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The aggregates of the full-length human recombinant prion protein
(PrP) (23–231) on model membranes were investigated by combining
the atomic force microscopy (AFM) measurements and theoretical
calculations at pH 5.0, showing the great effect of PrP concentration
on its supramolecular assemblies on the lipid bilayer.

Prion diseases, such as Creutzfeldt–Jakob disease (CJD) and bovine
spongiform encephalopathy (BSE), are fatal neurodegenerative
diseases that infect and damage the central nervous system in
humans and animals.1 These diseases are closely associated with
disease-related forms of PrP aggregates with various morphologies,
such as long, ordered amyloid fibers, relatively small fibrils,
and non-fibrillar b-sheet rich oligomers.2–5 Although these
different PrP aggregates have been observed for a long time,6,7
how they start to assemble from the individual PrP molecules is
still unknown. The lack of information on complex PrP aggregation processes severely hinders the research on PrP diseases,
because the PrP toxicity and infection are directly related to the
formation of PrP aggregates.8 Therefore, the molecular basis of
the PrP aggregation process at its initial step can provide the
missing information to understand the relationships between
PrP structures and activities, which will pave the way for the
future diagnosis and treatment of prion diseases.
To date, great eﬀorts have been made to monitor the
PrP aggregation at the single-molecule level. For example, the
assembled structures of small PrP peptides have been investigated by scanning tunneling microscopy (STM)9 and atomic
force microscopy (AFM).10 However, the small peptides used in
those studies cannot represent the structure and activity of the
full-length PrP molecule. Moreover, the experiments were performed on solid surfaces, which cannot represent the physiologically
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relevant conditions. The biological membranes were proved to
be closely related to the conformational conversion and aggregation of pathogenic PrP.11,12 Several recent studies have focused
on the aggregation of PrP (106–126) amide and PrP (90–231) on
the lipid bilayer.13,14 However, the PrPs used in these studies
are still the truncated domains instead of the full-length PrP
molecule.
The full-length PrP molecule consists of an inherently unstructured N-terminal segment (23–124) in a solution environment,
and a well-structured C-terminal domain.15–17 Experimental studies
have suggested that the N-terminal of the PrP molecule not only
directs the formation of oligomers, the most infectious particles
formed by PrP,5,18 but also interacts with a broad range of
molecules conducting various functions.19 In addition, the PrP
molecules have strong interactions with both the membrane
and other PrP molecules. Therefore, the concentration of PrP may
affect its aggregation on lipid bilayers.14 However, for physiological pathology, the most critical yet unknown information is
the initial step of the aggregation of the full length PrP on
membranes at very low solution concentration. To provide this
information, we used no-intrusive AFM high resolution imaging
to investigate the initial aggregation step of the full length PrP
molecule on the supported lipid bilayer (SLB) at low concentrations. The same experimental procedures were also performed at
high concentrations for comparison. Combining the dissociation
kinetics and structural simulations, the mechanism of the initial
PrP aggregation on the lipid membrane is proposed. These studies
have revealed the details of PrP aggregation on lipid membranes at
its very initial step.
We prepared a lipid bilayer containing anionic phospholipid
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-serine (POPS, SigmaAldrich) and zwitterionic phospholipid 1-palmitoyl-2-oleoyl-snglycero-3-phosphocholine (POPC, Sigma-Aldrich), which are the
two major phospholipids in neuronal cell membranes.20 This type
of mixed lipid bilayer can mimic the physiological membrane
where the PrP aggregation occurs. The SLB contains 50% POPS,
of which only 20% is exposed in the outer leaflet of the SLB
according to a previous report.21 It has been suggested that the
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exposed POPS molecules in the outer leaflet of the membrane
are the only POPS lipids that interact with PrP.14
The pH value is a critical factor for PrP aggregation. It has
been reported that the accumulation of misfolded PrP molecules was found in the endosomal organelles, where the typical
pH is around 5.0.22 In addition, the PrP molecules can convert
into diﬀerent conformations at the lipid membrane surface at
pH 5.0.7 In our studies, the SLBs have no obvious eﬀect on PrP
aggregation at pH 7.4 (ESI,† Fig. S1). At pH 5.0, the SLBs were
first imaged before injecting PrP solution, to make sure that a
flat supported lipid bilayer was well prepared. The AFM images
confirmed that a flat lipid bilayer had been successfully generated
before the PrP aggregation (ESI,† Fig. S2).
In order to reveal the mechanism of the initial PrP aggregation
step, we chose a very low concentration (4 nM) to slow down the
aggregation process, and high concentrations of 40 and 400 nM
were used for comparison. AFM provided high resolution images
showing the diﬀerent patterns of PrP aggregates formed at these
two diﬀerent concentrations. The single-molecule force measurements were then used to estimate the reaction kinetics of PrP
aggregations. A reaction model is proposed to connect the PrP
concentrations with diﬀerent aggregation pathways, which reveal
the initial aggregation step of full-length PrP molecules on the
membrane surface.
The very low concentration (4 nM) minimized the interactions among PrP aggregates and showed the eﬀect of the lipid
membrane on PrP aggregation more exclusively.2–5 Fig. 1A shows
that two compact layers of PrP were observed, which have never
been observed in previous studies on PrP aggregation. The height
of the second layer revealed by cross section analysis is about
2 nm (Fig. 1A 0 ), which is close to the height of PrP monomers.23
Moreover, the enlarged images of the first layer shows that the
PrPs randomly arranged on the SLBs (Fig. 1D), which is different
from the orthorhombic pattern formed by the lipid head
groups with a diameter of B5.0 Å (Fig. 1C). This phenomenon

Fig. 1 The aggregation of PrP at lower concentration on the lipid membrane
at pH 5.0. (A) The topography of PrP aggregation on the lipid membrane.
(A 0 ) The cross-section profile of the dark blue line. (B) AFM image of PrP
patterns enlarged from the area inside the blue frame in (A). The enlarged
areas of (C), (D) and (E) represent the lipid membrane, the first layer of PrP
aggregation and the second layer of PrP, respectively.
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(two layers) is very similar to that of the annexin A1 aggregation
on the lipid membrane.24 At 4 nM, PrP molecules in solution
minimize their oligomerization and aggregation. During the
initial step of the surface aggregation, the PrP monomers
deposit on the POPS-rich lipid membrane and form flat clusters
in some small areas, which could be a very common behavior
for many membrane proteins such as annexin A1.24 Eventually,
these small areas merge into a relatively large monolayer of PrP
formed on the membrane surface. The aggregation of truncated
PrP on the lipid membrane has been investigated at very high
concentrations,13,14 but in our studies, the compact monolayer of
full-length PrP on the lipid membrane has been detected for the
first time by using a very low concentration. It reveals the initial
stage of full-length PrP aggregation on the lipid membrane.
Interestingly, a second layer of PrP aggregates was also found
in some areas (Fig. 1D), which is similar to the PrP aggregation
patterns on a gold surface.25 The enlarged AFM images show that
these aggregates are oligomers (Fig. 1E), which interact with the
first PrP layer via non-covalent interactions such as hydrogen
bonds and van der Waals forces. Although the inter-molecular
interactions among PrP molecules favor the formation of oligomers, the low PrP concentration slows down this process.7 Therefore, the formation of the second layer (PrP oligomers) should be
much slower than that of the first layer. When the PrP concentration was increased to 40 nM, two layers of PrP aggregates were
also detected (ESI,† Fig. S3). Similar to the phenomenon detected
at a concentration of 4 nM, a flat and compact PrP monolayer was
formed as the first layer (Fig. S3A II, ESI†), and PrP aggregates
composed of oligomers formed as the second layer (Fig. S3A III,
ESI†). The only main diﬀerence is that more oligomers were
found to form on the second layer. This is because the rate of
formation of PrP oligomers increased with the increase of PrP
concentration.
Next, we investigate the aggregation by increasing the concentration of PrP by 100 times (400 nM). Since the increase of the PrP
concentration will change the reaction rate for PrP oligomerization, and consequently aﬀect the morphology of aggregates, we
clearly distinguished them by AFM images. Fig. 2A shows the
morphology of PrP aggregates at a solution concentration of
400 nM above the lipid bilayers. The enlarged topography image
and cross section analysis show that the PrP monomers form
sponge-like aggregates (Fig. 2B and B 0 ). From the further enlarged
area we can clearly distinguish the details showing that the PrP
monomers form distinct oligomers on SLBs (Fig. 2C), which is in
sharp contrast to the flat and compact PrP monolayer detected at
4 nM (Fig. 1B). It also implies that the change in aggregation
patterns with various solution concentrations may be a common
phenomenon for proteins interacting at the lipid membrane
surface.
Based on the previous research results, it is clear that the
high aﬃnity between PrP monomers and the POPS-rich lipid
membrane results in the formation of large clusters of PrP
oligomers. Comparing Fig. 1A with 2B, it is found that one shared
character of them is the relatively large PrP clusters on the surface,
leaving lots of areas in the AFM images without PrP. This similarity
suggests that the formed oligomers are immobilized on the SLBs.
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Fig. 4 The schematics of PrP aggregation on SLBs at pH 5.0. (A) Schematic
of the experimental setup. (B) Loading rate dependence on the unbinding
force of PrP. (C) The mechanism of PrP aggregation on the lipid bilayer at
a low concentration (4 nM). (D) The mechanism of PrP aggregation on the
lipid bilayer at a high concentration (400 nM).

Fig. 2 The aggregation of PrP at higher concentration on the lipid membrane
at pH 5.0. (A) The topography of PrP aggregation on the lipid membrane.
(B) AFM image of PrP patterns enlarged from the area inside the blue frame
in (A). (B 0 ) The cross-section profile of the dark blue line. (C) AFM image of
PrP patterns enlarged from the area inside the blue frame in (B).

To reveal the mechanism behind this phenomenon, we applied
the molecular dynamics and docking simulations (ESI,† Fig. S4–S6
and Table S1). Based on the docking simulations, although the
N-terminal is partially involved in forming PrP dimers (D) and
trimers (T) (Fig. 3A and B), it is still exposed to interact with the
lipid membrane. In addition, the PrP monomers form a hydrophobic core in D and T, and the hydrophilic domains locate on the
surface of the oligomer. The dimers or trimers can form oligomers
through the hydrophilic a-helices while leaving the N-terminals
pointing outside (Fig. 3C–E). Previous studies have shown that the
N-terminal of PrP has relatively high binding affinity to the
membrane.26 Therefore, the PrP oligomers strongly interact with
the lipid membrane through the N-terminals of their monomers.

Fig. 3 The docking simulation of dimer/trimer interactions. (A) and
(B) represent the side view of the PrP dimer and trimer, respectively. (C),
(D) and (E) represent the dimer–dimer, dimer–trimer and trimer–trimer
docking, respectively.
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A quantitative study on how the PrP concentration aﬀects its
aggregation is critical for a better understanding of the PrP initial
aggregation step, which lacks in most of the previously reported
research. Due to the high sensitivity, single molecule force spectroscopy (SMFS) has been widely used for studying the biomolecular
interactions.27,28 The dissociation constant (Kd), a measure
of the interaction strength, can be calculated by the dynamic
force spectroscopy (DFS) plot, using the Friddle–Noy–de Yoreo
model29,30, (ESI,† eqn (S1)). In this study, we obtained the force–
distance curves at various loading rates using DFS (Fig. 4A) (ESI,†
Fig. S7). Then, we calculated the PrP dissociation constant from
the fitting plot (Fig. 4B); the lowest force (Feq) required to break
a bond for the given force transducer stiffness is B47 pN,
which was predicted by theoretical studies and demonstrated
by experimental measurements.31–33 The dissociation constant
(Kd) was calculated to be B2.5 nM (ESI,† eqn (S2) and (S3)),
which is at the same order of magnitude as the reported
interaction between PrP and amyloid-b (Ab) oligomers.34 Kd in
this range is expected for high-affinity interactions.30 Fig. 4C
and D illustrates the mechanism for the different aggregation
pathways at different concentrations. At the low concentration
(close to the Kd), the deposition rate of PrP monomers on the
SLBs is much faster than that of forming oligomers. As a result, a
compact layer of PrP monomers is formed through the interaction between the PrP N-terminal and the lipid membrane, and
then the second layer with various oligomeric conformations
deposits on the first layer (Fig. 4C). At high concentration (higher
than Kd), the rate of forming PrP oligomers is very fast in the
solutions. Our docking simulations suggest that PrP molecules
form oligomers with the N-terminals pointing outside. Hence,
the oligomers form sponge-like aggregates on SLBs through the
interaction between the N-terminal of the PrP oligomers and the
lipid membrane (Fig. 4D).
The significant eﬀects of SLBs and PrP concentrations on
the initial PrP aggregation process can be used to study PrP
pathematology at diﬀerent concentrations. Previous work has
reported that the PrP molecules have high aﬃnity to the anionic
lipids such as POPS.7 These charged lipids have been shown to
be associated with functional roles such as promotion of phagocytosis,35 mediation of intracellular signaling,36 and induction of
changes to the outer face of the lipid membrane.37 At low concentrations, the PrP monomers interact with the anionic lipids by
forming layers of monomers, while the PrP pathogenesis at high
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concentrations is through the formation of the most infectious
particles (large oligomers) on the membrane. In addition, the
toxicity of the small PrP peptides was considered to originate
from disruption of the membrane,13 but in our study, the
full-length PrP aggregates are not disruptive to the lipid
membranes.38 It is for the first time that the initial aggregation
step of full-length PrP molecules has been studied qualitatively
and quantitatively. The results suggest a diﬀerent mechanism
that the neurotoxicity of full-length PrP is caused by interacting
with the charged lipid surface instead of disrupting the entire
membrane structure.
In conclusion, the initial aggregation process of human
recombinant PrP (23–231) on SLBs was monitored by the AFM
imaging at typical early endosomal pH (5.0). At lower concentrations, two types of aggregation layers were detected. The first
layer has very flat and compact structures, while the second layer
formed separated clusters of PrP oligomers. When high concentrations of PrP were used, only separated oligomers were
detected. Combining the AFM experiments and theoretical simulations, we propose an aggregation mechanism of full-length PrP
at different concentrations at the single molecule level. These
results will help us understand the missing mechanism of prion
pathology in living cells. They also provide guiding information
for the search of specific inhibitors, such as aptamers against the
N-terminal domain of PrP molecules, to prevent the formation of
PrP oligomers when the aggregation is at its initial step.
This work was supported in part by the US National Science
Foundation (ECCS 1231967 and CBET 1139057).
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21 R. P. Richter, R. Bérat and A. R. Brisson, Langmuir, 2006, 22,
3497–3505.
22 R. J. Lee, S. Wang and P. S. Low, Biochim. Biophys. Acta, 1996, 1312,
237–242.
23 K. R. Cho, Y. Huang, S. Yu, S. Yin, M. Plomp, S. R. Qiu,
R. Lakshminarayanan, J. Moradian-Oldak, M. S. Sy and J. J. De Yoreo,
J. Am. Chem. Soc., 2011, 133, 8586–8593.
24 K. Kastl, M. Menke, E. Luthgens, S. Faiss, V. Gerke, A. Janshoﬀ and
C. Steinem, ChemBioChem, 2006, 7, 106–115.
25 B. Wang, C. Guo, Z. Lou and B. Xu, Chem. Commun., 2015, 51,
2088–2090.
26 M. Morillas, W. Swietnicki, P. Gambetti and W. K. Surewicz, J. Biol.
Chem., 1999, 274, 36859–36865.
27 Q. Li, T. Zhang, Y. Pan, L. C. Ciacchi, B. Xu and G. Wei, RSC Adv.,
2016, 6, 12893–12912.
28 A. Janshoﬀ, M. Neitzert, Y. Oberdorfer and H. Fuchs, Angew. Chem.,
Int. Ed. Engl., 2000, 39, 3212–3237.
29 R. W. Friddle, A. Noy and J. J. De Yoreo, Proc. Natl. Acad. Sci. U. S. A.,
2012, 109, 13573–13578.
30 D. Alsteens, M. Pfreundschuh, C. Zhang, P. M. Spoerri, S. R. Coughlin,
B. K. Kobilka and D. J. Muller, Nat. Methods, 2015, 12, 845–851.
31 E. Evans, Annu. Rev. Biophys. Biomol. Struct., 2001, 30, 105–128.
32 U. Seifert, Europhys. Lett., 2002, 58, 792.
33 R. W. Friddle, P. Podsiadlo, A. B. Artyukhin and A. Noy, J. Phys.
Chem. C, 2008, 112, 4986–4990.
34 S. Chen, S. P. Yadav and W. K. Surewicz, J. Biol. Chem., 2010, 285,
26377–26383.
35 V. A. Fadok, D. R. Voelker, P. A. Campbell, J. J. Cohen, D. L. Bratton
and P. M. Henson, J. Immunol., 1992, 148, 2207–2216.
36 S. Ghosh, J. C. Strum, V. A. Sciorra, L. Daniel and R. M. Bell, J. Biol.
Chem., 1996, 271, 8472–8480.
37 S. M. van den Eijnde, M. J. van den Hoﬀ, C. P. Reutelingsperger,
W. L. van Heerde, M. E. Henfling, C. Vermeij-Keers, B. Schutte,
M. Borgers and F. C. Ramaekers, J. Cell Sci., 2001, 114, 3631–3642.
38 M. P. Boland, C. R. Hatty, F. Separovic, A. F. Hill, D. J. Tew, K. J.
Barnham, C. L. Haigh, M. James, C. L. Masters and S. J. Collins,
J. Biol. Chem., 2010, 285, 32282–32292.

This journal is © The Royal Society of Chemistry 2016

