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Prion propagation involves a conformational transition of the
cellular form of prion protein (PrP€) to a disease-specific isomer
(PrP*°), shifting from a predominantly a-helical conformation
to one dominated by f-sheet structure. This conformational
transition is of critical importance in understanding the molec-
ular basis for prion disease. Here, we elucidate the conforma-
tional properties of a disulfide-reduced fragment of human PrP
spanning residues 91-231 under acidic conditions, using a com-
bination of heteronuclear NMR, analytical ultracentrifugation,
and circular dichroism. We find that this form of the protein,
which similarly to PrP5¢, is a potent inhibitor of the 26 S protea-
some, assembles into soluble oligomers that have significant
B-sheet content. The monomeric precursor to these oligomers
exhibits many of the characteristics of a molten globule inter-
mediate with some helical character in regions that form helices
I and III in the PrP€ conformation, whereas helix II exhibits
little evidence for adopting a helical conformation, suggesting
that this region is a likely source of interaction within the initial
phases of the transformation to a f-rich conformation. This
precursor state is almost as compact as the folded PrP€ structure
and, as it assembles, only residues 126 -227 are immobilized
within the oligomeric structure, leaving the remainder in a
mobile, random-coil state.

Prion diseases, such as Creutzfeldt-Jacob and Gerstmann-
Straussler-Scheinker in humans, scrapie in sheep, and bovine
spongiform encephalopathy in cattle, are fatal neurological dis-
orders associated with the deposition of an abnormally folded
form of a host-encoded glycoprotein, prion (PrP)? (1). These
diseases may be inherited, arise sporadically, or be acquired
through the transmission of an infectious agent (2, 3). The dis-
ease-associated form of the protein, termed the scrapie form or
PrP%¢, differs from the normal cellular form (PrP<) through a
conformational change, resulting in a significant increase in the
B-sheet content and protease resistance of the protein (3, 4).
PrP<, in contrast, consists of a predominantly a-helical struc-
tured domain and an unstructured N-terminal domain, which
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is capable of binding a number of divalent metals (5-12). A
single disulfide bond links two of the main a-helices and forms
an integral part of the core of the structured domain (13, 14).

According to the protein-only hypothesis (15), the infectious
agent is composed of a conformational isomer of PrP (16) that
is able to convert other isoforms to the infectious isomer in an
autocatalytic manner. Despite numerous studies, little is known
about the mechanism of conversion of PrP“ to PrP*“. The most
coherent and general model proposed thus far is that PrP< fluc-
tuates between the dominant native state and minor conforma-
tions, one or a set of which can self-associate in an ordered
manner to produce a stable supramolecular structure com-
posed of misfolded PrP monomers (3, 17). This stable, oligo-
meric species can then bind to, and stabilize, rare non-native
monomer conformations that are structurally complementary.
In this manner, new monomeric chains are recruited and the
system can propagate.

In view of the above model, considerable effort has been
devoted to generating and characterizing alternative, possibly
PrP5“-like, conformations in the hope of identifying common
properties or features that facilitate the formation of amyloid
oligomers. This has been accomplished either through PrP%¢-
dependent conversion reactions (18 -20) or through conver-
sion of PrP€ in the absence of a PrP%® template (21-25). The
latter approach, using mainly disulfide-oxidized recombinant
PrP, has generated a wide range of novel conformations formed
under non-physiological conditions where the native state is
relatively destabilized. These conformations have ranged from
near-native (14, 26, 27), to those that display significant B-sheet
content (21, 23, 28-33). The majority of these latter species
have shown a high propensity for aggregation, although not all
are on-pathway to the formation of amyloid. Many of these
non-native states also display some of the characteristics of
PrP%, such as increased B-sheet content, protease resistance,
and a propensity for oligomerization (28, 29, 31) and some have
been claimed to be associated with the disease process (34).

One such PrP folding intermediate, termed B-PrP, differs
from the majority of studied PrP intermediate states in that it is
formed by refolding the PrP molecule from the native a-helical
conformation (here termed «-PrP), at acidic pH in a reduced
state, with the disulfide bond broken (22, 35). Although no
covalent differences between the PrP< and PrP*° have been
consistently identified to date, the role of the disulfide bond in
prion propagation remains disputed (25, 36 —39). B-PrP is rich
in B-sheet structure (22, 35), and displays many of the charac-
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teristics of a PrP*¢-like precursor molecule, such as partial
resistance to proteinase K digestion, and the ability to form
amyloid fibrils in the presence of physiological concentrations
of salts (40).

The B-PrP species previously characterized, spanning resi-
dues 91-231 of PrP, was soluble at low ionic strength buffers
and monomeric, according to elution volume on gel filtration
(22). NMR analysis showed that it displayed radically different
spectra to those of a-PrP, with considerably fewer observable
peaks and markedly reduced chemical shift dispersion. Data
from circular dichroism experiments showed that fixed side
chain (tertiary) interactions were lost, in contrast to the well
defined B-sheet secondary structure, and thus in conjunction
with the NMR data, indicated that B-PrP possessed a number of
characteristics associated with a “molten globule” folding inter-
mediate (22). Such states have been proposed to be important
in amyloid and fibril formation (41). Indeed, antibodies raised
against B-PrP (e.g ICSM33) are capable of recognizing native
PrP5¢ (but not PrP“) (42—44). Subsequently, a related study
examining the role of the disulfide bond in PrP folding con-
firmed that a monomeric molten globule-like form of PrP was
formed on refolding the disulfide-reduced protein at acidic pH,
but reported that, under their conditions, the circular dichro-
ism response interpreted as (3-sheet structure was associated
with protein oligomerization (45). Indeed, atomic force micros-
copy on oligomeric full-length B-PrP (residues 23-231) shows
small, round particles, showing that it is capable of formation of
oligomers without forming fibrils (35). Notably, however, salt-
induced oligomeric 3-PrP has been shown to be a potent inhib-
itor of the 26 S proteasome, in a similar manner to PrP5¢ (46).
Impairment of the ubiquitin-proteasome system in vivo has
been linked to prion neuropathology in prion-infected mice
(46).

Although the global properties of several PrP intermediate
states have been determined (30-32, 35), no information on
their conformational properties on a sequence-specific basis
has been obtained. Their conformational properties are consid-
ered important, as the elucidation of the chain conformation
may provide information on the way in which these chains pack
in the assembly process, and also potentially provide clues on
the mechanism of amyloid assembly and the phenomenon of
prion strains. As the conformational fluctuations and heteroge-
neity of molten globule states give rise to broad NMR spectra
that preclude direct observation of their conformational prop-
erties by NMR (47-50), here we use denaturant titration exper-
iments to determine the conformational properties of 3-PrP,
through the population of the unfolded state that is visible by
NMR. In addition, we use circular dichroism and analytical
ultracentrifugation to examine the global structural properties,
and the distribution of multimeric species that are formed from
B-PrP.

EXPERIMENTAL PROCEDURES

Protein Expression, Purification, and Preparation—The pro-
tein construct used in this study comprised residues 91-231 of
human prion protein (huPrP®'~>*!), Expression and purifica-
tion of '’N- and '*C/'*N-labeled protein for NMR study was
carried out as described previously (6). Samples were stored in
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6 M guanidinium hydrochloride, 100 mm EDTA, pH 8.0 at
—20 °C, prior to use. Protein samples were converted from the
normal a-helical (a-PrP) conformation to the B-sheet confor-
mation (B-PrP), by reducing the protein disulfide bond and
refolding at acidic pH as previously described (22). Briefly, puri-
fied a-PrP was denatured by the addition of guanidinium
hydrochloride to 6 M in the presence of 100 mm DTT, refolded
under reducing conditions by dialysis against 10 mm sodium
acetate, 2 mm DTT, pH 4, and subject to ultracentrifugation at
150,000 X g for 4 h. The yield for conversion to B-PrP was 88%,
calculated prior to ultracentrifugation, and 27% after.

13C/'®N-labeled protein samples for the backbone assign-
ment of the urea-denatured unfolded state of PrP were buffer
exchanged by repeated concentration/dilution in Amicon 50
pressure cells into 10 mM sodium acetate, 2 mm sodium azide,
pH4.0,2mMDTT (10% D,O (v/v)) containing 5 M urea. Sample
protein concentrations were 1.1 mm.

NMR Spectroscopy—NMR spectra were acquired at 298 K on
Bruker DRX-600 and DRX-800 spectrometers equipped with
5-mm '*C/"*N/'H triple-resonance probes. Proton chemical
shifts were referenced to 1 mm TSP added to the samples. *°N
and '3C chemical shifts were calculated relative to TSP, using
the gyromagnetic ratios of '°N, '3C, and 'H (**N/'H =
0.101329118, *C/™H = 0.25144953). NMR data were pro-
cessed and analyzed on Linux Workstations using Felix 2004
(Accelrys, San Diego, CA) software.

Backbone Resonance Assignments of the Unfolded States
of Prion Protein—Backbone resonance assignments were
achieved using the standard suite of triple resonance exper-
iments (HNCO, HN(CA)CO, HNCACB, and CBCA(CO)NH)
(51-54). Peak picking was performed semimanually. The back-
bone assignment methodology used the “asstools” set of assign-
ment programs (55). The default option and values within the
program were used, with the standard table of C* and C’ chem-
ical shifts replaced with a table containing ranges of 0.5 ppm
from random coil values. The long >C’ and '°N T, relaxation
times allowed long '>C’ (180 ms) and '°N (69 ms) acquisition
times, giving good resolution in these dimensions in the HNCO
and HN(CA)CO spectra. C* and C® matches were used mainly
for residue-type and preceding residue-type identification. All
peaks were assigned apart from residues 146 -148, 207-208,
and 211-212.

Urea Titration of Prion Protein Monitored by NMR Spec-
troscopy—For the measurement of backbone '*C chemical
shifts at varying urea concentrations, 500 um samples of >C/
'>N-labeled B-PrP in 10 mm sodium acetate, 2 mm sodium
azide, 1 mm TSP, 2 mMm DTT, pH 4.0 (10% D,O (v/v)), were
titrated with aliquots of freshly prepared 9 m urea in the
same buffer. Following each addition of denaturant, samples
were equilibrated for 60 min at 298 K, before being placed in
the magnet. C* and C' chemical shifts were determined
through HN(CO)CA and HNCO experiments, respectively (51,
53, 54), acquired at 298 K. As urea hydrolyzes, resulting in the
production of ammonia, the pH of samples was found to
increase over the course of the acquisition of triple resonance
spectra (2 to 4 days). (It was not possible to significantly
increase the buffering capacity of the sample as B-PrP is prone
to aggregation at high ionic strength.) Consequently, to mini-
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mize the change in sample pH over the range of urea concen-
trations monitored, the titration was carried out in three sepa-
rate titrations, with C* and C’ chemical shifts were determined
at the following urea concentrations: 0.61, 0.79, 1.10, and 1.51 wv;
1.53, 2.00, 2.50, 3.01, and 3.50 M; and 3.48, 3.98, 4.53, and 5.23 M.

As the acquisition of 'H-'>N HSQC spectra is considerably
faster than that of triple resonance spectra it was possible to
acquire HY and "N chemical shifts independently in single
'H-'>N HSQC titrations. For these, samples of 50 um and 500
uM *°N-labeled B-PrP in the same buffer described above were
titrated in an analogous manner to the '>C/'°N titrations.
'H-'>°N HSQC spectra were acquired using sensitivity
enhanced pulsed field gradient coherence selection (54, 56)
with acquisition times of 273 and 128 ms in the 'H and '°N
dimensions, respectively. The intensities of resolved HSQC
resonances were measured and normalized to the intensity
of the backbone resonance of residue Gly-94, which is
unstructured in «-PrP and B-PrP, and whose intensity
remained approximately constant throughout the titration.
The modulus of the 'H/'°N chemical shift differences
(Dmod) was calculated in the following way; Dmod = sqrt
((Ddhn)? + (Ddn/10)?), where Ddhn and Ddn are the chem-
ical shift differences in 'H and '°N, respectively.

Sample Preparation for Concurrent NMR/CD/Analytical
Ultracentrifugation (AUC) Experiments—B-PrP samples for
simultaneous CD and AUC analysis were prepared in various
concentrations of urea (0.0 -5.0 M) in 10 mm sodium acetate, 2
mMm DTT, 2 mMm sodium azide, pH 4.0, by dilution of the PrP
stock solution with buffer A (10 mMm sodium acetate, pH 4.0, 2
mMm DTT, 2 mMm sodium azide) and buffer B (9 M urea in 10 mm
sodium acetate, pH 4.0, 2 mm DTT, 2 mM sodium azide) as
appropriate. Samples were then concentrated to 50 um PrP
using Vivaspin 6 spin concentrators (Sartorius), and the flow-
through used as the matched buffer reference for CD and AUC
experiments.

CD Spectroscopy—Far-UV CD spectra were acquired on a
JASCO ]J-715 spectropolarimeter using 0.1-mm path length
cuvettes and typically 10 accumulations, with a bandwidth of
1 nm and integration 1 s~'. CD spectra were acquired both
before and after the ultracentrifugation, and at 50 um pro-
tein concentration in various concentrations of urea, as
described below.

Equilibrium Denaturation Data Monitored by CD—The
amide CD absorption of 50 um B-PrP in 10 mm sodium acetate,
2 mMm sodium azide, 2 mm DTT, pH 4.0, was recorded in varying
concentrations of urea as previously described (6, 13). The
mean residue ellipticity signal ([0]r) at 215 nm was converted to
the proportion of molecules in the unfolded state, o, accord-
ing to the relationship,

ay="1—=[(([0]r; = [0]rsm)/([8]rom — [O]rsm)) X 100]  (Eq. 1)

where [0]r,y, and [0]rs,, are the mean residue ellipticity values
for the beginning and end of the urea denaturation transition
(i.e. 0 and 100%, respectively). The normalized data were then
fitted to a two-state unfolding equation,

al = (Kyu, - exp(m-D))/(1 + Ky, - exp(m D)) (Eq.2)
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where m represents the sensitivity of the unfolding transition
to denaturant, K, represents the equilibrium constant
between the native and unfolded states, and D is the dena-
turant concentration.

The two-state unfolding model is not formally correct for the
observed B-PrP CD unfolding transition (see “Results”), as the
data represent a transition between monomeric species at high
urea concentration and multimeric species at lower urea con-
centrations. The form of the CD transition does nevertheless
follow that for two-state unfolding and therefore the data are
fitted to the two-state unfolding model to derive minimum and
maximum values for [6]r, representing the signal of folded and
unfolded species, regardless of association state. These values
were then used to derive the proportion of folded species at
each urea concentration.

Analytical Ultracentrifugation—Sedimentation velocity AUC
experiments were carried out using a Beckman Optima XL-1
analytical ultracentrifuge. Samples prepared for parallel CD
and sedimentation velocity analysis were loaded into Beckman
AUC sample cells with 12-mm optical path two-channel cen-
terpieces, with the matched buffer in the reference sector. Cells
were loaded into a AnTi-50 rotor and spun at 50,000 rpm;
scans were acquired using both interference and absorbance
optics (280 nm) at 10-min intervals over a period of 16 h. The
sedimentation profiles were analyzed using the software
SEDFIT (version 11.3) (57). Partial specific volume (v) for
huPrP?'"**! was calculated from the amino acid sequence using
SEDNTERP software. Buffer densities and viscosities were
measured using an Anton Paar DMA5000 density meter and an
Anton Paar AMVn automated microviscometer, respectively.
Sedimentation velocity data were analyzed using the c(s)
method of distribution (57) to characterize the sedimentation
coefficient distribution of all species present in solution. The
proportion of the monomer in each sample was calculated by
integration of the peak between 1 and 2 Svedbergs in the c(s)
distribution.

RESULTS

General Characteristics of B-PrP NMR Spectra—In the
absence of denaturant there is a substantial loss of both signal
intensity and chemical shift dispersion observed in the NMR
spectra of B-PrP (Fig. 1), when compared with a-PrP (58).
Under native conditions only 38 of the 137 possible resonances
of B-PrP are observable; features consistent with the formation
of a partially folded molten globule intermediate (47—-50). Pre-
viously, we assigned the visible NMR resonances of 3-PrP to the
region that is unstructured in a-PrP (residues 91-126 and 229 —
231); the signals from the remainder of the protein being too
broad to be observed (58). Thus, any structural rearrangements
that have occurred in B-PrP are within the region of the protein
that forms the folded core of both a-PrP and PrP. The N-ter-
minal residues of B-PrP show little chemical shift dispersion
and display chemical shift values close to those expected for
random coil; these residues also show chemical shift values that
are highly similar to those observed in native a-PrP (Fig. 1B).
The intensities of N-terminal residue peaks in B-PrP are also
similar to those of a-PrP. From '°N studies on a-PrP (6, 59), we
can conclude that, as in a-PrP, these residues are predomi-
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FIGURE 1. Equilibrium denaturation of B-PrP. A, one-dimensional NMR
spectra of 500 um '°N-labeled B-PrP at increasing urea concentrations. B, 'H-
SN HSQC spectra of '>N-labeled B-PrP in the absence of denaturant (black)
and the denatured state in 5.2 M urea (red). In the absence of denaturant, the
majority of resonances of B-PrP are not visible due to extensive line broaden-
ing (only 38 of the possible 137 resonances). Those that are visible arise from
the N and very C terminus (residues 91-126, 229-231), which are predomi-
nantly unstructured in B-PrP.

nantly unstructured (58). This is in contrast to full-length B-PrP
(residues 23-231), where residues 105-210 appear to be
engaged in intra- and/or intermolecular interactions (35). The
NMR characteristics of B-PrP appear similar to other partially
folded molten globule and oligomeric states of PrP (30, 32, 33),
which also contain a predominantly disordered N-terminal
region (residues 91-126) and a line broadened, unobservable
region corresponding to the folded domain of a-PrP. The latter
intermediates are, however, unlike B-PrP in that they are
formed with the native PrP€ disulfide bond intact; also they
have been shown to be off-pathway with respect to the forma-
tion of amyloid from native a-PrP (28, 29).

Assignment of Urea-denatured State—To determine the
structural characteristics of B-PrP on a per residue basis, it is
necessary to recover the line-broadened signals, a task that is
often readily achieved through the addition of a chemical dena-
turant (50, 60). Previous experiments demonstrated that 3-PrP
is prone to aggregation at high ionic strength and therefore urea
was used here as an alternative to guanidine hydrochloride, to
minimize any aggregation (58). One-dimensional 'H and two-
dimensional *H-">N HSQC spectra of B-PrP were recorded at
urea concentrations ranging from 0 to 5.2 M (Fig. 1). By 5.0 M
urea all the amide resonances expected for the fully denatured
protein are observable and, therefore, the unfolded state is
judged to be the predominant species. A backbone and CP
NMR assignment (C*, C?, C’ (carbonyl), HY, N*') was obtained
for the denatured state using a standard suite of triple-reso-
nance NMR experiments (14, 51-54). Sequential assignments
were achieved mainly through linking of preceding and intra-
residue carbonyl (C’) chemical shifts, utilizing the greater
chemical shift dispersion of the '>*C’ and '°N resonances (61),
with C* and CP matches used mainly for residue-type and pre-
ceding residue-type identification. The chemical shifts of the
C*, CP, and C’ resonances were found to be within the ranges
previously reported for random coils (62) and, therefore, indi-
cated that the protein was predominantly unfolded.
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FIGURE 2. Chemical shift changes (Ad) of representative B-PrP peaks in
HNCO and HN(CO)CA spectra. C* (A) and C’ (carbonyl) (B) chemical shift
changes (ppm) as a function of urea. Rapid loss of peak intensity (as illustrated
in Fig. 8) precluded measurement of data for certain residues at lower dena-
turant concentrations. A downfield (positive) chemical shift change is indica-
tive of formation of a-helical structure, with upfield (negative) shifts being
indicative of B-sheet.

Structured Regions within -PrP—To determine the confor-
mational properties of B-PrP in the absence of denaturant, the
chemical shifts of C* C’, HY, and N*' resonances were deter-
mined at concentrations of urea between 0 and 5.2 M. It is pos-
sible to follow the movement in NMR resonance frequencies
between denaturant concentrations, as the conformational
transitions taking place are fast relative to the NMR chemical
shift differences, leading to averaging of the NMR signals (the
fast exchange regime) (63). By tracking the change in chemical
shift and disappearance of individual resonances as a function
of the urea concentration (and the consequent change in the
relative populations of the unfolded state and B-PrP), it was
possible to identify structural regions in 8-PrP, as **C (in par-
ticular C* and C’) chemical shifts provide a reliable indication
of the structural preference of secondary structure elements
(62, 64). Fig. 2 shows the denaturant concentration dependence
of C*and C’ chemical shift changes observed for representative
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FIGURE 3. Chemical shift changes of backbone resonances of -PrP
between 5.2 and 3.5 m urea. C* (A) and carbonyl (C') (B) chemical shift
changes. '3C chemical shifts accurately indicate secondary structure ele-
ments (14, 64, 83). The regions that exhibit the largest chemical shift changes
are those that are found in helices | and lll of a-PrP, and which retain their
a-helicity in B-PrP. A significant number of residues (~19) are unobservable
below 3.5 m urea because of line broadening of resonances, precluding meas-
urement of data. C, "°N chemical shift changes. Although not as diagnostic of
secondary structure as '>C chemical shifts, the degree of '°N chemical shift
change reflects the change in the structural ensemble, and confirms '3C
chemical shift data that the conformational changes occurring in the region
comprising helix Il of a-PrP are less than the other helical regions.

residues from the region of B-PrP that are unobservable in the
absence of denaturant. The residues displayed are found within
regions of well defined secondary structure in a-PrP, with Leu-
130 and Tyr-163 present in the short anti-parallel S-sheet, and
the remainder found in its three a-helices. As can be seen in Fig.
2, the residues exhibit wide differences in both the direction
and magnitude of chemical shift changes for both C* and C’
resonances. For instance, Tyr-149 and Lys-204 (which are in
helices I and III of a-PrP) both experience strong downfield
(positive) shifts as the denaturant is decreased. Such downfield
chemical shift changes for C* and C’ indicate that these regions
of B-PrP exhibit a preference for backbone torsional angles (¢
and ) in the a-helical region (62, 65). In contrast Val-180,
found in a-helix II of a-PrP, exhibits very little change in chem-
ical shift throughout the course of the titration, whereas Leu-
130 and Tyr-163 (situated in the a-PrP B-sheet) and Thr-188
(at the end of helix II in a-PrP) show small upfield (negative)
shifts.
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FIGURE 4. C* chemical shift changes in 3-PrP between 5.2 and 3.5 m urea
displayed on the three-dimensional structure of PrP€ (6, 76). Residues
that show downfield C* chemical shift changes, and thus retain a-helicity
within B-PrP are colored red, whereas those that are in a more extended
conformation are colored from white to blue. The magnitude of the chemical
shift changes are also shown by the width of the backbone representation.
This figure was prepared using PyMOL (84).

A comparison of the changes in C* and C’ chemical shift
from throughout the protein are shown in Fig. 3. The changes
shown are those occurring between 3.5 and 5.2 M urea, as below
3.5 M urea a significant number of resonances (=19 in the triple
resonance spectra) became unobservable through line broad-
ening. Hence, the chosen range of urea concentrations is a com-
promise between the magnitude of the observed chemical shift
changesandthenumberofobservableresidues.(Thedenaturant-
dependent loss of peak intensities is discussed in greater detail
later.) The consistent sign and distribution of the chemical shift
changes as the population of B-PrP increases (Fig. 3) indicate
that many of the residues that adopt an a-helical conformation
in the native structure of a-PrP also adopt a helical conforma-
tion in B-PrP (residues 144 —154 and 200-228). These regions
of the protein correspond to helices I and III of a-PrP (Fig. 4).
Intriguingly, the region corresponding to helix II of «-PrP (res-
idues 172-194) shows little indication of adopting an a-helical
conformation in B-PrP. This is particularly interesting as helix
111, to which helix II is disulfide-bonded in a-PrP, still exhibits
distinct helix propensity. These observations are consistent
with data showing that the biochemical properties of ovine
PrP%¢ correlate with the ease of unwinding of helix II (66), and
are also consistent with the observed high intrinsic helix pro-
pensity of residues within helix I (residues 144 —154), which is
suggestive of stability against environmental changes, and
therefore a lower likelihood of initiating the transition from
PrP€ into PrP%¢ (67).

For these a-helical regions, the *C chemical shift changes
observed are in the range of 0.1-0.25 ppm for C* resonances,
and 0.05—0.23 ppm for C’ resonances (Fig. 3). In contrast, the
chemical shift changes observed in these regions following the
unfolding of a-PrP are 3.0 -5.0 ppm for C%, and 1.7-3.5 ppm for
C’ resonances (14). Thus, the chemical shift changes observed
in the unfolding of these regions of B-PrP between 3.5 and 5.2 M
urea are ~5% of the a-PrP native to denatured state unfolding
transition. The low denaturant dependence for these changes
(Fig. 2) indicate that the free energy and m-value changes asso-
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PrP%¢, It is also interesting to
observe that the residues immedi-
ately preceding helix I show similar
upfield C’ chemical shifts. Peptides
that contain residues 138 -141 but
not helix I, form fibrils more readily
than peptides that are devoid of this
region (70), and it has been sug-
gested that this region of the protein
may provide a nucleus for the oli-
gomerization (67).

Also of note are the measurable
13C shift changes in the unstruc-
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FIGURE 5. Equilibrium denaturation of B-PrP monitored by far-UV circular dichroism. A, equilibrium
unfolding profile, monitored by mean residue ellipticity at 215 nm. The solid line shows a non-linear least
squares fit to a two-state model for unfolding. This is for illustrative purposes, as the CD signal is reporting a
transition between a monomeric and oligomeric species (see “Experimental Procedures”). B, far-UV CD spectra
of B-PrP at increasing urea concentrations (0-5 m). Note the isodichroic point at 206 nm, which is strongly

indicative of an unfolding transition involving two states.

ciated with the folding of monomeric 3-PrP are relatively small,
and that the gain in structure is not associated with a concerted
large scale burial of hydrophobic groups. This is consistent with
the formation of a partly folded state. Indeed, the chemical shift
changes observed show an approximately linear dependence
with denaturant, indicating that the transition between the par-
tially folded and denatured state ensembles is not fully resolved,
and is incomplete in the range of accessible denaturant concen-
trations. Thus it is not possible to use the chemical shift changes
to extrapolate to the end point of the transition. However, by
extrapolating the observed linear chemical shifts to 0 M urea
this would indicate that in the absence of denaturant, helices I
and III in B-PrP would retain at least ~30% of their native
a-helicity (14) (Fig. 2) in zero denaturant. In comparison, the
native-like pH 4 molten-globule state of apomyoglobin retains
between 50 and 80% native structure for its four most struc-
tured helices (68), and 10-20% native structure in its pH 2.3
acid-denatured state (69).

For the remainder of the line-broadened region of -PrP, C*
chemical shift changes provide little consistent information on
the preferred conformational distribution, whereas the major-
ity of C’ shift changes are of a similar sign and magnitude to
those observed for the second strand of the a-PrP B-sheet (Fig.
3). Of interest are the C’ chemical shift changes observed for
residues 186 —195, which show small, but consistent C’ upfield
shift movements, suggesting a small preference for an extended
conformation. Given the small chemical shift changes observed
itis not possible to conclude whether this region is overwhelm-
ingly dominated by a B-type conformation, but as this region
comprises the C terminus of helix II of a-PrP (5, 6), it thus
displays a more extended conformation in B-PrP compared
with that seen in «-PrP (Fig. 4). This region of the protein pro-
vides the hinge in a three-dimensional domain-swapped dimer
of human PrP (39), and appears to undergo a marked confor-
mational change in ovine PrP° (66), suggesting a possible role
for this region of the protein in the conformational change to
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T tured N terminus of the protein
200 220 240 (residues 91-126). This region of
Wavelength (nm) the protein is predominantly

unstructured, as indicated by '°N
relaxation rates (6, 14). However,
previous studies have indicated that
this region of the protein may be
exchanging between more struc-
tured or collapsed states, as it exhib-
its differential peak intensities (14), and residues 105-126
appear to be capable of forming intra- and/or intermolecular
interactions in full-length B-PrP oligomers (35). The chemical
shift changes observed here suggest some change in conforma-
tional preferences for this region of the protein, the small C*
and C' chemical shift changes indicating that it may be sam-
pling more extended conformations, within B-PrP. This
region becomes partially secluded in PrP*¢ (71), and under-
goes a conformational change that is essential in prion prop-
agation (72, 73).

Comparison of CD Signal and NMR Chemical Shift Changes—
To obtain an overall view of secondary structure changes in
B-PrP as a function of denaturant concentration, the depend-
ence of the CD spectrum was measured over the same urea
concentration range as the NMR spectra (Fig. 5). In the absence
of denaturant the CD response is dominated by a 3-sheet-rich
species, and is similar to a soluble oligomeric form of PrP that
was induced by heat treatment of a-PrP in the presence of
phospholipids (31). At 5 m urea, however, the CD spectrum
corresponds to a largely unfolded species, in line with the NMR
data at high urea concentrations. The CD response at interme-
diate urea concentrations showed that, in contrast to «-PrP, the
denaturation of B-PrP demonstrated little evidence of a steep
unfolding transition. Instead, there was a gradual loss of sec-
ondary structure signal observed as the denaturant concentra-
tion was increased (Fig. 54), with a midpoint for the unfolding
transition at ~1.8-2.5 M urea. The lack of a steep unfolding
transition is in keeping with the idea that B-PrP in the absence
of denaturant is a molten globule that lacks significant tertiary
structure (47-50). The unfolding of B-PrP, however, retains
characteristics of a two-state transition, as indicated by the
apparent isodichroic point at 206 nm in the far-UV CD dena-
turation (Fig. 5B), implying that the primary CD-observable
species are the 3-sheet-rich species and the unfolded state.

Analysis of Sample Homogeneity—The lack of pronounced
NMR chemical shift changes consistent with a high proportion

VOLUME 284 -NUMBER 33+AUGUST 14, 2009



Conformational Properties of 3-PrP

broadening to such an extent that
they are unobservable. A small
(<2%) proportion of protein was
found to have a sedimentation
coefficient 1.4 S, however, the CD
spectrum of this species could not

determined unambiguously
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FIGURE 6. A, percentage of monomeric species populated in the equilibrium denaturation of B-PrP, as moni-
tored by sedimentation velocity AUC (black circles). The close association of the proportion of monomer with
theloss of CD signal (open squares) indicates that the B-sheet secondary structure is lost before or is co-incident
with the dissociation into monomer. B, continuous c(s) distribution characterizing the sedimentation coeffi-
cient of all species in a 50 um sample of '°N-labeled B-PrP, prior to, and following the high speed centrifugation

spin used in B-PrP purification (see “Experimental Procedures”).

of extended B-sheet structure within 3-PrP is at variance with
the strong B-sheet signal reported by CD. Additionally, the
range of urea concentrations over which chemical shift changes
can be reliably determined for many resonances corresponds to
concentrations at which greater than 90% of the 3-sheet signal
observed by CD has been lost (Fig. 5A4). The line broadening of
signals arising from the C terminus of B-PrP is consistent with
B-PrP being a molten globule; however, line broadening could
also be due to aggregation or multimerization of the molecule
(45), resulting in a molecule of high molecular weight and, thus,
long rotational correlation time (63). To differentiate between
these possibilities, sedimentation velocity AUC was employed
to identify species present during the 3-PrP denaturation. The
advantage of this technique over other commonly used tech-
niques for identifying multimeric species, such as size exclusion
chromatography and the measurement of hydrodynamic
radius by pulsed-field gradient NMR, is that all species present
within a sample can be observed (74), and complications arising
from subtly different solution conditions or calibrations are
avoided.

For this experiment a single 50 um sample of B-PrP was pre-
pared using the previously established B-PrP preparation pro-
tocol (58), and NMR, CD, and AUC denaturation data acquired
concurrently, within 24 h of sample preparation, to minimize
time-dependent aggregation. In this way, the correlation
between aggregation state, CD response, and NMR chemical
shift change could be unambiguously established.

The CD response and denaturant-dependent loss of NMR
signal of this sample was consistent with previously prepared
samples, with a minimum at 215 nm in the absence of denatur-
ant and a midpoint for the unfolding transition of ~1.8-2.5 M
urea (Fig. 6A4). The sedimentation coefficient distributions
showed that B-PrP did not sediment as a single species, but as a
mixture of oligomers in the absence of denaturant, the majority
(>98%) of B-PrP being multimeric (Fig. 6B). A broad distribu-
tion of species was found between 1 and ~30 S, the largest
species being of the order of 2 MDa. The high speed centrifu-
gation spin, which is part of the B-PrP purification protocol (see
“Experimental Procedures”), was found to remove species
greater than ~30 S (see Fig. 6B). The B-PrP sample could there-
fore be said to consist primarily of soluble oligomers, the
large molecular size of which resulting in NMR signals
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30 40 50 the sample. As the denaturant
concentration is increased, the
population of high molecular
weight oligomers decreased, and a
concomitant increase in the pro-
portion of the 1.4 S species was
observed; by 3 M urea ~90% of the
sample was composed of the 1.4 S
species (Fig. 6A4). This indicates that this species is the mon-
omer. Additionally, as the value of its sedimentation coeffi-
cient does not change significantly with increasing urea con-
centration, this shows that it has a conformation in the
absence of denaturant not dissimilar to that found under
denaturing conditions. Comparison with the CD denatur-
ation profile indicated that the denaturant-dependent loss of
oligomers was co-incident with the loss of the CD signal of a
B-sheet-rich species (Fig. 6A4) and, thus, the oligomeric spe-
cies give rise to the majority of the B-sheet CD response.

The form of the CD and AUC transitions follow that for a
two-state unfolding with low cooperativity, despite the change
in the association state of the protein, with apparently solely the
oligomeric (B-sheet-containing), and monomeric, unfolded
species populated. The apparent two-state nature of the CD
unfolding transition, as shown by the isodichroic point at 206
nm (Fig. 5B), indicates that the CD absorption spectrum of the
lower molecular weight oligomers is indistinguishable from
that of the larger scale oligomers and, thus, these species adopt
very similar extended secondary structures. This conclusion is
supported by the observation that the very high molecular
weight species that are removed by the high speed spin used in
the B-PrP purification exhibit a very similar CD spectrum to the
soluble B-PrP (data not shown). Hence, it appears that there is a
very similar 3-sheet structure adopted throughout the molec-
ular weight range of all the oligomeric species formed. Some
indication of the nature of the B-sheet structure can be gleaned
from Fourier transform infrared spectra of soluble B-PrP,
albeit from mouse, which are similar to those of ordered
fibrils but with a less pronounced 1622 cm™' maximum
characteristic of B-amyloid (40), rather than the amide [ peak
in the region of 1630 to 1643 cm !, which is typical of
natively folded B-sheet proteins (75). This suggests that the
B-sheet contacts in the soluble, oligomeric forms of B-PrP
are non-native and amyloid-like, and that the B-PrP oligo-
meric species are direct fibril precursors.

Structured Molten Globule Intermediate within the Dena-
tured-state Ensemble—In contrast to the apparent simplicity of
the CD transition, the NMR data indicate that the unfolded
state reported by CD displays significant non-uniform behavior
as a function of urea concentration, and constitutes a more
broadly populated ensemble than expected for a fully dena-
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FIGURE 7. Chemical Shift differences (A ) of B-PrP H" and N" resonances
between 4.5 and 2.5 m urea, at 500 (black circles) and 50 (open circles) um
B-PrP. A weighted average of both the 'H and >N chemical shift changes are
shown, taking into account the difference in the gyromagnetic ratios of 'H
and '°N (see “Experimental Procedures”). No significant differences between
the two protein concentrations are observed, thus the changes in chemical
shiftare not due to a changein protein association but rather due to a change
in the conformation of the monomeric protein.
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tured protein. Furthermore, the NMR data indicate a distribu-
tion of species in the denatured state ensemble containing a
sizable population of an intermediate species, which, whereas
not apparently containing a substantial 3-sheet structure, has a
conformation that is radically different than that of native
a-PrP. The observed changes in NMR chemical shifts reflect
a change in the conformational distribution of the mono-
meric component of B-PrP as it unfolds, rather than a change
in association of the protein, as there are no discernible dif-
ferences in chemical shift changes observed at reduced (50
versus 500 uMm) protein concentration (Fig. 7).

Some indication of the change in the conformational distri-
bution of the denatured state ensemble can be obtained from
AUC data, which show that there is an increase in hydrody-
namic radius (R,) of the monomeric species as the denaturant
concentration is increased, well beyond the mid-point of the
observed unfolding transition. The observed radii were 29, 32,
and 34 A at 3.0, 4.0, and 5.0 M urea, respectively. The R, value
obtained for B-PrP at 3 M urea correlates well with values
obtained for both the disulfide-free (28 A) (45) and disulfide-
oxidized (28.3 A) forms of a-PrP (32). Thus, the R, for the
denatured state ensemble is not significantly larger than that of
the native state, and considerably smaller than the calculated R,
of41.3 A for the fully unfolded and disulfide-reduced state (32).
This is suggestive of a population of a collapsed, partially struc-
tured intermediate state within the denatured state ensemble.

This conclusion is supported by changes in the NMR relax-
ation properties of nuclei of the line-broadened region of B-PrP
(residues 127-228). As the population of B-PrP increases with
reduced denaturant, there is a marked loss of NMR signal
intensities, with different regions of the protein experiencing
markedly different sensitivities to the lowering of denaturant.
For example, although the majority of resonances from the line-
broadened region of B-PrP are visible at urea concentrations
greater than 2.0 —2.5 M (approximately the mid-point of the CD
unfolding transition), resonances for residues in the middle of
helix III rapidly lose intensity, with a number broadening
beyond detection by 3.0 M urea (Fig. 8). Broadening of NMR
signals, resulting in less intense peaks, can arise in heterogene-
ous systems due to insufficient time averaging of sampled
chemical shifts, because of restricted mobility (typically
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FIGURE 8. Denaturant dependence of signal intensities. The ratio of back-
bone ('H/™N) B-PrP resonances in the "H-'°N HSQC spectra acquired at 2.5
and 4.5 m urea are shown, with intensities normalized on the intensity of
resonance Gly-94, which is in the unstructured region of B-PrP, and whose
intensity and chemical shift changes showed negligible denaturant depend-
ence. The dotted line shows the average signal loss for residues 129-231.

because of conformational fluctuations on a millisecond to
microsecond time scale) (63). This is a common observation in
molten globule states, and indicates that this region of the pro-
tein is undergoing complex motions on an intermediate time
scale. The lack of sensitivity of NMR chemical shift changes to
protein concentration show that this phenomenon is not due to
a change in the association state of the protein. Furthermore,
the line broadening of resonances showed no substantial corre-
lation with the 'H, '°N, or the modulus of the "H/**N chemical
shift changes, indicating that the observed loss of NMR peak
intensities in this range of urea concentrations reflect the
increased population of a structured intermediate state (within
the denatured state ensemble). The non-linearity of the reso-
nance intensity with population, however, make quantification
of the population unachievable.

DISCUSSION

The data presented here establish that, under the original
conditions in which a reduced and acidified form of recombi-
nant PrP comprising residues 91-231 (termed B-PrP because of
its high apparent content of 3-sheet structure as measured by
circular dichroism), is composed of a mixture of species.
Whereas, originally, gel filtration of B-PrP at low ionic strength
gave an elution position almost indistinguishable from the
PrP<-like a-PrP (the predominant conformation when the
disulfide bond is intact and the pH neutral), sedimentation
velocity analytical ultracentrifugation reveal that in the absence
of denaturant, 3-PrP consists predominantly of a broad distri-
bution of soluble oligomeric species, with a majority sediment-
ing between 6 and 20 Svedbergs. The distribution between oli-
gomers and monomeric species shifts toward the latter on
addition of urea as a denaturant.

The lack of a well defined oligomeric species within 91-231
B-PrP contrasts with the distinct spherical oligomers, which
were observed following the similar reduction of the disulfide
bond and refolding of full-length huPrP (residues 23-231) (35).
Furthermore, we observe that residues 91-127 are predomi-
nantly unstructured and visible in the NMR spectra of 91-231
B-PrP, in contrast to full-length 3-PrP, where residues 105-231
were found to be engaged in intra- and/or intermolecular inter-
actions. This result is intriguing, suggesting a role for the pre-
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dominantly unstructured peptide segment 23-90 in the confor-
mational transition to a distinct oligomeric species. This is not
without precedent, as Liihrs et al. (31) have observed that pep-
tide segment 105-120 is required for successful conversion of
a-PrP into a soluble oligomeric species, which displays similar
CD spectra to that observed for B-PrP, and there is evidence for
some residues of the unfolded region of PrP transiently contact-
ing the folded region of PrP (27, 76).

The monomeric species is an ensemble in fast conforma-
tional exchange comprising the unfolded state of the protein
and a collapsed, molten globule state, the latter indicated by the
differential loss of peak intensities at intermediate urea concen-
trations, a low degree of cooperativity in the unfolding transi-
tion, and a compact hydrodynamic radius. The sign and mag-
nitude of the chemical shift changes between the unfolded state
and the monomeric molten globule state indicate that two of
the three a-helices found in a-PrP retain their preference for an
a-helical conformation in the monomeric ensemble, but resi-
dues in helix II of a-PrP are in a more extended, random coil-
like conformation. A similar study, which used pressure to dis-
sociate oligomers of full-length B-PrP (35), identified the
resultant semi-stable monomers with PrP“*, a rare metastable
form of non-reduced PrP stabilized at high pressure (27). The
most stable region of this I, intermediate was in the region of
the disulfide bond linking helices II and III, which corre-
sponded well with hydrogen exchange data on oxidized PrP
(13). Although it is difficult at this stage to correlate these dis-
sociated monomeric species our data suggest that the loss of the
disulfide bond in B-PrP has a significant effect on the stability
the region surrounding the disulfide bond, and in particular on
the stability of helix IL.

The lack of stability of helical conformation within helix II
fits with a previously proposed model for PrP>¢ formation (39),
where dimerization and domain swapping involving this region
of PrP occur early in the process. However, whereas the crystal
structure of the a-helical domain-swapped dimer of PrP can be
accommodated in B-PrP fibril subunits, the lack of significant
a-helicity observed in the far-UV CD spectra of B-PrP oli-
gomers and fibrils is inconsistent with this conformation con-
stituting the fibril subunits (40). Furthermore, EPR measure-
ments of recombinant PrP fibrils are consistent with a parallel,
in-register B-sheet arrangement for the monomeric units dom-
inating the conformations within the fibrils (77). Nevertheless,
the disordered nature of the B-PrP precursor state parallels the
behavior of the precursor states of a number of other amyloi-
dogenic proteins (60, 78 —80), where the fluctuating, partially
structured nature of these precursors appears to allow more
readily the formation of specific intermolecular contacts
required for the formation of higher order oligomers and fibril-
lar structures. Hence, the region surrounding helix II of PrP is a
likely source of interaction with the initial phases of the trans-
formation to a B-rich conformation. Indeed, this region of PrP
has been identified to be the most amyloidogenic within PrP
(81).

Presently, there is uncertainty over the precise cause of
prion-mediated neurodegeneration (82), but there is growing
evidence that prion protein neurotoxicity may be mediated
through toxic oligomers, with smaller intermediate oligomeric
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species being biologically more active than larger amyloid
fibrils (82). In common with native PrP5¢, oligomeric B-PrP is a
potent inhibitor of the 26 S proteasome, an integral part of the
ubiquitin-proteasome system (46), which protects the cell
against potentially toxic effects of protein aggregation. In con-
trast, amyloid fibrils generated from recombinant protein, and
from other amyloidogenic proteins, do not elicit such a
response. Together with recent data suggesting that prion dis-
ease is associated in vivo with dysfunction of the ubiquitin-
proteasome system (46), and the observation that antibodies
raised against B-PrP are capable of recognizing native PrP*<,
but not PrP€ (42-44), this suggests that B-PrP is likely to be of
biological significance in prion disease. Here, we have estab-
lished that the oligomeric species that make up the majority of
B-PrP share a common f3-sheet structure, suggesting that the
arrangements of PrP chains within the oligomers is common
throughout, and it is the macromolecular organization that is
the predominant difference between the components of the
oligomeric mixture. Hence, further dissection of the nature of
the oligomeric species within B-PrP should lead to a greater
understanding of the molecular basis of prion toxicity.
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