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Aggregations of human prion protein (23–231) were monitored by
atomic force microscopy in real-time under pH 4. Prion dimers and
trimers were determined as the basic units by AFM images and simulated
structures. Aggregates aligned with the herringbone structures of an
Au(111) reconstructed surface via Au–S bonds as the first layer, while the
second layer was formed by non-covalent interactions.

Prion protein (PrP) is an intrinsically disordered protein (IDP) and is
involved in some fatal neurodegenerative diseases of humans and
animals, such as Creutzfeldt–Jakob disease and bovine spongiform
encephalopathy (mad cow disease).1 It has been widely accepted that
the self-assembly and aggregation of IDPs will lead to amyloid fibrils
in brain tissues and kill neural cells.2–4 Therefore, it is critical to
study the self-assembly behaviours of IDPs and their relationships to
diseases. Moreover, the self-assembly of proteins on inorganic solids
is of great interest for biological and biomedical engineering.5,6
Proteins with specific chemical and physical properties such as IDPs
can be used as building blocks for ‘‘bottom-up’’ fabrication of
functional nano-devices, such as biosensors and lab-on-a-chip
devices.7 These hybrid biomaterials and nanostructures have
potential applications in the diagnosis and treatment of human
diseases, such as cancers and neurodegenerative disorders. The gold
surface has been extensively used in both biosensor fabrications and
fundamental studies of protein structure–function relationships,
and the cysteine residue from proteins can bind to the gold surface
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and form gold–sulphur bonds, which is a well-studied self-assembly
mechanism.8 The PrP molecule has one internal disulfide bond, and
the two cysteine residues can bind to a gold surface and immobilize
the protein. Therefore, the self-assembly of PrP molecules on
an Au(111) surface becomes a convenient approach to study
this protein.
The PrP molecules have been studied with many techniques
such as X-ray crystallography, optical microscopy, and transmission
electron microscopy (TEM).9,10 However, the challenge in current
PrP studies is to elucidate the molecular basis of PrP aggregation at
its initial stage and at the single-molecule level, for which the
aggregation mechanism is still unknown.10 The mechanistic studies
of PrP aggregation at the single-molecule level will provide critical
information for understanding how native PrP (PrPC) converts
to misfolded PrP (PrPSc) and how this self-propagation process
eventually leads to large amyloid fibrils.10 Atomic force microscopy
(AFM) has been used to show large PrP aggregates and fibers.11 The
AFM technique can also provide single-molecule resolution for
structural studies of the PrP small oligomers and monitor the initial
PrP aggregation process on Au(111) or biomembrane surfaces.
Therefore, we used AFM topography imaging to monitor the aggregation process of PrP oligomers on an Au(111) surface in real-time
for almost 4 hours. The influence of solution pH on the PrP oligomer
conformations and aggregation processes on Au(111) surface were
also investigated. With the help of molecular dynamics and docking
simulations, an overall mechanism was developed for the initial
stage of PrP aggregation on the Au(111) surface. The results of this
study could be useful for the development of biosensor or diagnosis
methods for prion proteins and prion diseases.
The AFM images showed clear parallel patterns of PrP molecules
on the Au(111) surface (Fig. 1A to D) in pH 4 buﬀer. The angles
among those patterns are around 1201, which agrees with the angle
value of the reconstructed Au(111) surface herringbone structure
(Fig. 1E). Therefore, the growing directions of these patterns were
determined by the reconstructed Au(111) surface. The human prion
protein monomer has one disulfide bond connecting Cys179 and
Cys214.12 The sulfur atoms from these two residues can form two
Au–S bonds with the Au(111) surface and immobilize PrP monomer
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Fig. 1 Representative AFM topography images of PrP on an Au(111) surface.
(A) to (D) are the topographic images obtained after 21 min, 47 min, 172 min,
and 235 min of continuous scanning, respectively. Image size is 700 nm by
700 nm. The red frame in each image includes the area size of 400 nm by
400 nm. The highlighted areas are used in later analysis. (E) STM image of
reconstructed Au(111) surface. (F) AFM image of PrP patterns enlarged from
the area inside the white frame in (A). The three angles marked for the
herringbone structures in (E) and those for the PrP patterns in (F) all have the
value of 1201. (E) and (F) have the same image size of 200 nm by 200 nm.

Fig. 2 PrP patterns formed by the mixture of PrP dimers and trimers.
(A) PrP dimer conformation predicted by docking simulation. (B) PrP trimer
conformation predicted by docking simulation. The height values labelled
in (A) and (B) are in the unit of Å. (C) The area highlighted by the red frame
in Fig. 1A. Image size 400 nm by 400 nm. The cross-section profile of the
white line is shown in (D). (E) Is the enlarged area from the red frame in (C),
with the white dashed lines highlighting the dimers and trimers. Trimers
are numbered as T1, T2, and T3, dimers D1 and D2. (F) Is the 3D
topographic image of the same area in (E). Image size of (E) and (F) is
40 nm  40 nm. (G) and (H) are the enlarged 3D images for T1 and D1,
respectively. The three monomers in T1 are numbered as M1, M2, and M3.
M3 is located below M1 and M2. The two monomers in D1 are numbered
as M1 and M2, and M2 is below M1.

on the substrate. Moreover, some studies have reported experimental observations and theoretical hypotheses suggesting that
the mechanism of PrP aggregation to long nanofilaments is
through PrP oligomers (dimers or trimmers).13,14 Therefore, the
patterns of PrP shown on reconstructed the Au(111) surface are
assumed to be generated by the Au–S bonds at the interface
between PrP dimers (or trimers) and the Au surface.
Next, molecular dynamics and docking simulations have been
used to predict the conformations of PrP dimer (size around 5.4 nm,
Fig. 2A) and trimer (size around 7.0 nm, Fig. 2B) under pH 4.15,16 The
PrP monomers use their b-sheet structures to form a hydrophobic
core, and the outer surfaces are formed by more hydrophilic
a-helices. The disulfide bond locates between two a-helices in each
monomer. Therefore, the dimers and trimers can be stabilized on
the Au(111) surface with their outer surfaces bonded to the Au
substrate and the hydrophobic cores connecting with each other.
The analysis of enlarged AFM images of PrP patterns
revealed that the basic units are a mixture of PrP dimers and
trimers. The sizes of single units (either dimers or trimers) are
similar to the simulated values, as shown along the x-axis in
Fig. 2D. As the dimers and trimers attach to each other, the
measured sizes should be close to the actual values. In addition,
the measured cross-sectional height values of the trimers and
dimers indicate the relative heights of these two units, which
show a clear diﬀerence. Therefore, both the simulated results
and the images prove that dimers and trimers have diﬀerent
sizes and can be easily distinguished. The enlarged 3D AFM
images showed these basic units, and their conformations and
orientations are illustrated with the simulated dimer and trimer
structures in Fig. 2F. More representative dimer and trimer
images and simulations are shown in Fig. S1 and S2 (ESI†).
The combination of AFM high-resolution images and molecular
simulations successfully distinguished PrP dimers and trimers
in the first layer of PrP on the Au(111) surface.

The aggregation of PrP was also influenced by the solution
pH value. Fig. S3 (ESI†) shows the AFM topographic images of
PrP aggregates on the Au(111) surface under pH 7. No regular
pattern was observed after 3 hours of continuous scanning.
According to molecular dynamics simulations (Fig. S4, ESI†), the
PrP monomer cannot have any stable b-sheet structure in 60 ns of
simulation time period under pH 7. Therefore, PrP under pH 7 is
more flexible, which reduces the probability of the exposure of the
disulfide bond to the Au(111) surface. The three a-helices of PrP are
more hydrophilic, but the gold surface is more hydrophobic, which
makes it diﬃcult for PrP to form stable patterns.
In some areas of the Au surface, the AFM topographic
images showed the second layer of PrP above the first layer
(Fig. 3A, topographic image and the cross-sectional profile
measurement). The interactions happening between PrP oligomers
from the two layers are not Au–S bonds, but non-covalent interactions such as hydrogen bonding and van der Waals forces. Based
on the AFM images obtained from continuous scanning, the PrP
dimers or trimers are assumed to quickly form in solution and then
interact with the Au(111) surface to form the first layer with the help
of Au–S bonds and the reconstructed Au(111) herringbone geometry.
Consequently, the second layer will start to form with weaker noncovalent interactions between the PrP in the first layer and the
dimer–trimer in solution, and this process should be much slower
than the one for the first layer.
The conformations of PrP patterns in the second layer are
very diﬀerent from the ones in the first layer. In Fig. 3B, four
small areas were selected to demonstrate the details of the
filament-type PrP patterns. Some conformations in the second layer
were compared with simulated aggregations of dimers and trimers,
as shown in Fig. S5 and S6 (ESI†). These various aggregates have
diﬀerent numbers of binding residues and hydrogen-bonds, which
provide diﬀerent degrees of stabilization (Tables S1 to S9, ESI†).
Based on the experimental AFM images and structure simulations,
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Fig. 3 Analysis of the second layer of PrP aggregations on the Au(111)
surface. (A) Enlarged area inside the red frame in Fig. 1C, which shows both
the first and second layers. The cross-sectional profile shows the diﬀerent
height of the two layers. (B) Only the second layer by adjusting the oﬀ-set
of the AFM image in the z direction. Image size of (A) and (B) is 400 nm by
400 nm. The enlarged areas labelled 1 to 4 show representative patterns in
the second layers. Dimer and trimer units are marked as D and T,
respectively. The three-unit aggregation in each area is compared with
the simulated structure. D and T stand for dimer and trimer, respectively.

the overall mechanism of PrP aggregation on the Au(111) surface is
divided into two steps (Fig. 4E). The first step is the immobilization
of PrP patterns on the reconstructed Au(111) surface with the help
of Au–S bonds and Au geometry patterns, and the second step is
the deposition of the second layer with various conformations of
dimer–trimer aggregates. The PrP monomers (from the dimer or
trimer unit) between the first and second layers are predicted to
interact with each other via the residues in their a-helices (Fig. 4A to
D and Tables S10 to S14, ESI†).
For the non-covalent interactions involved in the aggregation, hydrogen bonds are the strongest type, and hydrophobic

Fig. 4 Overall schematics of PrP aggregation on an Au(111) surface. (A) to (D),
the docking simulation of dimer–trimer interactions between the first layer (up)
and second layer (down). (A) Dimer to dimer; (B) dimer to trimer, (C) trimer to
dimer, and (D) trimer to trimer. The predicted binding residues are shown in
stick representation for each structure. (E) The two steps of PrP aggregation on
the reconstructed Au(111) surface by schematics. The dimer–trimer hydrophobic cores are shown in magenta, and the hydrophilic helices in blue.
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interactions also play an important role. At each interface, the
ratio of hydrogen bonds to total binding residues can be used
as the criteria to compare the stability of that interface (Table S1,
ESI†). The aggregations between the first and second layers can
be analysed in the same way (Table S10, ESI†). The results
showed that the interfaces formed by basic units (dimers or
trimers) between the two layers can be more stable than the ones
formed in the same layer (Tables S1 and S10, ESI†). Therefore,
the PrP dimer and trimer in solution were supposed to be
stabilized when they attached to the ones in the first layer and
started the process of growing the second layer.
The aggregation process of human recombinant PrP (23–231)
on a reconstructed Au(111) surface was monitored by AFM
continuous imaging in real-time for more than 3 hours under
pH 4 and 7. Two aggregation layers were formed by PrP dimers
and timers as basic units. The patterns on the first layer followed
the herringbone structures of the Au(111) surface, while the
second layer formed less regular patterns under the influences of
the PrP in the first layer and the interactions among each basic
unit in the second layer. Molecular docking and molecular
dynamics simulations provide helpful structural information to
elucidate the two-step aggregation mechanism.
We thank the US National Science Foundation (ECCS 1231967
and CBET 1139057) for partial financial support of this research.
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