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Introduction

Understanding the structure of PrPSc is still one of the major 
challenges in prion research. The mechanism by which prions 
propagate, as well as the strain and transmission barrier phenom-
ena, will not be understood until a basic knowledge of the struc-
ture of PrPSc is available. There is ample consensus that prion 
transmission is structurally enciphered.1,2 In fact, it is very likely 
that an immediate understanding of the essential mechanisms 
for prion replication and propagation will derive from contem-
plating the structure of PrPSc, just as the mechanism of inheri-
tance became obvious once the DNA structure was solved.3 
Unfortunately, the insoluble nature of PrPSc, and the unavailabil-
ity of recombinant prions until very recently4,5—yet to be scaled 
up to yield sufficient amounts of material useful for structural 
studies—have impeded the use of high resolution analytical tech-
niques, such as NMR or X-ray crystallography.6 In this context, 
a number of studies using lower resolution approaches, such as 
electron microscopy,7-11 fiber X-ray diffraction,12 limited prote-
olysis,1,13,14 FTIR,15-17 deuterium-hydrogen exchange followed 
by mass spectrometry analysis17 or surface chemical derivatiza-
tion18 have provided very important constraints and data on the 

structure of PrPSc. However, this is still insufficient to offer a 
clear, unequivocal picture of it.

Negative stain transmission electron microscopy (TEM) has 
yielded important information on PrPSc, such as its ability to 
form amyloid-type fibers.7-9,12 These fibers appear to consist of 
two intertwined protofilaments, each one approximately 5 nm 
wide, so that the apparent diameter of the complete basic double 
fiber is about 10 nm.12 The amyloid nature of these fibers has 
been confirmed by X-ray diffraction experiments, which detected 
the characteristic 4.8 Å meridional reflection.12 In the most com-
plete EM-based analysis of these fibers to date, Sim and Caughey 
have reported a width of individual RML GPI-anchorless and 
wild-type PrPSc protofilaments of 3.5 ± 0.6 nm and 3.7 ± 0.6 
nm, respectively.9 Wille et  al. in turn have reported widths of  
4.8 ± 0.8 nm and 5.7 ± 1.1 nm for RML mouse and SC237 
Syrian hamster PrP27–30 protofilaments, respectively.12 The 
width of the individual protofilament, i.e., the stack of individ-
ual PrPSc monomers, is certainly a key structural constraint of 
PrPSc. However, as discussed by Sim and Caughey, determining 
protofilament diameters from TEM images of negatively stained 
samples is subject to considerable uncertainty, as it depends on 
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A sample of purified Syrian hamster PrP27–30 prion fibers was analyzed by synchrotron small-angle X-ray scattering 
(SAXS). The SAXS pattern obtained was fitted to a model based on infinitely long cylinders with a log-normal intensity 
distribution, a hard-sphere structure factor and a general Porod term for larger aggregates. The diameter calculated 
for the cylinders determined from the fit was 11.0 ± 0.2 nm. This measurement offers an estimation of the diameter of 
PrPSc fibers in suspension, i.e., free of errors derived from estimations based on 2D projections in transmission electron 
microscopy images, subjected to further possible distortions from the negative stain. This diameter, which corresponds 
to a maximum diameter of approximately 5.5 nm for each of the two intertwined protofilaments making up the fibers, 
rules out the possibility that PrPSc conforms to a stack of in-register, single-rung flat PrPSc monomers; rather, PrPSc subunits 
must necessarily coil, most likely several times, into themselves.
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the degree to which the stain pools around the protofilament. 
Moreover, if only a portion of the protofilaments protrudes from 
the stain pool, the measured widths will be underestimated. 
Furthermore, since TEM images represent a 2-dimensional view 
of a 3-dimensional object, if the filament does not have a regular 
cross-section, the measurement would be even more uncertain. 
It is, therefore, quite important to determine the width of PrPSc 
protofilaments by a method not suffering from these ambiguities.

In this context, small-angle X-ray scattering (SAXS) appears 
as an attractive option. SAXS provides structural information on 
macromolecules in solution, based on the Fourier transforma-
tion of the electron density contrast of the macromolecules.19,20 
Information obtained from SAXS experiments includes the over-
all shape of the analyzed macromolecule, together with either its 
approximate radius or its cross sectional diameter, depending on 
whether the macromolecule is globular or tubular, respectively. 
The availability of highly luminous synchrotron sources, together 
with the development of powerful computer-intensive data analy-
sis and fitting algorithms, has allowed for ab initio modeling of 
protein and fibrillar structures,21,22 placing SAXS at the interface 
of high resolution techniques such as X-ray crystallography and 
electron microscopy.23,24 SAXS has been successfully applied to 
analyze the shape and provide diameter information of tubular 
structures such as insulin amyloid fibrils25 and fibrillation of 
α-synuclein.26 Here, we describe SAXS-based analysis of PrP27–
30 fibers prepared from the brains of Syrian hamsters infected 
with scrapie (SHaPrP27–30).

Results

A highly pure sample of SHaPrP27–30 was obtained as con-
firmed by SDS-PAGE followed by Coomassie staining (Fig. 1A). 
Virtually no other bands, besides the intense one at 27–30 kDa, 
corresponding to diglycosylated, N-terminally truncated PrPSc, 
were detected. A faint smear corresponding to mono- and non-
glycosylated PrPSc was visible below such band. A thin band of 
much lower intensity, corresponding to residual ferritin (as con-
firmed by proteomic analysis, data not shown) was the only sig-
nificant impurity present. Immunoassay with the PrP specific 
antibody 3F4 confirmed the presence of PrP27–30 with predom-
inant diglycosylated and monoglycosylated amino-truncated, 
PK-resistant PrP (Fig. 1B).

Negative-stain TEM analysis showed abundant double fibers 
constituted by two intertwined protofilaments. These fibers often 
packed and/or bundled laterally (Fig. 1C). Some additional non-
fibrillar material, presumably lipid remnants, was seen at times. 
These images were very similar to those previously reported in 
the literature.8,9,12 The estimated width of protofilaments was  
~5 nm, very close to that recently reported by Wille et al.12

The SAXS pattern obtained from this sample, as well as the 
full pattern fit, are shown in Figure  2. The model was based 
on infinitely long cylinders with a log-normal intensity distri-
bution, a hard-sphere structure factor and a general Porod term 
for larger aggregates of the fiber assembly. Figure 2A shows the 
fit result assuming the size of 5 nm (derived from TEM of the 
two protofilaments) and a relative size distribution width of 2.5. 

Figure 1. (A) Coomassie-stained SDS-PAGE of the SHaPrP27–30 sample 
subjected to SAXS analysis. (B) After SDS-PAGE, a sample was elec-
troblotted onto a PVDF membrane and blotted with antibody 3F4.  
(C) Negative stain TEM of the same sample.

Figure  2. SAXS data in log-linear (A) representations and fit results of 
the infinite cylinder model (R = 5 nm) with hard-sphere structure factor 
and generalized Porod slope of SHaPrP27–30 (1 mg/mL). In the log-log 
representation of the SAXS data. (B) fit results varying the radius of the 
cylinders between 2 and 8 nm are shown together with the generalized 
Porod contribution (black). The arrow in both graphs indicates the hump 
of the structure factor corresponding to 11.0 ± 0.2 nm.
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The main structural parameters obtained by the fit are the hard-
sphere interaction radius (R

hs
) and the apparent volume fraction 

of the hard-spheres (p
hs

). R
hs

 is equivalent to the distance between 
the centers of two cylinders touching one another in the sample. 
It is counterintuitive that we have to introduce in the equation 
an estimated value for the cylinder diameter (obtained from the 
TEM images), since what we want to calculate is, precisely, the 
cylinder diameter (derived from R

hs
). However, this apparent 

paradox is solved if we consider that the contribution of this term 
to the final result is very small. Thus, if the cylinder form factor 
is varied with diameters between 2 and 8 nm around the mean 
value of 5 nm, due to the 1/q dependence of the form factor, the 
fit results do not change noticeably (Fig. 2B). Detailed results are 
reported in Table 1. As the main result, the hard-sphere diameter 
(2*R

hs
) resulted to be 11.0 ± 0.2 nm, which is nearly independent 

of the initial value estimated from TEM.

Discussion

By using SAXS, we obtained from the structure factor a direct 
measurement of the hard-sphere diameter of SHaPrP27–30 fibers, 
which is 11.0 ± 0.2 nm. Considering that the hard-sphere diam-
eter corresponds to the diameter of the cylindrical model, this 
sets a ~5.5 nm constraint for the maximum dimension of the two 
individual PrPSc protofilaments that, intertwining, constitute the 
fiber (Fig. 3).

Although the hard-sphere diameter of the 2R
hs

 can be obtained 
from SAXS data corresponding to the diameter of fibers, the 
detailed shape of the cross section was not accessible. Refining 
the data with an ellipsoidal cross section, which would be a better 
model for the fiber assembly, gave no reliable results. However, the 
fits estimated the correct order of magnitude for the eccentricity 
and dimension (data not shown).

A width of 5.5 nm at its maximum span places constraints, in 
turn, on the possible architectures of the staked PrPSc monomers 
that constitute the PrPSc protofilament. Since SHaPrP27–30 con-
tains ~141 amino acid residues, spanning from residue Gly

90
 to 

the C-terminal residue Ser
231

,1,10,13 an extended, in-register stack 

architecture similar to those proposed for Ure2p and Sup3527,28 
can be ruled out, as it is impossible for 141 residues to fit in a flat 
disk, 5.5 nm wide and 0.5 nm tall (the approximate height of a 
stackable β-strand). This means that PrPSc must necessarily coil 
into itself, like the Het-s prion domain,29,30 thus supporting the 
notion that PrPSc is probably a β-solenoid, as proposed by Wille 
and Govaerts.10-12 Of note, this proposal has its origin in geomet-
ric considerations that assessed different possible structures fit-
ting width constraints derived from 2D crystals seen from the  
z axis.10,11

The molecular mass of SHaPrP27–30 is 27–30 kDa. Taking 
28.5 kDa as a mean value, considering 0.81 Da/Å3 as the average 
protein density,31 simplistically assuming a similar density for its 
carbohydrate component and a basic cylinder shape, the length 
occupied by a PrPSc molecule in the PrPSc protofilament would be 
(28.500/0.81)/(27.5)2π where 27.5 Å is the radius of the cylinder 
of a protofilament derived from our SAXS measurements. This 
results in a length of 14.5 Å, i.e., equivalent to approximately  
3 rungs of β-helical core. Obviously, this highly speculative cal-
culation ignores a number of key uncertainties, such as the exact 
density of the carbohydrate and GPI, and the fact that the shape, 
and therefore the volume of the protofilament, will certainly not 
be those of a perfect cylinder. Still, this calculation illustrates 
that 2 rungs, as in the case of the Het-s prion domain, is most 
probably an insufficient height, and 3–4 is a much more realis-
tic figure. This would reasonably agree with fiber X-ray diffrac-
tion data reported by Wille et al., strongly suggestive of a 4-rung 
β-solenoid architecture for PrP27–30 monomers in the amyloid 
stack.12

Cobb et  al. have proposed a model for recombinant PrP 
amyloid fibers derived from EPR measurements in which each 
PrP stacks in-register with the upper and lower ones.32 In this 
model, only the stretch spanning from position 164 to 231 forms 
the β-strand-rich stackable core; this stretch bends into itself 
forming a hairpin-like structure similar to that of other amy-
loids, such as Aβ.33,34 The width of such hairpin-like structure is  
~12 nm, which agrees with the apparent width of these fibers in 
negative stain TEM images. This further illustrates the absolute 

Table 1. Overview of the SAXS fit results using the cylindrical model with hard sphere structure factor and generalized Porod slope

Geometric 
mean radius R (nm) 2 ± 0 3 ± 0 4 ± 0 5 ± 0 6 ± 0 7 ± 0 8 ± 0

Geometric 
standard 
deviation

ΔR/ R 2.5 ± 0 2.5 ± 0 2.5 ± 0 2.5 ± 0 2.5 ± 0 2.5 ± 0 2.5 ± 0

Packing 
density

pHS 0.17 ± 0.01 0.19 ± 0.01 0.20 ± 0.01 0.21 ± 0.01 0.22 ± 0.01 0.22 ± 0.01 0.23 ± 0.01

Hard-sphere 
interaction 

radius
Rhs (nm) 5.39 ± 0.1 5.41 ± 0.1 5.46 ± 0.1 5.53 ± 0.1 5.51 ± 0.1 5.57 ± 0.1 5.59 ± 0.1

Background B 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0

Gen. Porod 
constant

Cp 17.5 ± 0.3 17.7 ± 0.3 18.0 ± 0.3 18.3 ± 0.3 18.3 ± 0.3 18.4 ± 0.3 18.5 ± 0.3

Gen. Porod 
exponent

p 3.20 ± 0.02 3.18 ± 0.02 3.17 ± 0.02 3.18 ± 0.02 3.18 ± 0.02 3.18 ± 0.02 3.19 ± 0.02
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requirement of self-coiling of the PrP (90–231) polypeptide 
chain to form the PrPSc structure, whose β-strand-rich stackable 
core comprises roughly twice as many residues, to be fitted in 
approximately half the width.

In summary, for the first time to our knowledge, we esti-
mated the diameter of PrPSc fibers in suspension, i.e., free of pos-
sible errors and interferences arising from 2D projections and 
staining. The approximate diameter thus obtained rules out the 
possibility that the architecture of PrPSc conforms to a stack of in-
register, single-rung flat PrPSc monomers; rather, PrPSc subunits 
must necessarily coil, most likely several times, into themselves.

Materials and Methods

Isolation of SHaPrP27–30
Syrian hamsters were inoculated intracranially with  

10% 263K scrapie-infected hamster brain homogenate. After 
approximately 90 d, at the terminal stage of the clinical phase, 
animals were killed and their brain removed and stored at  
-80 °C until further use. SHaPrP27–30 was isolated from 
brains according to Raymond et  al.35 with a minor modifica-
tion to better remove ferritin from the preparation. Namely, 10 
brains were cut into small pieces and rinsed with ice-cold PBS 
twice to remove remnants of blood. Pieces were transferred to 
85 mL of a 320 mM sucrose solution and homogenized using a 
40 mL dounce grinder (Wheaton), with 10 strokes of the loose 
pestle followed by 10 strokes of the tight pestle. The resulting 
suspension was transferred to 4 polycarbonate tubes (Beckman 
Coulter) and centrifuged for 30 min at 35000 rpm in a Ti 70 
rotor at 20 °C. The translucent, pink-reddish supernatants, con-
taining most ferritin, were discarded, and the whitish, fluffy, 
membrane-rich pellets saved, leaving ~3 mL of supernatant so 
as to not to disturb the pellet. Twenty mL of 320 mM sucrose 
was added to each tube and pellets homogenized with a plas-
tic Pasteur pipette followed by vortexing. Samples were spun 
again as described. The much lighter pink supernatants were 
discarded, and the more compact membrane-rich pellets con-
taining PrPSc were resuspended in 20 mL of 20 mM Tris, pH 
8.5, containing 100 mM NaCl and 10% sarkosyl. Homogenates 
were pooled and further homogenized using a dounce grinder 
as described above. The homogenate was let stand at room tem-
perature for 30 min and transferred to 4 polycarbonate tubes. 
PrPSc isolation proceeded from this point on exactly as described 
by Raymond et al., including PK treatment, except that a 70 Ti 
rotor was used. The final SHaPrP27–30 pellet was suspended 
in 350 µL of deionized water. The sample was characterized by 
SDS-PAGE in a 15% gel followed by Coomassie staining. In 
parallel, the gel was electroblotted and probed with mAB 3F4.

Negative stain TEM
Ten µL of SHaPrP27–30 suspension were deposited on a car-

bon-coated copper grid (Ted Pella, Redding), allowed to adsorb 
for 5 min, washed twice with deionized water and stained for 
5 min with a freshly prepared, filtered, 5% solution of uranyl 
acetate. Grids were gently blotted with filter paper and allowed 
to dry overnight. Samples were analyzed by TEM on a Philips 
CM-12 electron microscope at100 kV.

SAXS analysis
The SHaPrP27–30 suspension was placed in a glass capillary 

tube with 1.5 mm diameter (Hilgenberg GmbH) and analyzed 
at the Austro SAXS beamline (5.2L) of the electron storage ring 
ELETTRA.36 The suspension had an approximate concentra-
tion of 1 mg/mL. A Mar300 imageplate reader (MarResearch 
GmbH) was placed at a distance of 1639.4 mm for recording the 
X-ray images, whose scattering vector scale was calibrated with 
Ag behenate (d-spacing: 5.8376 nm).37 The data were corrected 
for transmission and fluctuations of the primary beam, and back-
ground subtracted using a buffer solution as reference.

SAXS data analysis and fitting
The measured X-ray images were integrated with Fit2D38 

and the one dimensional data analyzed with software package 
IgorPro (Wavemetrics). The model applied was an interact-
ing infinite long cylinder model with a log-normal intensity 
size distribution for the cylinder radii. For simplicity, a hard-
sphere model39 was used to describe the structure factor with 
the local monodisperse assumption. Additionally, to take into 
account the hierarchical architecture of the fiber assembly, 
which is beyond the q-resolution of the SAXS experiment, a gen-
eral Porod term was added. The full fitting function used was: 

where the constant A stands for the intensity fit parameter, R and 
ΔR for the radius and standard deviation of the cylinder radius, 
J

1
 for the 1st order Bessel function, S

hardsphere
(q,p

hs
,R

hs
) for the hard 

sphere structure factor (with volume fraction p and hard sphere 
radius R

hs
) and c

p
, p for parameters of the generalized Porod 

function. B is an optional background.
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Figure 3. Schematic representation of PrPSc basic fibers based on the 
information obtained from SAXS and negative stain TEM.
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