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ABSTRACT: The aggregation of the prion protein (PrP) plays a key role
in the development of prion diseases and is believed to be an autocatalytic
process with a very high kinetic barrier. Intensive studies have focused on
overcoming the kinetic barriers under extremely nonphysiological in vitro
conditions by altering the pH of PrP solution on solid surfaces, such as
gold, mica, and a lipid bilayer. Importantly, sulfated glycosaminoglycans
(GAGs), including heparin, were found to be associated with PrP
misfolding and aggregation, suggesting GAGs have catalytic roles in PrP
aggregation processes. However, the exact role and details of GAGs in the
PrP aggregation are not clear and need a thorough perusal. Here, we
investigate the PrP aggregation process on a heparin functionalized gold
surface by in situ, real-time monitoring of the atomic scale details of the
whole aggregation process by single molecule atomic force microscopy
(AFM), combining simultaneous topographic and recognition (TREC)
imaging and single molecule force spectroscopy (SMFS). We observed the whole aggregation process for full-length human
recombinant PrP (23−231) aggregation on the heparin modified gold surface, from the formation of oligomers, to the assembly of
protofibrils and short fibers, and the formation of elongated mature fibers. Heparin is found to promote the PrP aggregation by
facilitating the formation of oligomers during the early nucleation stage.
KEYWORDS: prion protein (PrP) aggregation, aggregation morphology, heparin, nucleation stage, PrP−heparin interaction

■ INTRODUCTION
“Prion” is a portmanteau word derived from “protein” and
“infection”, and can be considered a “proteinaceous infectious
particle”.1 The pathogenic isoform of prion protein (PrPSc) is a
noxious inducer of numerous fatal neurodegenerative diseases,
such as Creutzfeldt−Jakob disease (CJD), Gerstmann−
Straussler−Scheinker syndrome (GSS), fatal familial insomnia,
and kuru.2 The normal prion protein (PrPC) is a signal
transduction protein3 ubiquitously expressed in various tissues,
especially in neural progenitor cells as well as differentiated
neural cells.4 Under physiological conditions, PrPC attaches to
the outer leaflet of the plasma membrane via a glycosylphos-
phatidylinositol (GPI) anchor.5 The widely accepted “protein
only” hypothesis of prion aggregation/propagation postulates
that these diseases are caused by the misfolding of a host-
encoded glycoprotein, the prion protein (PrPC) into a
protease-insensitive isoform (PrPSc) that forms extended β-
sheet-rich fibrillar PrP aggregations, as well as various on-
pathway intermediates, such as long, ordered amyloid fibers,
relatively small fibrils, and nonfibrillar β-sheet-rich oligomers,
prior to the PrP fibrils.6−14 However, in PrP aggregation, there
is a very high kinetic barrier,15−17 which was overcome by
under extremely nonphysiological in vitro conditions, such as
using surface and interface effects. For example, solid surfaces,

such as gold, mica, graphite, Teflon, and lipid bilayer surfaces,
have been shown to heavily influence the aggregation kinetics
and the resulting aggregate morphology for a variety of
amyloid-forming proteins.16,18−22 In addition, the PrP
aggregation is very complex process, and multiple factors
such as exposure to an acidic environment23 during
endocytosis and extracellular matrix components24,25 have
been postulated to cause the pathological transition from PrPC

to PrPSc and promote PrP aggregation. Heparin, a highly
sulfated heparan sulfate (HS),26 is biosynthesized in mast cells
and exists as membrane proteoglycans or is stored in
cytoplasmic secretory granules,27 and the negatively charged
heparin molecules can bind to prion proteins with high affinity
and thus affect the PrP aggregation process. Technically
speaking, PrP aggregation processes have been intensively
studied by circular dichroism (CD),28 Thioflavin T fluo-
rescence (ThT),29 and nuclear magnetic resonance (NMR)30
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which provided valuable insight into the conformational
transition of the prion protein upon heparin binding. However,
recent studies found that the toxicity of prion proteins is more
closely related to the aggregation morphology, not the protein
conformations.2,31 For example, though fibrils may have
properties similar to those of PrPSc, such as in the β-strand-
rich structure and resistance to PK digestion, they are almost
nonpathogenic.32 On the contrary, PrP oligomers, which may
experience a transient intermediate state,33,34 exhibit more
infectious capability than any other fibrillary structure.35

Therefore, monitoring the PrP aggregation processes in real
time may shed light into pathogenic transitions of PrP.
In this study, we monitored the PrP aggregation process on

the heparin modified gold surface using in situ time-lapse
atomic force microscopy (AFM). Remarkably, we found that
heparin is not directly involved in the PrP assembly but only

facilitates formation of oligomers nuclei during PrP aggrega-
tion, which is the rate-limiting step in the nucleation-
dependent aggregation process. Because cell surface PrP−HS
interaction could play a critical role in nucleating amyloid
formation or altering aggregate morphology, this study will
provide the single molecular level understanding of the roles of
HS in PrP aggregation in a more physiologically relevant way.

■ EXPERIMENTAL SECTION
Heparin Functionalized Au(111) Surface. The gold substrate

was prepared by thermally evaporating a gold layer on a freshly
cleaved mica surface and then annealed under a hydrogen flame for 4
min to form a flat Au(111) structure. Heparin was immobilized on the
11-mercapto-1-undocanol (MUO) modified Au(111) surface through
an epoxy group activated hydroxyl groups reaction (SI-2). High
resolution scanning tunneling microscope (STM) imaging was
performed in PBS buffer to visualize the atomic scale structure and

Figure 1. Immobilization of heparin on gold substrate. (a) The scheme for the heparin fixation on gold substrate. (b) Topographic image of gold
surface modified with 100 μM heparin by TopMAC AFM. (c) STM images of heparin molecules on MUO monolayer. (d) The top is an enlarged
area of the middle part of a heparin molecule from an STM topography image and heparin structure from an entire heparin molecule (PDB entry
3IRJ model 1). The labeled distance is the distance between two oxygen atoms on the sugar units O5S(SGN5)−O3S(SGN7). The bottom is the
cross-section profile corresponding to the labeled distance in the top image.
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compared to the MD simulated structure (PDF entry 3IRJ model 1)
(SI-4).
AFM Imaging and Measuring of PrP Aggregation. AFM

experiments including imaging and force−distance curve measure-
ments were carried out using an Agilent 5500 AFM system (Agilent,
Chandler, AZ). Silicon cantilever tips with a spring constant of around
0.1 N/m were used for experiments. The AFM tip was magnetically
coated and further coated with a second layer of gold (SI-3). A
multipurpose closed loop scanner (N9524A, Keysight, Santa Rosa,
CA, USA) with TopMAC nose cone cantilever modules was used to
perform the topographic and recognition imaging and force
spectroscopy in PicoTREC mode. For recognition imaging and the
binding force measurements, the AFM tip was functionalized with
antithrombin (AT) and PrP with heterobifunctional PEG linkers (HS-
PEG-NHS and HS-PEG-COOH). The HS-end of the PEG linker
bonds to the Au-coated tip via a strong Au−S bond, and PrP was
linked on the AFM tip by the reaction between its amino group and
N-hydroxysuccinimidyl ester while antithrombin molecules were
linked on AFM tips through the reaction between the ε-ammonium
group of lysine and −COOH on the linker (SI-3). From the
recognition images with nanometer resolution, the binding sites were
recognized, and the AFM was then switched to force spectroscopy
mode, using the close-loop position feedback control.
Data Analysis. All of the imaging data were processed using a free

scanning probe microscopy software WSxM 5.0. Force spectroscopy
data were processed using our homemade LabView programs.

■ RESULTS AND DISCUSSION
Immobilization of Heparin on Gold Substrate.

Heparin molecules were fixed on flat Au(111) surface through
MUO and epichlorohydrin (Figure 1a). Though Au is a noble

metal, it can form Au−S covalent bond36 with the -SH group
on the MUO. Heparin was then covalently connected to the
epoxy groups at the MUO terminal by the hydroxyl groups of
heparin sugar rings. (see SI-1 and SI-2 in the Supporting
Information). AFM image (Figure 1b) shows a large area (1
μm2) of the gold surface modified with 100 μM heparin. In
order to determine the details of the immobilized heparin
molecules, we measured the length and height of individual
heparin molecules from 20 small area AFM images (200 nm2)
(see Figure SI-1). The height of heparin molecule is
determined to be around 0.3 nm, agrees with our previous
result of 0.19 ± 0.03 nm determined by AFM imaging37 and
the high resolution STM imaging (Figure 1d). Heparin is a
flexible linear molecule that could randomly twist in the
solution. However, the conformation of heparin after fixation
were influenced by the number of linkages to the surface, as
every hydroxyl group in the disaccharides of heparin may form
covalent bond with the surface. A high molecular weight
heparin possesses over 20 disaccharides may adopt stretched
linear or partially twisted conformations with multiple fixation
degrees, which is clearly shown by the STM image (Figure 1c).
Therefore, there should be different lengths of the immobilized
heparin. The average length of heparin was determined
statistically using the length histogram to be 16.90 ± 6.04
nm, agrees well with the 17 nm length measured by the X-ray
crystal structures (3IRJ, 24 disaccharides, Mw of 13.5 kDa).38

Remarkably, the topography image in Figure 1d presented the
atomic scale details of a part heparin chain from one single

Figure 2. The PrP aggregation on different concentrations of the heparin modified surface. (a) The topographic image of PrP aggregation on MUO
surface without heparin. (a1, a2) Zoom-in images of protofibrils and oligomers from the white squares in panel a. (b) The topographic image of
PrP aggregation on the low concentration heparin modified surface. (b1, b2) Zoom-in images from the white squares in panel b. (c) The
topographic image of PrP aggregation on the high concentration heparin modified surface. (c1, c2) Zoom-in images from the white squares in panel
c. The cross-section profiles of the green lines are shown at the bottom of the corresponding images.
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heparin filament, including some discrete spherical cores
flanked by short “sulfate arms”. The spherical cores are sugar
units of heparin according to the simulated structure. The
distance between the “sulfate arms” in the STM image (black
line) was around 6.8 Å, which agreed well with the simulated
6.83 Å distance from one oxygen atom in the O-sulfate group
to another oxygen atom in the sulfamate group. More
comparisons of the distances from the STM image and the
simulated structure were given in Figure. S2, which showed
excellent agreement. Therefore, the sulfate groups on the
heparin filament were successfully distinguished on the STM
images.
Influence of Heparin Concentration on PrP Aggre-

gation. We first started with PrP aggregation on a MUO
surface without heparin. Similar to the previous experimental
result on the mica surface20 in which the spontaneous PrP
aggregation is a slow process, 5 h after adding 400 μL of 100
ng/mL PrP on the MUO surface without heparin, the small
oligomers sporadically emerged on the MUO surface (Figure
2a) with a width of 18 nm and a height of 1.5 nm (Figure 2a2).
Meanwhile, we also observe that the free oligomers on the
surface could assemble and elongate into the short protofibrils
(Figure 2a1). Because MUO could form a covalent bond with
a gold atom through a thiol group, the hydrophilic hydroxyl
groups thus are left to the aqueous environment, forming a
similar physical environment to the mica surface.
However, in the presence of heparin, the aggregation

morphologies were significantly different in a sense that the
PrP molecules could aggregate into much larger oligomers or
even assemble into mature fibrils. On the 8 μM heparin
modified surface, the most prevalent morphology is the oval
oligomers (Figure 2b) with 50 nm width and 6−7 nm height
(Figure 2b1). In addition, the formation of short PrP fibrils
was observed in the heparin modified surface, which was
absent on the MUO surface. The fibers could be either a single
strand or multiple laterally aligned strands (Figure 2b2, dashed
white rectangle) at a height of 3.5 nm. Interestingly, PrP
molecules could also further be deposited on top of the
existing fibers, forming a second layer of fiber and doubling the
height of the fibrils (Figure 2b2).

In contrast to the PrP aggregation morphology on the low
heparin concentration modified surface, a high heparin
concentration (100 μM) resulted in the formation of huge
amyloid fibers several micrometers long with only a few
oligomers in oval or spherical shapes distributed alongside the
mature fibers (Figure 2c). Though the fibers on the high
concentration heparin modified surface were much longer and
condensed with more lateral strands than those on the low
concentration heparin modified surface, they shared similar
properties. For example, both of the fibers had the similar
height of 3.5 nm with multiple parallel strands aligned side-by-
side (Figure 2b2,c1). In addition, the PrP oligomers may
exactly accumulate on the top of the first layer of fiber, forming
a second layer of PrP fibrils (Figure 2b2,c2).

The Role of Heparin in the PrP Aggregation. In order
to observe the role of heparin in the PrP aggregation, we
imaged PrP aggregation on the high concentration (100 μM)
heparin modified surface with the antithrombin (AT)
functionalized tips by simultaneously recording the topography
and PicoTRAC recognition images by analyzing the downward
and upward parts of the oscillation, respectively.39,40

Corresponding to the topographic images, the entities
recognized are recorded as dark areas in the recognition
image. AT, a well-known anticoagulant, is specific in
recognizing the 3-O-sulfated pentasaccharides of heparin39

and is thereby used for tracing the signal of heparin molecules
on the surface. Figure 3 shows the 7 h in situ and real time
AFM topographic (top panel) and recognition (bottom panel)
images monitoring PrP aggregation. Our results clearly show
that the PrP aggregation starts with a rate-limiting slow process
of the formation of oligomers from the small monomer, dimer,
and trimer in the first 5 h (Figure 3c), followed by a much
faster process of the assembly of protofibrils, short fibers, and
elongated mature fiber (Figure 3f), indicating that the slowly
formed the oligomers can quickly assemble themselves into the
advanced structures such as protofibrils or short fibrils.
Meanwhile, the simultaneously recorded recognition images
show the location and distribution of heparin molecules
(shown as dark dots in the bottom panel of Figure 3).
Generally, the recognition area as marked with the white

Figure 3. Time-lapse AFM images of PrP aggregation on the high concentration heparin modified surface. Top panel shows topographic images
where panels a, c, and e are the topographic images (1 μm2) of PrP on heparin modified surface obtained at 0, 5 h, and 7 h of PrP incubation,
respectively. Panels b, d, and f are corresponding recognition images of panels a, c, and e. (a′, c′, e′ and b′, d′, f′) Zoomed-in small area (200 μm ×
200 μm) topographic and recognition images.
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dotted circles gradually decreased with time passing, suggesting
that the PrP covers the surface of heparin and thus blocked the
interaction between heparin and AT because AT does not bind
to PrP. Specifically, prior to adding PrP, the heparin molecules
on the gold surface (Figure 3a,a′) could be recognized by the
AT functionalized AFM tip (dark dots in Figure 3b,b′). Five
hours after PrP was added through a scanning liquid cell, PrP
monomer, dimer, and trimer species are observed on the gold
surface forming oligomers (Figure 3c). The highlighted bright
dots in Figure 3c′ and the corresponding dots in d′ mark the
PrP oligomer locations. It is clear that they are not recognized
by the AT molecules hanging on the AFM tip, as they are also
bright dots in d′, not the expected dark dots if they are
recognized. The fact that AT molecules attached to the apex of
the tips can only be recognized by heparin molecules but not
PrP molecules explains the absence of dark recognition spots in
the corresponding positions in the white solid circles (Figure
3c′,d′). After 7 h, finally, matured PrP fibers were formed
where one fiber bundle may consist of multiple parallel
protofibrils (Figure 3e,e′), with a height of about 3 nm.
However, the fibers do not show any recognition signals on the
corresponding recognition image (Figure 3f,f′), except the
exposed heparin area between the fibers (highlighted with the
dotted ovals). This demonstrated that heparin could facilitate
the formation of fibril building blocks, oligomers, but not
directly be involved in the larger protofibrils and giant fiber
assembly process.
PrP−Heparin Interactions. SMFS is used to probe and

characterize PrP−heparin interactions on the single molecular
level to quantify the kinetics of the interaction between the PrP
functionalized tip (see SI-3) and gold surface modified with
100 μM heparin. Figure 4a,b shows simultaneously obtained

topography and recognition images of heparin molecules
providing the binding sites (examples highlighted with white
dotted circles). The advantage of such TREC-driven force
spectroscopy is that a single functional molecule can be
selected and targeted for force spectroscopy with high
specificity. Figure 4c shows representative rupture forces
under a different force loading rate (r) at 25.2, 50.0, 97.2,
175.0, and 291.4 nN/s. The constructed force histograms from
over 300 curves for each loading rate results in the rupture
force of 31.67 ± 4.90, 35.28 ± 4.13, 37.72 ± 3.61, 40.86 ±
6.09, and 42.07 ± 4.53 pN, respectively (Figure 4d). According
to the Bell−Evans model,41 the force (F) and logarithmic
loading rate (ln(r)) were fit linearly into the equation (eq 1):

=
i
k
jjjjj

y
{
zzzzzF

k T
x

rx
k Tk

ln
B

BB

0 B (1)

where xB is energy barrier width, k0 is the kinetic off-rate, kB is
the Boltzmann constant, and T is the absolute temperature.
This resulted in F = 4.311 × ln(r) + 18.109 (Figure 4e). The
equilibrium parameters xB and k0 were thus determined to be
0.83 nm and 0.0034 s−1. Compared to the energy barrier width
estimates of the interaction between heparin and FX06 or
heparin and antithrombin which are 0.31 nm37 and 0.46 nm,42

respectively, the larger xB between PrP and heparin may result
from the protein conformational change during the pulling
process. PrP has been demonstrated to extend 9 ± 1 nm from
the native state to the unfolded state under a constant force of
11 pN17 which is lower than the rupture force between PrP
and heparin. Thus, the energy barrier width of 0.35−0.42 nm
of the protein unfolding transition43 may also partially
contribute to xB of the heparin and PrP interaction. As for

Figure 4. PrP−heparin interactions. (a, b) Topography (a) and recognition (b) images of heparin modified gold surface. (c) Representative
retracting curves at 5 different loading rates. (d) Histogram distributions of rupture forces of the corresponding 5 different loading rates. (e) Linear
fitting of rupture force and logarithmic loading rates. (f) The reconstructed free energy profile for PrP−heparin interaction.
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the kinetic off-rate k0, 0.0034 s−1 for the PrP−heparin
interaction is less than the 0.04 s−1 for heparin and
antithrombin,44 suggesting that the PrP could dissociate from
heparin more quickly than antithrombin. The difference in k0
rate might be the underlying basis for the rapidly reversible
binding of PrP oligomers to the heparin modified surface in the
time-lapse imaging experiment.
Another important thermodynamic quantity we determined

from force spectroscopy data is the Gibbs free energy
associated with the binding between PrP and heparin.
According to the elegant Jarzynski equality (eq 2):

Ne eW G (2)

where β = (1/kBT), kB is the Boltzmann constant, and T is the
temperature. The left side of eq 2 represents an average over N
realizations of the process. Theoretically, it has been shown
that the equality is exact in the limit N →∞.45 Through
reconstructing the force trajectory by an exponentially
weighted averaging of 349 force−distance curves (Figure
S3), the Gibbs free energy profile was rebuilt (Figure 4f). The
related change in Gibbs free energy (ΔG) for PrP−heparin
interaction was calculated to be 28.53 kcal/mol. Interestingly,
it is larger than the ∼20 kcal/mol energy barrier biochemically
determined to trap the native structure from a more
thermodynamically stable, β-rich oligomeric state46 and 64 ±
6 kJ/mol (∼14 kcal/mol) energy barrier from the native state
determined by single molecule optical trapping.17 Considering
that the rupture lengths under different loading rates are 6.04
± 0.37, 6.40 ± 0.37, 5.76 ± 0.69, 6.04 ± 0.45, and 5.60 ± 0.33
nm, respectively, the PrP protein could be partially unfolded
during the pulling processes,45 and our measured ΔG may
include both the Gibbs free energy of the interaction between
heparin and PrP and the energy in the PrP conformational
change, i.e., partial PrP unfolding. Further detailed inves-
tigations are needed from this perspective.
The Dynamic Process of PrP Fiber Formation. Now we

have experimentally established that the oligomers are the

basic units of protofibrils and fibers. Further, the detailed
behavior of the oligomers during the fibril growing process is
also revealed. The images in the white dashed rectangle in
Figure 5 record the association and dissociation process of
oligomer on the surface during the formation and growing of
the PrP fiber. At the beginning of the monitoring, a few small
oligomers were found to sporadically deposit on the surface
from the original fibrils (Figure 5a). With more oligomers
polymerized and attached to the existing oligomers (Figure
5b,c), an intact fiber gradually emerges (Figure 5d). However,
certain oligomers that were part of the short fiber
spontaneously dissociated from the advanced fibril structure,
leaving a scattered fibril skeleton in place (Figure 5e). This
result demonstrated that the elongation of PrP fibrils is also a
dynamic process.
The time-series images in the dashed green rectangle

represent the formation of lateral fibrils (Figure 5). Compared
with the zero-time point (Figure 5a), two oligomers at the
height of 1.9 nm are attached to the existing 26 nm wide single
fiber strand after 7 min, and the width grows to 36 nm (cross-
section profile in Figure 5b). As the R-squared value of the
oligomer height is around 0.89 nm,20 1.9 nm represents two
oligomers stacking vertically. At 20 min, more oligomers are
accumulating to form a new parallel strand (Figure 5c) at a
similar height of oligomers with the width further growing to
51 nm. Afterward, additional PrP molecules are inserted into
the groove of the two fibrils and formed a second layer of PrP
fibril, increasing the height of the fibrils to 5.4 nm with the
width shrinking to 38 nm (Figure 5d). After another 21 min,
the second layer PrP dissociates from the first layer (Figure
5e). As a result, two lateral fibrils get exposed at the height of
2.7 nm with the width of 31 nm. The height and width changes
may be induced by the conformational change of PrP during
intermolecular interactions of the oligomers or the attachment
of additional PrP monomer, dimer, or trimer, whose heights
are about 0.8−1.2 nm, in the fibril assembly. The above
observation indicates that not only is the surface attachment of

Figure 5. 3D images of PrP fibers acquired by in situ time-lapse AFM. (a) The image of short fibrils after adding PrP on the high concentration
heparin fiber for 5 h. (b−e) Images acquired 7, 20, 40, 61 min after panel a. The cross-section profiles of the green lines are shown at the bottom of
corresponding images.
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oligomers a reversible process, but also the association between
oligomers in the advanced morphology is a dynamic process as
well. Contrary to the rapid turnover of PrP oligomers or short
protofibrils on the heparin modified surface, the skeletons of
fibril could stay on the surface for an extended period of time.

■ CONCLUSION
Through combining simultaneous topographic and recognition
(TREC) imaging and single molecule force spectroscopy
(SMFS), the atomic scale details of the whole PrP aggregation
on heparin functionalized gold surface were monitored in situ
and in real time. We find that the aggregation morphologies
were significantly different in the presence of heparin in a sense
that the PrP molecules could aggregate into much larger
oligomers or even assemble into mature fibrils while only PrP
oligomers form in the absence of heparin. The process of
forming the PrP fiber is found to be a dynamic association and
dissociation of oligomer as revealed by flowing detailed
behavior of the oligomers during the fibril growing process
with time-series images. Remarkably, we found that heparin is
not directly involved in the PrP assembly but only facilitates
formation of oligomers nuclei during PrP aggregation, which is
the rate-limiting step in the nucleation-dependent aggregation
process. Because the cell surface PrP−HS interaction could
play a critical role in nucleating amyloid formation or altering
aggregate morphology, this study will provide the single
molecular level understanding of the roles of HS in PrP
aggregation in a more physiologically relevant way.
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