain mPrP(121-231) are shown above the sequence,

with o for helices and B for B-strands.

The structural characterization of mPrP(23-231) as sum-
marized in Fig. 1 is also supported by NMR data that relate
to the segmental flexibility of the polypeptide chain, i.e. the
linewidth of the ['*N,'H]-COSY cross peaks, and the sign and
magnitude of the 'N{'H}-NOEs [24]. In the ['°N,'H]-COSY
spectrum of mPrP(23-231) (Fig. 4a) two qualitatively different
kinds of peaks can be distinguished, i.e, a first group of about
100 broad peaks with full linewidths at half height along
2(*H) of about 25 Hz, and a second group of sharp, more
intense peaks with linewidths of about 12 Hz (Fig. 5a). Com-
parison with the ["°N,'H]-COSY spectrum of mPrP(121-231)
(Fig. 4b) showed that the positions of the broad peaks in the
intact protein coincide very closely with the peaks in the free
domain, where the linewidths are about 20 Hz. On the basis of
the sequence-specific assignments (Fig. 2) all the broad peaks
in mPrP(23-231) could be attributed to residues of the poly-
peptide segment 126-230, and 6 sharp peaks were attributed
to residues 122-125, 231 and 232 (Ser?? is an additional res-
idue in the construct used to express the protein). A count of
the remaining sharp peaks revealed approximately 50 peaks in

the spectral area outside of the two rectangles in Fig. 4a, and
of the order of 25 Gly peaks inside the solid rectangle. Thus,
there are about 75 sharp peaks that can be attributed as a
group to the total number of 86 non-proline amide groups in
the polypeptide segment 23-121, and there is not a single
broad peak that could be attributed to the residues 23-121.
15N {'H}-NOEs were recorded using a 2D[**N,'H]-COSY-
relayed *N{'H}-NOE experiment recorded at a 'H frequency
of 500 MHz [17]. Here, one expects peaks with positive sign
and relative intensity +1 for '“N-'H groups with effective
rotational correlation times t.> 1 ns, peaks with negative
sign and relative intensity —4 for t. <1 ns, and peaks with
very small positive or negative intensities for T.-values near
1 ns. These three limiting situations are illustrated in Fig. 5b,
where Met'?, I1e'®°, Phe'¥! and Val'® show positive NOEs,
Val'? is almost nulled, and there are three strong negative
NOEs that were attributed to *N-'HV moieties in the seg-
ment 23-121. In Fig. 4c and d, the subspectra of negative and
positive 1’N{'H}-NOEs have been separated. Fig. 4d mimics
the spectrum of broad [**N,!H]-COSY peaks that were as-
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Fig. 3. Plots of chemical shift differences for the amide "N and "HN resonances of the residues 121-231 in mPrP versus the amino acid se-
quence. (a) and (b): Difference between the experimental shifts for mPrP(121-231) and the ‘random coil shifts for 15N [29] and 'HY [24], re-
spectively. (c) and (d): Difference between corresponding chemical shifts of *N and THN, respectively in mPrP(121-231) and mPrP(23-231).
The sequence locations of the regular secondary structures of mPrP(121-231) are indicated in (d), with o for helices and B for B-strands.

signed to the polypeptide segment 126-230, thus confirming
that the residues in the C-terminal domain are restrained in
their segmental flexibility. In Fig. 4¢ nearly all of the approx-
imately 75 sharp [**'N,'H]-COSY peaks attributed to residues
23-121 are also represented by a negative ’N{'H}-NOE, thus
confirming that this polypeptide segment is highly flexible.

In addition to the backbone amide groups the Trp indole
15Ne—'H moieties were also investigated to characterize the
side chain mobility of these residues (Figs. 4 and 6). In the
solution structure of mPrP(121-231) the ring of Trp'*® is lo-
cated on the surface and is solvent exposed [9]. Nonetheless,
the I°N{!H}-NOE data reflect slow rotational tumbling, with
1.>> 1 ns. In contrast, the envelope of the resonances from the
indole "N{'H}-NOEs of the 5 Trp residues 57, 65, 73, 81 and
89 in the octapeptide repeats, Trp®' and Trp® has a negative
sign and thus indicates that most, or possibly all of the Trp
side chains in the segment 23-120 of mPrP(23-231) have high
mobility, with 1. <1 ns. Note that these 7 Trp residues are
distributed in a regular fashion over the polypeptide segment
30-100.

4. Conclusions and outlook

The structural characterization summarized in Fig. 1 is to
be attributed to the cellular form PrPC, of the mouse prion
protein, since it is based on experimental data collected in
aqueous solution without addition of chemical denaturants
or detergents. The present study answers a key question that
has been raised (e.g. [6,26,27]) following the NMR structure
determination of mPrP(121-231) [9]: The absence of the
N-terminal segment of residues 23-120 in mPrP(121-231)

does not significantly affect the C-terminal domain, which
has the same three-dimensional fold in the full-length protein
(Fig. 1). This is an important result because the polypeptide
segment 90-145 in mammalian prion proteins has been re-
ported to have polymorphic traits in structure predictions as
well as in experimental studies such as, for example, structure
characterization in different solvents [26].

The presence of an extensive polypeptide segment with the
properties of a flexible extended coil in PrP® could enable
structural transitions to PrPS aggregates that might display
sizeable B-sheet content [6,7,28] without major conformational
rearrangements in the C-terminal domain 121-231. In partic-
ular, the combination of the results presented in this paper
with earlier findings that the polypeptide segment 90-120 is
also protected against protease K digestion in PrP%° [6,7] em-
phasizes that there is a major change in the structural arrange-
ment of the residues 90-120 in PrP® and PrP5,

The global view of the mPrP(23-231) structure in Fig. 1
leaves room for future refinements. For the C-terminal glob-
ular domain, extension of the sequence-specific backbone as-
signments to the amino acid side chains will provide a plat-
form for studies of possible effects of the N-terminal chain
extension on subtle features of the tertiary structure. For the
N-terminal flexible coil of residues 23-120, sequence-specific
assignments will enable a search for possible variations in the
degree of flexibility along the sequence. For example, since
only about 75 N-'HN peaks have so far been attributed to
this molecular region of 86 >'N—-'HY moieties, it will be of
interest whether the remainder of the resonances might have
escaped detection because of some slow, local exchange proc-
esses in this overall highly flexible polypeptide segment. This
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Fig. 4. (a) ['®N,'H]-COSY spectrum of mPrP(23-231). The horizontal bars indicate the locations of the cross sections shown in Fig. 5a. The
rectangle drawn with broken lines surrounds the spectral region of the side chain amide and guanidino resonances. (b) ['°N,!H]-COSY spec-
trum of mPrP(121-231). (c) Subspectrum containing the negative peaks from a [N['H]-COSY-relayed *N{'H}-NOE experiment with
mPrP(23-231). The peaks that were individually assigned to residues in the polypeptide segment 121-231 are identified with the residue number.
(d) Subspectrum containing the positive peaks from the same experiment as (c). In all four spectra the circle contains the Trp indole Ne—'H

cross peaks, and the rectangle the Gly backbone PN-'HY peaks.

might, among others, provide new insight into the structural
and functional roles of the Pro-containing octapeptide repeats
in positions 51-91 of mPrP(23-231).
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Fig. 6. Cross sections through the spectra (a) and (c+d) in Fig. 4,
showing the resonances of the indole Né—'H moieties of the eight
tryptophan residues in mPrP(23-231). The cross sections were ob-
tained as described in the caption to Fig. 5. The peak of the single
Trp residue from the assigned polypeptide segment 121-231 is iden-
tified in the top trace.





