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Misfolding of the cellular isoform of the prion protein (PrPC)
to the abnormal aggregated isoform (PrPSc) is the central
hallmark of transmissible spongiform encephalopathies
(TSEs) also known as prion diseases.[1, 2] During misfolding,
major structural rearrangement occurs encompassing the
entire polypeptide chain. The monomeric mainly a-helical
PrPC converts into polymeric PrPSc largely enriched in b-sheet
structure.[3, 4] The three-dimensional (3D) structures of PrPC

from different species have revealed fold conservation with
only little interspecies structural variation.[5, 6] Similarly, also
the unfolded states of the human and murine prion proteins
show only subtle differences.[7, 8] Detailed structural studies of
PrPSc have been much more difficult. Recently, mass spec-
trometry in conjunction with hydrogen/deuterium
exchange,[9, 10] EPR,[11] liquid-state[12] and solid-state NMR
studies[13] have provided consistent structural insight into
PrPSc-like assemblies. However, site-resolved information
regarding the pathway PrP monomers follow to give rise to
these macromolecular assemblies is still lacking. Such infor-
mation is very precious since it is established that for prion
diseases as well as several other neurodegenerative dis-
eases[14] the associated proteins exert their detrimental
cytotoxic effects by self-assembly into distinct oligomeric
states. Therefore, it is imperative to characterize their
formation pathways to devise successful small-molecule-
based approaches preventing oligomerization.

Here, we overcome the limited structural resolution in
previous mechanistic studies[15–18] by applying time-resolved
NMR spectroscopy and characterize the oligomerization
kinetics of recombinant murine PrP (mPrP) at single-residue
level. Oligomerization is initiated from 4m urea pH 2.0,
conditions commonly employed in investigations of PrP

oligomerization.[15–19] It involves two distinct steps: in the
first step, oligomers of order 5–8 are formed as evidenced by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). The size of the oligomers is independent of
1) protein concentration differences spanning one order of
magnitude, 2) presence of reducing agent, and 3) temperature
denaturation (see Figure S1 in the Supporting Information).
Having established that oligomers of finite size distribution
form under these conditions, a detailed NMR characteriza-
tion was conducted, since the two-dimensional (2D) 1H, 15N-
correlation spectrum (HSQC) exhibits a large number of
resolved signals (Figure S2) and the process is sufficiently
slow to acquire 2D spectra. Comparison of resonance
intensities at 4m urea and of the completely unfolded state
at 8m urea shows that almost the entire polypeptide sequence
exhibits significantly reduced signal intensities under the
oligomerization conditions (Figure 1 A).

The mPrP oligomerization kinetics was measured over
a period of five days. No significant changes in resonance line
widths were observed (Figure S3) indicating that exchange
between mPrP monomers and oligomers occurs on slower
timescales and that the disappearance of peaks in HSQC
spectra corresponds to depletion of monomeric mPrP. We do
not observe a lag phase indicative of classical nucleation-
dependent polymerization[20] in agreement with previous
studies.[15, 19] In the first kinetic spectrum residues in close
proximity to the disulfide-forming cysteines C179 and C214,
for example, V176 and Q212, are broadened beyond detec-
tion. This and the observation that decreases in peak intensity
compared to the fully unfolded state are most pronounced for
the sequence stretch enclosed by the disulfide bond (Fig-
ure 1A) suggest that molten globule-type conformational
dynamics[21, 22] for this part of the polypeptide chain play
a significant role in establishing intermolecular contacts
during oligomerization.[23]

We followed the kinetics of the loss of mPrP monomers
for a total of 75 individual amino acids (Figure 1B–F). As
expected for an oligomerization reaction which is not
unfolding-limited the data cannot be described by first-
order kinetics.[24] We analyzed the kinetic traces of 67 residues
for which reliable fits could be obtained with the following
function describing the time-dependent loss of monomers
mi(t) monitored on residue i upon self-assembly in the case of
an irreversible two-state transition of nth order [Eq. (1)],

miðtÞ ¼ mið0Þ 1
1þ t=t

� �1=ðn�1Þ
ð1Þ
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where mi(0), t, and n correspond to the concentration of
monomer monitored on residue i at time zero, the apparent
time constant of the process, and the apparent reaction order,
respectively.[25] The probability of n molecules colliding at the
same time to yield an oligomer composed of n monomers with
n> 2 is very low and therefore oligomerization proceeds as
a sequence of bimolecular reactions. In the case of an
irreversible transition with only weakly populated intermedi-
ates the apparent reaction order n as extracted from a fit of
monomer-loss data to Equation (1) would consequently yield
n� 2. In contrast, we find apparent reaction orders of n> 5
with substantial variation of reaction orders of oligomeriza-
tion for different residues (Figure 2A).

The lowest reaction orders are found for residues residing
in the loop enclosed by cysteines C179 and C214 with 5< n<
12. Higher reactions orders with n> 12 are identified toward
the chain termini with the very N- and C-terminal residues
even showing reaction orders of n> 40. These observations
cannot be explained by a two-state transition but invoke the
significant population of intermediates during oligomeriza-
tion[17, 25, 26] and allow us to differentiate between molecular
interactions important for oligomerization from those molec-
ular interactions that feature in further self-assembly of the
initially formed oligomers.

The residue-specific changes reflect changes in the time-
scales of rigidification of different parts of the polypeptide

chain upon oligomerization and subsequent self-assembly.
Major involvement of the disulfide loop residues during
oligomerization suggests that they experience significant
rigidification in the initial oligomerization step whereas the
remainder of the chain remains largely flexible. The remain-
der of the chain becomes more rigid upon the second step of
self-assembly of preformed oligomers. This behavior also
explains the observation that the relative signal loss detected
in the oligomerization kinetics is dramatically nonuniform
across the polypeptide sequence with the disulfide loop
region exhibiting the most pronounced signal decrease (Fig-
ure 2B). Recasting [Eq. (1)] allows us to extract the apparent
time constant of the overall oligomerization process yielding
t = 0.45� 0.05 h (Figure S4).

Time-dependent UV absorption difference spectroscopy
shows that self-assembly of preformed oligomers is accom-
panied by major burial of tyrosine side-chains during self-
assembly (Figure S5).[27] All 10 tyrosine residues in the
polypeptide sequence are found outside the disulfide loop.
The monitored shielding of tyrosine residues from solvent is
well-supported by the observation that signal intensities for
peaks stemming from the N- and C-terminal regions preced-
ing and succeeding the disulfide loop, respectively, are
dramatically reduced after one year (Figure S6). Therefore,

Figure 1. Oligomerization of murine PrP at a concentration of 700 mm.
A) Normalized peak intensities at 8m urea (black bars) and 4m urea
(gray bars), pH 2.0. Positions of disulfide-forming cysteines are
indicated. Data at 8m urea were acquired from a separate sample. In
both data sets, the peak intensity of the C-terminal residue S232 was
set to unity. B–F) Real-time NMR kinetic traces showing the oligome-
rization-induced decrease in the monomeric population for G126 (B),
N153 (C), Q172 (D), G195 (E), and M213 (F). Gray lines indicate
nonlinear least-squares fits of the data according to Equation (1).

Figure 2. Oligomerization of mPrP at a concentration of 700 mm.
A) Sequence-dependent apparent reaction order n as determined from
fitting of the kinetic data as shown in Figure 1B–F to Equation (1).
Color coding refers to the determination of the size distribution of
oligomeric species (cf. Table 1). Residue groups 1, 2, and 3 are
denoted by black, dark red, and cyan colors, respectively. B) Sequence-
dependent relative loss in peak volume over a period of five days upon
mPrP oligomerization. Positions of disulfide-forming cysteines are
indicated.
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polypeptide chain rigidification outside the disulfide loop is
not complete at the end of the kinetic measurements but
proceeds on a substantially slower timescale after initial
oligomerization. Congo red dye binding experiments show
that the nature of formed PrP assemblies is amyloid-like
(Figure S7).[28]

It should be stressed that only the intensity but not the
linewidth changes over the course of the NMR experiment.
From NMR spectroscopy alone, we cannot strictly rule out
substantial differential dynamics for different groups of
residues leading to differential broadening of lines beyond
detection. However, as shown previously, flexible parts
remain NMR-visible in structures with oligomeric cores.[29]

Therefore, we interpret the differences in reaction order from
different parts of the polypeptide chain (Figure 2A) by
defining distinct groups of oligomers in order to quantify
their sizes and effective concentrations (Table 1).

Based on our analysis, oligomeric species of up to 40-mers
can be identified and their effective concentrations can be
estimated. Residues of group 1 mainly include the disulfide
loop region and loose about 48% of the peak volume within
the course of the measurement, that is, 48% of the monomers
oligomerize into octamers and higher-order oligomeric
assemblies while 52 % remain in the monomeric state.
Residues belonging to group 2 encompass sequence region
134–172 and loose on average about 23% of their signal.
Consequently, about 25 % of the signal loss detected for
group 1 residues results from the formation of octamers.
Based on an initial monomer concentration of 700 mm an
estimate of the effective concentration of octamers yields
21 mm. Average sizes and effective concentrations of higher-
order oligomeric species resulting from self-assembly of
initially formed oligomers were calculated accordingly. The
effective concentration of group 3 oligomers might be lower
than given in Table 1 as we cannot exclude the formation of
even larger species which escape detection in our experi-
ments.

Based on these findings, we propose a model for prion
protein oligomerization and self-assembly. In this model,
initial oligomerization proceeds from a largely unfolded state.
Interconversion rates in the conformational ensemble are

close to the exchange timescale of molten globule states and
initial intermolecular contacts are mediated by the sequence
stretch enclosed by disulfide-forming cysteines C179 and
C214 (Figure 3, 1st stage) matching previous studies on PrP
oligomerization and fibrillation (Figure S8).[9–13,30]

The strikingly nonuniform changes in the entire polypep-
tide chain monitored at residue resolution (Figure 2A,B)
reveal that the sequence regions outside the disulfide loop do
not remain flexible throughout oligomerization but undergo
substantial rigidification during slow self-assembly of pre-
formed oligomers (Figure 3, 2nd stage). This second oligome-
rization step is accompanied by significant burial of tyrosine
side-chains which stresses the relevance of hydrophobic
interactions in mediating higher-order oligomerization
events. The nonuniform behavior of the polypeptide sequence
during oligomerization underlines that substantial refolding
of native monomeric PrP is required for conversion into b-

Table 1: Determination of the average sizes and effective concentrations
of ensembles of oligomeric species. Residues were grouped according to
their apparent reaction orders (cf. Figure 2A and the Experimental
Section in the Supporting Information). The first stage of oligomeriza-
tion refers to initial oligomerization whereas the second stage indicates
self-assembly of preformed oligomers. Given errors are standard
deviations.

Group 1 Group 2 Group 3

Oligomerization stage 1st 2nd 2nd
Average reaction order
(no. of monomers)

8.3�1.9 22.4�4.5 39.1�16.5

Average MW [kDa] 110�25 300�60 520�220
Average signal loss [%] �48.3�6.9 �23.4�3.7 �15.2�4.9
Fraction of initial
monomer concentration [%]

24.9 8.2 15.2

Effective concentration [mm] 21 2.6 2.7

Figure 3. Model for oligomerization and subsequent self-assembly of
oligomers. The disulfide loop region and the N- and C-terminal
sequence stretches are indicated by blue circles/disks and green lines,
respectively. Tyrosine residues are depicted by their one-letter code (Y).
Initial oligomerization is mediated by the disulfide loop residues
(1st stage). Oligomeric species up to tetramers are not resistant to
denaturing conditions as employed during SDS-PAGE analysis (Fig-
ure S1). Self-assembly to congo-red-active, that is, amyloid-like struc-
tures may involve multiple steps and leads to a polydisperse distribu-
tion of structures (2nd stage, only two structures shown: trimer of
octamers and pentamer of octamers corresponding to group 2 and
group 3 ensembles of oligomeric species in Table 1, respectively).
Effective concentrations (yellow boxes) were taken from Table 1.
Tyrosine residues only become shielded from solvent upon slow self-
assembly of preformed oligomers (indicated by light gray (not
shielded) and dark gray (shielded) colors). The increasing extent of
polypeptide chain rigidification upon self-assembly of oligomers is
schematically shown by increasingly thicker N-terminal tails for
increasingly larger structures. For simplicity, C-terminal tails are only
shown for species up to tetramers and tyrosine residues are only
indicated for a subset of the tails in the self-assembled oligomers.
Association of oligomers as disk-like structures has been previously
suggested.[31] The inset shows apparent reaction orders plotted onto
the 3D structure of native mPrP[5] with the same color coding as given
in Figure 2A except that unassigned residues and the disulfide bridge
are colored gray and orange, respectively. Locations of b-strands (S1–
S2) and a-helices (H1–H3) are indicated.
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sheet-enriched oligomeric structures such as PrPSc (Figure 3,
inset).

We conclude that our experiments yield unique insight
into the distribution of initially formed oligomers and how
they interact to form higher-order assemblies (Table 1). The
analysis reveals significant oligomer polydispersity which is in
general accordance with simulations of monomer-loss kinetics
under conditions where oligomerization is not unfolding-
limited.[24] Crucially, our data allows us to determine the
effective concentrations of distinct ensembles of oligomeric
species. We thus gain access to important parameters such as
size, concentration, and stabilizing intermolecular interac-
tions of oligomeric species which may constitute key inter-
mediates during PrP pathogenesis. We are now in the position
to investigate the effect of disease-associated single-point
mutations on the kinetics of oligomer formation which will be
subject of further studies. The outlined approach of analyzing
the sequence-dependent monomer-loss kinetics should be
broadly applicable to a wide range of proteins implicated in
neurodegenerative diseases and provide long-sought mecha-
nistic insight into how these proteins self-assemble into
oligomeric and fibrillar structures. We anticipate that the
insights gained in the current study will help elucidate the
molecular details of protein aggregation underlying protein
misfolding diseases.
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