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The nuclear magnetic resonance structure of the globular domain with
residues 121-230 of a variant human prion protein with two disulfide
bonds, hPrP(M166C/E221C), shows the same global fold as wild-type
hPrP(121-230). It contains three a-helices of residues 144-154, 173-194
and 200-228, an anti-parallel B-sheet of residues 128-131 and 161-164,
and the disulfides Cys166-Cys221 and Cys179-Cys214. The engineered
extra disulfide bond in the presumed “protein X”-binding site is accom-
modated with slight, strictly localized conformational changes. High com-
patibility of hPrP with insertion of a second disulfide bridge in the protein X
epitope was further substantiated by model calculations with additional
variant structures. The ease with which the hPrP structure can accommo-
date a variety of locations for a second disulfide bond within the pre-
sumed protein X-binding epitope suggests a functional role for the
extensive perturbation by a natural second disulfide bond of the corre-

sponding region in the human doppel protein.

© 2003 Elsevier Science Ltd. All rights reserved

Keywords: prion protein; doppel protein; NMR structure; disulfide bonds;

*Corresponding author protein X epitope

Introduction

The three-dimensional structures of the human
prion protein (hPrP) and the human doppel pro-
tein (hDpl) show a similar folding topology,'?
with a flexibly disordered N-terminal “tail”
attached to a 100-residue globular C-terminal
domain containing three a-helices and a small
anti-parallel B-sheet. A striking difference between
these two proteins concerns the number of disul-
fide bonds. In both hPrP and hDpl, a disulfide
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bridge linking the helices a2 and «3 is buried
within the hydrophobic core, and contributes sig-
nificantly to overall stability of the globular protein
structure. It has been shown that reduction of the
Cys residues 179 and 214 with dithiothreitol results
in unfolding and aggregation of PrP in vitro>*
implying that the so far unknown physiological
functions of PrP, and presumably also Dpl, are
dependent on this intact disulfide bond.

In Dpl, the loop between B-strand 2 and helix o2
is connected to a sequence position near the C ter-
minus by an additional disulfide bond, which has
no counterpart in wild-type PrP (Figure 1). The
corresponding region of PrP with the residues
165-175 and 215-230 is devoid of cysteinyl resi-
dues. On the basis of inoculation studies with
transgenic  mice expressing various PrP
constructs®® this molecular region has been
suggested to be an epitope for binding of a not yet
further identified “protein X”, which supposedly
participates in the disease-related conformational
transformation of PrP in vivo.>”~’

The nuclear magnetic resonance (NMR) struc-
tures of the human and murine Dpl proteins show
that the introduction of a second disulfide bond in
the region corresponding to the presumed protein
X-binding epitope in PrP (Figure 1) results in a

0022-2836/03/$ - see front matter © 2003 Elsevier Science Ltd. All rights reserved
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Figure 1. Amino acid sequence alignment of the human prion protein segment 165-230 and the human doppel pro-
tein segment 93-153 based on consideration of the sequences as well as the three-dimensional structures of the two
proteins."” The residue positions in hPrP that were exchanged against Cys in this paper are in italics. Continuous
black lines indicate the natural disulfide bridges, and the locations of the regular a-helical secondary structures in the
wild-type proteins are indicated by black boxes. The broken and dotted lines indicate, respectively, the extra disulfide
bond in hPrP(M166C/E221C), for which a complete structure was obtained, and in hPrP(M166C/Y225C), which was

also expressed and characterized.

major change of the three-dimensional structure.
To investigate the effect of an artificial extra disul-
fide bond in this region of the three-dimensional
prion protein structure we generated two variants
of the globular domain of the human prion protein,
hPrP(121-230). hPrP(M166C/E221C) and hPrP
(M166C/Y225C) were designed so as to simul-
taneously mimic the location of the second disul-
fide bond in hDpl (Figure 1) and to be compatible
with the three-dimensional structure of wild-type
human PrP.> Among the sites thus chosen for the
amino acid substitutions in hPrP, Glu221 is fully
conserved in the amino acid sequences of 27 mam-
malian and nine avian prion proteins,' Tyr225 is

replaced with Ser, Phe or Ala in some of the
species, and Vall66 is replaced by Met or Ile only
in human, chimpanzee and marsupial PrP. Among
the known Dpl sequences," the residues Cys94
and Cys145 in the second disulfide bond are fully
conserved.

Here, we describe a high-quality NMR structure
of hPrP(M166C/E221C), a qualitative spectro-
scopic characterization of hPrP(M166C/Y225C),
and model calculations of additional two-disulfide
variants of hPrP(121-230). The results are evalu-
ated with regard to possible functional roles of the
protein X-binding epitope in PrP and the corre-
sponding molecular region in Dpl.
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Figure 2. Two-dimensional [*°N,'H]-correlation spectroscopy (COSY) spectra of (a) hPrP(M166C/E221C) and (b)
hPrP(M166C/Y225C). Selected cross-peak assignments are indicated with black lettering. In (a), blue circles and blue
lettering indicate cross-peaks that have been observed for hPrP(M166C/E221C), but have not been seen either in the
spectra of hPrP(M166C/Y225C) or wild-type hPrP(121-230).% In (b), empty red circles identify positions where cross-
peaks were expected from comparison with (a) and with hPrP(121-230), and green circles indicate cross-speaks that
could not be assigned because of missing sequential connectivities in the triple-resonance spectra. In both spectra the
rectangular frame encloses folded cross-peaks of HY* in Arg side-chains. The spectra were recorded at 600 MHz with
1 mM protein solutions in 90% H,0/10% *H,O, 10 mM [d4]-sodium acetate at pH 4.5 and T = 20 °C.
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Table 1. Characterization of the 20 energy-refined
DYANA conformers representing the NMR structure of
hPrP(M166C/E221C)

Quantity Value®
Residual DYANA target function value (A2)p 1.05 = 0.13
Residual NOE distance constraint violations

Number > 0.1 A 32+5

Maximum (A) 0.14 = 0.01
Residual dihedral angle constraint violations

Number > 2.5 degrees 0x0

Maximum (degrees) 1.64 = 0.41
Residual disulfide bond constraint violations

Number > 0.1 A 0£0

Maximum (A) 0.02 = 0.02
AMBER energy (kcal/mol)

Total —4641 =92

van der Waals —293 =14

Electrostatic —5285 + 78

RMSD from ideal geometry

Bond lengths (A) 0.0078 = 0.0002

Bond angles (degrees) 1.91 = 0.04
RMSD, N, C¢, C' (125-228) (A)* 0.63 + 0.13
RMSD, all heavy atoms (125-228) (A)* 1.11 = 0.11

The input consisted of 1775 NOE upper distance constraints,
116 dihedral angle constraints on ¢ and ¢, and six upper dis-
tance and six lower distance constraints to enforce the disulfide
bonds 166-221 and 179-214.

# Average values * standard deviations for the 20 energy-
minimized conformers with the lowest DYANA target function
values are given.

? Before energy minimization.

¢ RMSD values relative to the mean coordinates.

Results

Production and spectroscopic characterization
of two variant prion proteins

The two variant proteins hPrP(M166C/E221C)
and hPrP(M166C/Y225C) were expressed as
inclusion bodies in Escherichia coli and purified by
high-affinity column refolding, which resulted in a
similar yield to wild-type hPrP(121-230).>'> The
formation of an additional disulfide bond was con-
firmed by mass spectrometry, and resulted in an
increase of the melting temperature by about 10 °C
for both proteins (data not shown). The variant
proteins were uniformly "°C,'”N-labeled for reson-
ance assignment and structure determination. Sol-
utions containing 1mM protein and 10 mM
sodium acetate at pH 4.5 and 20 °C were used for
the NMR experiments.

The 'H NMR spectra of both proteins showed
that the preparations are homogeneous, and the
chemical shift dispersion is typical for globular
proteins. Closely similar structures are clearly
apparent by the chemical shifts observed by two-
dimensional  ["“N,'H]-correlation  spectroscopy
(COSY) (Figure 2). However, whereas in the spec-
trum of hPrP(M166C/E221C) (Figure 2(a)) all 108
expected backbone amide resonances were
observed (the thrombin cleavage site adds a Gly-

Ser dipeptide preceding the N terminus of the
prion protein sequence,'” so that the resonances of
Ser120 and Vall2l are also observed in the
[°N,'H]-COSY spectrum), we could identify only
103 backbone amide resonances in hPrP(M166C/
Y225C) (Figure 2(b)). Throughout, the resonance
lines of the amide protons in hPrP(M166C/Y225C)
are broadened by about 6 Hz in comparison with
spectrum A, which indicates transient aggregation
of this variant protein into oligomers.

Resonance assignment and structure
determination of hPrP(M166C/E221C)

Sequence-specific backbone assignments were
obtained using standard triple-resonance exper-
iments with the °C,"’N-labeled protein,"” and the
sequence-specific assignments were independently
confirmed by sequential and medium-range
nuclear Overhauser enhancement (NOE) cross-
peaks.”* All polypeptide backbone resonances
were assigned, including the amide nitrogen
atoms and amide protons of all the residues in the
loop 165-172 and of Phel75 (Figure 2(a)), which
were not detected in the wild-type protein.®> At
least either one heteronuclear sequential scalar
connectivity or a sequential NOE has been
observed for each pair of neighboring residues.
The side-chains were assigned based on chemical
shift comparison with wild-type hPrP(121-230),
and have been confirmed using a three-dimen-
sional '"N-resolved ['H,'H]-total correlation spec-
troscopy (TOCSY) spectrum.” The side-chain
assignments of non-labile protons are complete,
with the sole exceptions of eCH of His155 and
His187, and {CH of Phel75 and Phel98. Among
the labile side-chain protons, the amide groups of
all seven Asn and GIn residues and the e-proton
resonances of the eight Arg residues were assigned
by intraresidual NOEs." Of the side-chain
hydroxyl protons of Ser, Thr and Tyr only the res-
onance of Thr183 could be observed and assigned.

The methyl groups of the nine Val and two Leu
residues in hPrP(M166C/E221C) were stereospeci-
fically assigned, and additional stereospecific
assignments were obtained for two oCH, 30
BCH,, 17 yCH, and four 8CH, groups, using the
program FOUND'" implemented in the DYANA
package."” The CP resonances of the four Cys resi-
dues are all strongly downfield-shifted in the range
39.6—41.6 ppm, confirming that they all form disul-
fide bonds."®

A total of 4477 nuclear Overhauser enhancement
spectroscopy (NOESY) cross-peaks were interac-
tively picked and integrated in a 750 MHz three-
dimensional combined N /%C-resolved ['H,'H]-
NOESY spectrum recorded in H,O with a mixing
time of 40 ms. Using the two peak lists for NOEs
with at least one "N-bound and at least one “C-
bound proton, respectively, and the chemical shift
list as input for the programs CANDID for auto-
mated NOE assignment' and DYANA for struc-
ture calculation'” (see Materials and Methods for
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Figure 3. Stereo views of the NMR structure of hPrP(M166C/E221C). (a) Backbone of 20 energy-refined DYANA
conformers superimposed for best fit of the N, C* and C’ atoms of residues 125-228. (b) All-heavy-atom representation
of the conformer from (a) with the smallest deviation from the mean coordinates. The backbone is shown as a yellow
spline function through the C* positions, hydrophobic side-chains are cyan, and polar and charged side-chains are
pink. In both drawings the two disulfide bridges are drawn in white.

details), 1775 NOE upper limit distance constraints
were obtained. As supplementary conformational
constraints, all residues with *C* chemical shifts
deviating from the random coil values by more
than 1.5 ppm were subjected to the following
bounds on the dihedral torsion angles: —120° <
® < -20° and —100°< ¥ <° for deviations
>1.5 ppm; —200° < ® < —80° and 40° < ¥ < 220°
for deviations <—1.5 ppm.* The combined infor-
mation from the intraresidual and sequential
NOEs, and the "C* chemical shifts used as input
for the program FOUND yielded 458 constraints
on dihedral angles ¢, ¥, x' and x> Three upper
and three lower distance limits were used to
enforce each of the two disulfide bonds Cys166-
Cys221 and Cys179-Cys214.*' The final DYANA
calculation in the seventh cycle of the CANDID
standard protocol” was performed with 100 ran-
domized starting structures, and the 20 best
DYANA conformers were further energy-refined
with the program OPALp.*>* The resulting bundle
of 20 energy-minimized conformers is used to rep-

resent the NMR structure. Table 1 gives a survey
of the results of the structure calculation. The
small residual constraint violations show that the
structure is consistent with the experimental con-
straints, and the global RMSD values among the
bundle of 20 conformers are representative of a
high-quality structure determination (Figure 3).

New calculation of the wild-type hPrP(121-
230) NMR structure with the programs CANDID
and DYANA

Given that the main interest of this paper is
focused on comparison of variant human prion
proteins with wild-type hPrP(121-230), we re-eval-
uated the NOE input data and repeated the struc-
ture calculation of the previously published
hPrP(121-230) structure* with the new CANDID/
DYANA protocol."” This ensures that the structure
comparisons in this paper are not influenced by
systematic differences that might arise from the
use of somewhat different protocols for data
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Figure 4. Comparison of the mean NMR structures of
hPrP(M166C/E221C) (yellow) and hPrP(121-230)
(magenta). (a) Residues 125-228. (b) Residues 221-230.
(c) Residues 165-172. In this presentation, a spline func-
tion was drawn through the C* positions, and the radius
of the cylindrical rods was adjusted proportional to the
mean global backbone displacement per residue among
the 20 energy-minimized conformers used to represent
the solution structure.* The relative orientations of the
two molecules resulted from a superposition for best fit
of the backbone heavy atoms in the segment bounded
by the sequence positions indicated in the Figure. In (a)
the disulfide bridges in hPrP(M166C/E221C) and wild-
type hPrP(121-230) are drawn in cyan and white,
respectively.

analysis and calculation of the new structures of
variant proteins and the reference wild-type
structure.

Influence of the additional disulfide bond on
conformational equilibria in the NMR structure
of hPrP(M166C/E221C)

The NMR structure of hPrP(M166C/E221C) has
the same global fold as hPrP(121-230), with an
RMSD value of 1.08 A between the backbone
heavy atoms of residues 125-228 in the mean
structures of the two proteins (Figure 4(a)). Regular
secondary structures include a short two-stranded
anti-parallel B-sheet with residues 128-131 and

161-164, helix o1 with residues 144-154, helix a2
with residues 173-194, and helix a3 with residues
200-228.

Within the framework of the preserved global
structure, there are variations in the precision of
the structure determination for loop 165-172 in
the variant and wild-type hPrP(121-230). In the
wild-type protein, the backbone amide resonances
of three amino acid residues in the loop 165-172
are not observable, presumably because of line
broadening attributable to slow conformational
exchange on the NMR chemical shift time scale.”
This results in reduced precision of the structure
determination for the segment 165-172, because
of scarcity of NOE upper distance limit constraints.
In contrast, complete polypeptide backbone assign-
ments were obtained for hPrP(M166C/E221C),
which enabled the identification of additional med-
ium-range NOEs in the loop 165-172, which is
therefore significantly better defined than in the
wild-type protein (Figure 4(c)). The disulfide bond
between Cys166 and Cys221 thus seems to reduce
the conformation space accessible to the loop 165-
172 and thus to largely suppress the previously
observed exchange broadening of backbone amide
resonances in this polypeptide segment.”

The helix a3 is equally well defined in
hPrP(M166C/E221C) and hPrP(121-230) (Figure
4(b)), and differences between the two structures
are within the conformation space spanned by the
bundles of 20 conformers (Figure 4(a)). These
observations in the calculated structures correlate
with near-identical density of NOE distance con-
straints, in particular medium-range constraints
dan(i,i+3), dun(,i+4) and dup(i,i +3), which
have a dominant influence on the regular a-helix
fold." Because of the dependence of the NOE
intensity on the inverse sixth power of the distance
d, only folded forms of a polypeptide with short d
values contribute significantly to the observed
NOEs, so that in the presence of rapid confor-
mational equilibria with unfolded forms only the
folded structure is usually obtained in a NOE-
based NMR structure determination. Different
averaging applies to the differences between
observed and random coil *C* chemical shifts,
A3(*C*), which can therefore be qualitatively
related to the populations of regular secondary
structures.***° Figure 5(a) shows that although
for all “C* atoms located within helix o3 of
hPrP(M166C/E221C) the resonances are shifted
downfield relative to the random coil shifts, the
smaller values of AS(13C®), for all residues in the
C-terminal two turns indicate lower population of
the a-helical structure towards the C terminus.
Considering that it appears not to be manifested
in the NOE-based structure (Figure 4(a) and (b)),
this equilibrium seems to be with unfolded forms
of the polypeptide. Comparing the values of
AS(PC®), between hPrP(M166C/E221C) and
hPrP(121-230) further shows that all but one of
the chemical shifts within the segment 222-228 of
the variant protein are shifted upfield (Figure
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Figure 5. Plots versus the hPrP(121-230) amino acid sequence of *C* chemical shift differences, AS(*3C®). (a) and (b),
hPrP(M166C/E221C) and hPrP(M166C/Y225C), respectively, versus the random coil shifts;'** (c) and (d),
hPrP(M166C/E221C) and hPrP(M166C/Y225C), respectively, versus wild-type hPrP(121-230).> The positions of the
amino acid replacements in the two variants of hPrP(121-230) are indicated by the sequence positions. The rectangle
in (b) and (d) indicates the residues 164-171, for which the C® chemical shifts could not be assigned in
hPrP(M166C/Y225C). In (c) and (d), no data are given for residues 169 and 175, since these *C* chemical shifts could
not be assigned in hPrP(121-230). The locations of the regular secondary structure elements are given at the top.
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Figure 6. Steady-state N{'H}-
NOEs of hPrP(M166C/E221C)
(black bars) and hPrP(121-230)
(open squares). For hPrP(121-230),
the amide protons of residues 169,
170, 171 and 175 could not be
observed because of line broaden-
ing. Residues 137, 158 and 165 are
proline. The locations of the regular
secondary structure elements are
indicated at the bottom.
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Table 2. Characterization of two-disulfide variants of hPrP(121-230) calculated after adding constraints for the intro-
duction of an extra disulfide bond to the input used previously for the structure determination of wild-type
hPrP(121-230)

Disulfide bond constraints NOEs? Target function® Violations® RMSD* RMSD*
179-214 (wild-type) 1798 0.74 + 0.07 00 0.65 = 0.10

166-221, 179-214 1767 0.73 + 0.07 00 0.62 = 0.12 0.54
166-225, 179-214 1767 0.76 + 0.08 0+0 0.72 = 0.11 0.47
165-221, 179-214 1777 0.78 + 0.08 0+0 0.67 + 0.13 0.26
165-222, 179-214 1780 1.09 = 0.15 00 0.66 = 0.12 0.66
165-225, 179-214 1776 0.84 = 0.10 0+0 0.71 = 0.09 0.99
166-222, 179-214 1770 0.80 + 0.08 00 0.65 + 0.16 0.42
166-179, 214-221 1767 23.1 = 0.40 4+1 0.80 = 0.12 3.47
166-214, 179-221 1767 14.8 = 0.45 5+0 0.83 +0.23 3.58

Eight different variant proteins were generated by combination of the two natural Cys residues and two artificial extra Cys residues
into two disulfide bonds, where the extra cysteine residues occupy five different sequence positions. The input for the structure cal-
culations was adapted from the input for wild-type hPrP(121-230) (see Figure 4), the data of which are also listed in the top row for
comparison. For the two Xxx-to-Cys exchanges, NOEs with side-chain protons beyond BCH, were eliminated from the NOE upper
distance constraints listed in the second column. Each of the disulfide bonds listed in the first column was enforced by the standard

three upper and three lower distance constraints.* Each calculation was started with 100 randomized structures.

2 Number of NOE upper distance constraints in the input.

 Residual DYANA target function value (A2). The average * standard deviation is given for a bundle of 20 conformers used to

represent the structure.

¢ Average number * standard deviation of residual upper limit disulfide bond constraint violations larger than 0.1 A. The number
of residual lower limit disulfide bond constraint violations >0.1 A was in all calculations between 0 and 1.
4 RMSD value (A, average * standard deviation) of the bundle of 20 conformers relative to the mean coordinates calculated for the

backbone heavy atoms N, C* and C’ of residues 125-228.

¢ RMSD value (A) between the mean structures of the variant protein and hPrP(121-230) calculated for residues 125-228.

5(c)). The introduction of the additional disulfide
bond thus seems to slightly decrease the popu-
lation of helical structure in the C-terminal two
turns of a3.

The conformational equilibria manifested in the
BBC* chemical shifts correlate with intramolecular
rate processes that may be detected by measure-
ment of Theteronuclear N{'H}-NOEs. For
hPrP(121-230) and hPrP(M166C/E221C) the
I5N{'H}-NOEs show a uniform distribution over
most of the amino acid sequence, with typical
values for a globular protein with the size of
hPrP(121-230) (Figure 6). Besides the last two
turns of helix a3, only the residues 121-126,
which are unstructured and connect the globular
domain with the flexible tail in the intact PrP, and
the residues 191-198, which form the somewhat
disordered C-terminal end of helix a2 and the sub-
sequent loop,” show decreased positive or negative
PN{'H}-NOE values. In both proteins the helix a3
is thus the only well-defined structural region
with somewhat higher-than-average internal mobi-
lity, and the introduction of the extra disulfide
bond in hPrP(M166C/E221C) causes both a lower-
ing of the population of the a3 helix structure and
a slight increase of its internal mobility.

Spectroscopic characterization of hPrP(M166C/
Y225C)

The increased linewidths in the NMR spectra of
hPrP(M166C/Y225C) (Figure 2(b)) precluded com-
plete backbone assignments. No unambiguous
assignments could be obtained for the amide pro-
tons and amide nitrogen atoms of Argl64, Cys166,
Aspl67, Glulée8, Tyrle9, Serl70, Asnl71 and

Phel75. In view of both the limited quality of the
NMR data and the results of the model calculations
described below, we only completed a *C* chemi-
cal shift-based analysis of regular secondary struc-
ture. As a result, the 3¥C* chemical shift
differences relative to the random coil shifts
(Figure 5(b)) as well as relative to wild-type
hPrP(121-230) (Figure 5(d)) show that the second-
ary structure elements of the wild-type hPrP(121-
230) are conserved also for this variant protein.

Model calculations for additional hPrP(121-
230) variants with two disulfide bonds

To investigate the compatibility of the wild-type
hPrP(121-230) structure with alternative position-
ing of an extra disulfide bridge, we used the pro-
gram DYANA'" for a series of model calculations.
As an input for these calculations we used the
same distance and dihedral angle constraints as
for the aforementioned new structure determi-
nation of hPrP(121-230), except that three upper
and three lower distance limits were added to
enforce each one of the different individual extra
disulfide bonds,” and all NOE constraints with
protons beyond BCH, of the residues that were
replaced by cysteine were eliminated. The results
in Table 2 show that all the calculations with disul-
fide constraints linking residues 165 or 166 with
any of the residues 221, 222 or 225 converged
well, with no or only a slight increase of the
residual DYANA target function value when com-
pared to the calculation for hPrP(121-230). Fur-
thermore, the introduction of these disulfide
bonds did in no case lead to significant residual
upper limit disulfide constraint violations, and the
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Figure 7. Comparison of the three-dimensional struc-
tures of hPrP(M166C/E221C) and hDpl(24-152) (the
drawing was prepared from the atom coordinates depos-
ited in the Protein Data Bank, accession code 1L.G4).! The
hPrP(M166C/E221C) molecule has approximately the
same orientation as in Figure 3. The superposition of the
two molecules is for best fit of the backbone atoms of
the helical polypeptide segments 146-152, 173-186 and
201-215 in hPrP(M166C/E221C) with 74-80, 102-115
and 127-141 in hDpl. The following color code was
used: orange and white, polypeptide backbone (residues
125-230) and disulfide bridges of hPrP(M166C/E221C),
respectively; green and yellow, backbone (residues 56—
152) and disulfide bridges of hDpl, respectively.

root-mean-square deviation of the variant protein
relative to the mean coordinates of hPrP(121-230)
(RMSD) was within the conformation space
spanned by the 20 conformers. As an internal con-
trol we also investigated proteins with disulfide
bonds linking one of the wild-type Cys residues
with one of the artificial Cys residues. These calcu-
lations resulted in structures with extensively
increased residual target function values, disulfide
bond constraint violations, and RMSD values.

Discussion

Comparison of the globular domains of human
Dpl and human PrP reveals both close global simi-
larities and marked local differences.' Similar obser-
vations were reported for the corresponding murine
proteins.” Figure 7 illustrates the following differ-
ences between the hPrP and hDpl structures: within
the region of the hDpl structure that corresponds to
the presumed protein X epitope in hPrP,>* the helix
a3 is shortened by more than two turns, and the C-
terminal peptide segment 144149 is folded against
the loop connecting B2 and 2. Between the two pro-
teins, the plane of the B-sheet, which immediately
precedes the protein X epitope in the PrP sequence,
is rotated by about 180° with respect to the molecular

scaffold formed by the helical secondary structures,
and in hDpl it is located two residues closer to the
helix a1. Furthermore, in hDpl the helix a2 of hPrP,
which follows the protein X epitope in the PrP
sequence, is replaced by two shorter helices a2* and
a2". The present structure determination of a variant
human prion protein containing two disulfide bonds
now enables novel insights into the relations
between the molecular structures of hPrP and hDpl
in the region of the protein X epitope, which may
also support the ongoing search for the still
unknown functions of the two proteins.

The global structure of the variant hPrP is similar
to both wild-type hPrP (Figure 4) and hDpl (Figure
7). The RMSD value between the backbone heavy
atoms of residues involved in the common a-helices
of the mean structures of hPrP(M166C/E221C) and
hDpl is 1.69 A. After superposition of the three-
dimensional structures for minimal RMSD of this
scaffold (Figure 7), the positions and orientations of
the artificial disulfide bond in hPrP(M166C/E221C)
and of the corresponding natural disulfide bond in
hDpl are closely similar. This is rather surprising,
considering that in hDpl the disulfide bond Cys94-
Cys145 connects two segments without regular sec-
ondary structure, i.e. the loop 91-100 and the C-
terminal segment of residues 142-153, whereas in
the variant hPrP the disulfide Cys166-Cys221
anchors the mobile loop 165-172 against the helix
a3 (see Figures 1 and 7). From the present data it
appears plausible that the local structure of the pre-
sumed protein X epitope observed in PrP might
initially also have been present in Dpl, with a cystei-
nyl residue at position 94 forming a disulfide bond
with a second cysteinyl located in a position that
would have been compatible with the helix a3
extending all the way to the C terminus, e.g. position
147 (Figure 1). During further evolution, a deletion in
helix a3 could have relocated this cysteinyl into pos-
ition 145 (Figure 1), where it is incompatible with
regular a-helix structure beyond about residue 141.
Nature would then appear to have selected for this
disulfide bridge and the poorly structured C-term-
inal peptide segment. Since this disulfide bond is
common to all known mammalian Dpl sequences,"
there is a clear indication that this intriguing choice
of the Cys position nearest to the C terminus has a
specific role in the physiological Dpl function. A
different function of this structural region of Dpl
from that of the protein X epitope in PrP is indepen-
dently suggested by the fact that the loop 91-100
contains an Asn-linked glycosylation site at position
98," which has no counterpart in PrP. If protein X
interactions are indeed essential for prion propa-
gation, then the disulfide-related different confor-
mation in this molecular region of Dpl may provide
a rationale for the observation that no Dpl is found
in preparations of prions® and no evidence could so
far be obtained for a TSE that would be caused by
Dpl** In fact, the second disulfide bond in Dpl
may have evolved to prevent a conformational
transition into a pathogenic form by precluding an
interaction with protein X.
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Materials and Methods

Sample preparation and characterization

For the cloning, expression and purification of the two-
disulfide hPrP(121-230) variants in unlabeled form and
with uniform "C,®N-labeling we closely followed the
strategy used for the preparation of wild-type hPrP>*
where double-residue exchanges were constructed follow-
ing the Quickchange site-directed mutagenesis protocol
(Stratagene). Protein solutions of 1 mM in 90% H,O/10%
*H,0O containing 10 mM [d,]-sodium acetate at pH 4.5 for
NMR spectroscopy were obtained using Ultrafree-15 Cen-
trifugal Filter Biomax Devices (Millipore).

NMR measurements and structure calculations

The NMR measurements were performed on Bruker
DRX500, DRX600 and DRX750 spectrometers equipped
with four radio-frequency channels and triple resonance
probeheads with shielded z-gradient coils. For the collec-
tion of conformational constraints, a three-dimensional
combined '"N/"C-resolved ['H,'H]-NOESY spectrum®'**
in H,O was recorded with a mixing time T, = 40 ms at
T=20°C, 256(t;)x50(t;) X 1024(t3) complex points,
tl,max(lH) =28.4ms, t27max(15N) =20.6 ms, t2,max( 3C) =
8.3 ms, t3,max(1H) =97.5ms, and this data set was zero-
filled to 512 X 128 X 2048 points. Processing of the spectra
was performed with the program PROSA.* The 'H, "N
and ®*C chemical shifts have been calibrated relative to
2,2-dimethyl-2-silapentane-5-sulfonate, sodium salt.

Steady-state N{'H}-NOEs were measured at
600 MHz following the method described.** using a pro-
ton saturation period of five seconds by applying a cas-
cade of 120° pulses in 20ms intervals;
t1 max(*°N) = 61.0 ms, £ max(*H) = 142.6 ms, time domain
data size 152 X 1024 complex points.

NOE assignment was obtained using the CANDID
software’ in combination with the structure calculation
program DYANA.” CANDID and DYANA perform
automated NOE-assignment and distance calibration of
NOE intensities, removal of covalently fixed distance
constraints, structure calculation with torsion angle
dynamics, and automatic NOE upper distance limit vio-
lation analysis. As input for CANDID, peak lists of the
aforementioned NOESY spectrum were generated by
interactive peak picking with the program XEASY* and
automatic integration of the peak volumes with the pro-
gram SPSCAN (Ralf Glaser, personal communication).
The input for the calculations with CANDID and
DYANA contained these peak lists, a chemical shift list
from the previous sequence-specific resonance assign-
ment, and dihedral angle constraints for the backbone
angles ¢ and ¢ that were derived from C® shifts.”® The
calculation followed the standard protocol of seven
cycles of iterative NOE assignment and structure
calculation.” During the first six CANDID cycles, ambig-
uous distance constraints® were used. For the final struc-
ture calculation, only NOE distance constraints were
retained that correspond to NOE cross-peaks with unam-
biguous assignment after the sixth cycle of calculation.
Stereospecific assignments were identified by compari-
son of upper distance limits with the structure resulting
from the sixth CANDID cycle.”” The 20 conformers with
the lowest final DYANA target function values were
energy-minimized in a water shell with the program
OPALp,”* using the AMBER force field.*® The program
MOLMOL” was used to analyze the resulting 20

energy-minimized conformers (Tables 1 and 2) and to
prepare drawings of the structures.

Atomic coordinates

The atomic coordinates of the bundle of 20 conformers
have been deposited with the Protein Data Bank, acces-
sion code 1THOL. The 'H, *C and *N chemical shifts for
hPrP(M166C/ E221C) have been deposited with the Bio-
logical Magnetic Resonance Bank, file 5378.
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