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Abstract
Self-assembly of misfolded proteins into ordered fibrillar structures is a fundamental property of a
wide range of proteins and peptides. This property is also linked with the development of various
neurodegenerative diseases such as Alzheimer’s and Parkinson’s. Environmental conditions
modulate the misfolding and aggregation processes. We used a peptide, CGNNQQNY, from yeast
prion protein Sup35, as a model system to address effects of environmental conditions on
aggregate formation. GNNQQNY peptide self-assembles in fibrils with structural features that are
similar to amyloidogenic proteins. Atomic Force Microscopy (AFM) and Thioflavin T (ThT)
fluorescence assay were employed to follow the aggregation process at various pHs and ionic
strengths. We also used single molecule AFM force spectroscopy to probe interactions between
the peptides under various conditions. The ThT fluorescence data showed that the peptide
aggregates fast at pH values approaching the peptide isoelectric point (pI=5.3) and the kinetics is
10 times slower at acidic pH (pH 2.0) suggesting that electrostatic interactions contribute to the
peptide self-assembly into aggregates. This hypothesis was tested by the experiments performed at
low (11 mM) and high (150 mM) ionic strengths. Indeed, the aggregation lag time measured at pH
2 at low ionic strength (11 mM) is 195 hours, whereas the lag time decreases ~5 times when ionic
strength is increased to 150 mM. At conditions close to the pI value, pH 5.6, the aggregation lag
time is 12 ± 6 hours under low ionic strength, and there is minimal change to the lag time at 150
mM NaCl. Ionic strength also influences the morphology of aggregates visualized with AFM. In
pH 2.0 and at high ionic strength, the aggregates are twofold taller than those formed at low ionic
strength. In parallel, AFM force spectroscopy studies revealed minimal contribution of
electrostatics on dissociation of transient peptide dimers.
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1.Introduction
Misfolding and aggregation of proteins are fundamental phenomena of protein biophysics
leading to the development of a number of devastating neurodegenerative diseases,
including Alzheimer’s, Parkinson’s, and Huntington’s diseases, amyotrophic lateral

*Corresponding author: Yuri L. Lyubchenko, Department of Pharmaceutical Sciences, College of Pharmacy, COP 1012, University of
Nebraska Medical Center, 986025 Nebraska Medical Center, Omaha, NE 68198-6025, 402-559-1971 (office) 402-559-9543 (fax),
ylyubchenko@unmc.edu.

Classification Numbers: 87.14.E- Proteins
87.64.-t Spectroscopic and microscopic techniques in biophysics and medical physics
87.64. Dz Scanning tunneling and atomic force microscopy
82.37. Gk STM and AFM manipulations of a single molecule

NIH Public Access
Author Manuscript
J Phys Condens Matter. Author manuscript; available in PMC 2013 April 25.

Published in final edited form as:
J Phys Condens Matter. 2012 April 25; 24(16): 164205. doi:10.1088/0953-8984/24/16/164205.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



sclerosis, frontal temporal dementia, and the human prion diseases [1]. The accumulation of
abnormal protein aggregates detected as extracellular or intracellular deposits represents a
common pathological signature for these diverse neurodegenerative disorders. Proteins from
such deposits can spontaneously assemble into aggregates in test tubes, and this finding
dramatically facilitated physical, chemical and structural analysis of protein aggregates.
Studies during the past decade, with the use of such techniques as x-ray fibril diffraction [2],
electron microscopy (EM) [3], and atomic force microscopy (AFM) [4–6], as well as
spectroscopic methods [7, 8], showed that misfolded proteins are assembled into fibrils with
a periodic structure, stabilized by β-sheet structural motifs. The breakthrough was made in
the laboratory of D. Eisenberg, in which the crystallographic structure of short peptide
(GNNQQNY peptide) from the yeast prion protein Sup35 was obtained [9]. These studies
have identified several classes of so-called steric zippers. Despite the fundamental
similarities in the structure with extended protein strands that are perpendicular to the axis of
β-sheets, these classes vary in the basic steric zipper structure. Such variation mainly
involves the orientation of peptides and β-sheets with respect to each other. Based on solid
state NMR and x-ray crystallography, the underlying structure of prion amyloids was found
to share common structural features. They contain similarly arranged parallel β-sheets that
are packed in register for a variety of different prion proteins, such as Ure2p1-89 (the basis
of the [URE3] prion) [10], Ure2p10-39 [11], Sup35p ([PSI+] prion) [12], Rnq1p ([PIN+]
prion) [13]. Generally, β-strands of a protein molecule run perpendicular to the axis of the
fibril and hydrogen bonding in such structures occurs along the length of the fibril.

The mechanism of peptide/protein self-assembly into well-ordered structures is one of the
fundamental problems in soft condensed matter and biophysics. The ability to control the
self-assembly process and understand specific properties of self-assembling systems may
enable one to create novel materials with desired properties. Therefore, a deeper
understanding of the effect of various interactions such as electrostatic, hydrophobic,
conformational, etc. on the mechanism of self-assembly is required. These competing
interactions may influence the form and topology of aggregating proteins/peptides, leading
to various structures in self-assembling systems which might possess properties that are
beneficial (novel materials) or detrimental (cause of neurodegeneration). This study explores
the effect of electrostatics on aggregating properties of small amyloidogenic peptide,
CGNNQQNY.

It has been previously demonstrated that the effects of pH and ionic strength have a
profound impact on aggregation of amyloidogenic proteins [14–21]. Salt concentration/ionic
strength has been found to increase the intermolecular interactions between proteins [16,
20]. Although acidity and ionic strength are the two main environmental conditions affecting
aggregation, there are also more subtle effects on aggregation that can have a great impact
on the aggregate morphology [22, 23]. Here, we look at the effects of electrostatic
interactions at four different pHs and two different ionic strengths on aggregating properties
and aggregate morphologies of CGNNQQNY peptide. This short amyloidogenic peptide, 7-
GNNQQNY-14, is part of the prion-forming N-terminus of the Yeast Prion Protein, sup35.
The use of single molecule force spectroscopy allowed us to characterize intermolecular
interactions between two single peptides of different charged states. We studied the
aggregation kinetics using Thioflavin T (ThT) fluorescence assay and analyzed the
morphology of the formed aggregates with atomic force microscopy (AFM). We found that
for the charged peptide (pH 2) ionic strength accelerates the aggregation kinetics, whereas at
conditions close to the isoelectric point of the peptide, the aggregation kinetics is faster and
does not depend on ionic strength as much. The sizes of the aggregates were also affected by
pH and ionic strength of solution. The further away from the isoelectric point, the slower the
aggregation kinetics, and smaller, more linear aggregates were formed. Increasing ionic
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strength, on the other hand, consistently accelerated aggregation kinetics, as well as
increased size of all aggregates formed, whether they were linear or globular in nature.

2. Methods
2.1 Peptides and Linkers

The peptide CGNNQQNY (PepQ) was synthesized by BioSynthesis, Inc. (Lewisville, TX).
A second batch of peptides was also synthesized using a 12-channel automated microwave
peptide synthesizer (CEM Corporation, Matthews, NC). All synthesized peptides were
purified by C18 reverse-phase HPLC, and their molecular weights were confirmed by
MALDI-TOF mass spectrometry. The aminopropyl silatrane (APS) was used for mica
surface functionalization as described in [24]. NHS-PEG-MAL (N-hydroxysuccinimide-
polyethylene glycol-maleimide, MW=3,400 g/mol) was purchased from Laysan Bio, Inc.
(Arab, AL).

The 1.67 mM stock solution of NHS-PEG-MAL was prepared in DMSO (Sigma-Aldrich
Inc.) and stored at −20°C. The 10 mM tris(2-carboxyethyl)phosphine (TCEP) hydrochloride
(Hampton Research Inc.) was prepared in water. Maleimide polyethylene glycol silatrane
(MAS), with five ethylene glycol repeats, was synthesized as described in [25].

2.2. Aggregation studies using ThT fluorescence
The extent of peptide aggregation was followed by Thioflavin T (ThT) fluorescence. First,
the lyophilized peptide powder was dissolved in either water or buffer in an initial volume of
100 μl. Then initial concentration was obtained by using NanoDrop (Thermo Scientific,
Wilmington, DE), detecting the absorbance of the tyrosine residue at 274 nm, and using an
extinction coefficient of 1405 L·mol−1·cm−1 for tyrosine. The peptide solution was diluted
down to 0.5 mg/ml, using either water or a buffer as a solvent.

For the ThT fluorescence assay, 10 μL aliquots from the samples were withdrawn
periodically and added to 590 μL of 5 μM ThT solution. Fluorescence intensity was
measured on a Cary Eclipse spectrofluorimeter (Varian Inc. Palo Alto, CA) at 485 nm while
exciting at wavelength 450 nm. Each reading is an average of 15 values determined by
simple reads after subtracting out the fluorescence contribution from free ThT.

Initial readings of fluorescence were taken immediately after solution was prepared. Stirring
the solution at a regular interval was done in order to accelerate the aggregation process.
Magnetic stir bars were placed into the peptide solutions, and the samples were stirred for 20
minutes once every two hours.

2.3. AFM
Once ThT fluorescence levels had reached a plateau, samples of aggregated peptides were
deposited on APS modified mica. 2 μl of sample was initially deposited on the mica and
allowed to sit for 2 minutes, followed by the addition of 8 μl of distilled water, which was
then allowed to sit for 2 minutes. The samples were then dried by 2 minutes of spin coating
at 2000 rpm using a Model WS-400BZ-6NPP/LITE spin coater (Laurell Technologies
Corporation, North Wales, PA).

Images were acquired in air using a MultiMode SPM NanoScope IV system (Bruker Nano,
Santa Barbara, CA) operating in tapping mode. Silicon-etched tapping mode probes
(OTESPA) with nominal spring constants of ~42 N/m and a resonant frequency of ~330 Hz
were used. Image analysis was done using Femtoscan Online (Advanced Technologies
Center, Moscow, Russia). The first step in analyzing the features found on the mica surface
was to subtract the background that was less than 1 nm in height. The heights of all features
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found on the surface were determined by using “enum features” function found in the
software used. This function was also used to sort out the elongation factor of the
aggregates. For this, we used the form factor parameter (Rs/Rp) obtained from the “enum
features” readout. The aggregates were sorted out by their form factor value, with a form
factor of 0 to 0.5 interpreted as a fully elongated fibril, 0.5 to 0.8 as a protofibril, and
anything above 0.8 was considered to be an oligomer. The mean value for the height was
assigned to the maximum of Gaussian fitting for the histogram obtained for the data set not
less than 100 molecules for the smallest data set.

2.4. Dynamic Force Spectroscopy
Freshly cleaved mica (Asheville-Schoonmaker Mica Co., Newport News, VA, USA)
surfaces were treated with amino-propyl-silatrane (APS) for 30 min according to previously
reported protocol [24]. The APS modified mica surfaces were treated with 167 μM NHS-
PEG-MAL in DMSO for 3 h followed by rinsing with DMSO to remove non-bound NHS-
PEG-MAL, rinsing with water, and drying with argon. Maleimide-functionalized AFM
probes and mica were incubated for 1 h in 190 nM of peptide solution (HEPES buffer, pH
7.0). Prior to immobilization of peptide, its solution was treated with 0.25 mM TCEP
hydrochloride for 10 min in pH 7.0 buffer to reduce any disulfide bonds. After washing with
HEPES (pH 7.0, 10 mM HEPES, 50 mM NaCl) buffer, unreacted maleimide was quenched
with 10 mM β-mercaptoethanol for 10 min followed by rinsing with HEPES pH 7.0 buffer.

Silicon nitride (Si3N4) AFM probe tips (MLCT – VEECO, Santa Barbara, CA, USA) were
washed in ethanol by immersion for 30 min and then activated by UV treatment for 30 min.
Activated probe tips were treated with 167 μM maleimide-silatrane for 3 h followed by
rinsing with double distilled water. Alternatively, in a double tether setup, after UV
treatment for 30 minutes, the tips were treated similarly to the surfaces after mica cleavage
as described above. The modified probe tips and mica were stored in carbonate (NaH2CO3/
Na2HCO3) buffer (pH 9.8) overnight.

Force–distance measurements were performed in various buffers: pH 2.0, pH 3.7, pH 5.6
(IS=11 mM) and pH 2.0 (IS=150 mM) at room temperature with the Molecular Force Probe
3D system (Asylum Research, Santa Barbara, CA) or Force Robot 300 (JPK Instruments,
Dresden, Germany). The ramp size was 200 nm with various loading rates. An application
force was kept at a low value (100 pN). Silicon nitride cantilevers with nominal values of
spring constants in the range of 0.04–0.07 N/m were used. Spring constants for each
cantilever were obtained using a thermal method with the MFP-3D instrument, regardless of
which instrument was ultimately used. In the case of Force Robot, we confirm the spring
constant measurement prior to force spectroscopy experiments. The approach velocity was
kept at 500 nm/s while the retraction velocity was varied between 80 nm/s and 6,000 nm/s,
and the corresponding values of apparent loading rates were between 102 and 105,000 pN/s.

We have established for our experimental system that WLC model consistently provided a
better quality fit to the measured force-distance curves at the rupture point in a greater range
of rupture forces (pulling rates) compared to Freely Joint Chain model (see figures s1 and s2
in supplementary material). The force curves were analyzed using wormlike chain (WLC)
approximation and the Igor Pro 6.04 software package provided by the manufacturer. The
unbinding events where interactions between peptides are ruptured upon tip retraction
appear at a certain distance in the experimental force–distance curves defined by the length
of the flexible PEG linker. The analysis of the unbinding events included fitting the part of
the force-distance curve with Worm-Like Chain model describing behavior of polymer
linkers under applied external force (see supplemental material for details). The fit provided
contour length and persistence length of the linkers in our system. Contour length and
persistence length were further used to estimate apparent loading rate as described in [26].

Portillo et al. Page 4

J Phys Condens Matter. Author manuscript; available in PMC 2013 April 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The most probable rupture force was obtained from the Gaussian fit [27] of the force
distribution compiled in a statistical histogram. Data analysis in dynamic force spectroscopy
was performed as described in [25, 26, 28, 29].

3. Results
3.1. Aggregation in water

Initially, aggregation of CGNNQQNY (PepQ) peptide was tested in distilled water, at
conditions typically used for structural studies of aggregates formed by a similar peptide
[30]. Specifically, we wanted to know in what extent N-terminal cysteine changes the
aggregation kinetics. AFM images of aggregates at the plateau of ThT fluorescence intensity
showed that this peptide readily forms fibrils in water (figure 1). Here, it is clearly seen that
long and straight fibrils have formed. Similar fibrils were observed for PepQ peptide [30,
31], suggesting that the addition of cysteine did not change the aggregation kinetics of the
peptide. The aggregation kinetic curve for the peptide (figure s3) monitored with ThT
fluorescence has a typical sigmoidal shape consistent with nucleation-polymerization model
of fibril formation [32]. A lag phase with no increase in ThT fluorescence is followed by an
exponential growth phase wherein ThT fluorescence increases until a plateau is reached,
indicating the end of aggregate formation. The fluorescence curve was fitted using the
model described in [32] and lag time of aggregation was found to be ~2.8 hours.

The morphology of the aggregates type formed by PepQ peptide in water was analyzed by
AFM (Fig. 1(a)). The aggregate morphologies were classified in three major groups
according to their form factor value (see Methods section). They are (figure 1(a)) (i) fully
elongated fibrils (white arrows) with a form factor of 0 to 0.5; (ii) short fibrils (gray arrows)
with a form factor 0.5 to 0.8, and (iii) oligomers (black arrows) with form factor above 0.8.
The yield of the aggregate morphology (Fig. 1(b)) shows that, generally, these fibrils appear
to be quite uniform in morphology, with an even divide between globular oligomers and
long, mature fibrils (29% and 25%, respectively).

3.2. Effect of pH on aggregation kinetics
The effect of pH on aggregation of PepQ peptide was investigated at four different pH
values: 2.0, 3.7, 5.6 and 7.0. The pI value for the peptide is 5.3. The kinetic curves of the
peptide aggregation in these four pH buffers were obtained by ThT fluorescence and are
shown in figure s4. Fluorescence curves exhibit distinct growth patterns at different pH
values. The fastest kinetics was observed at pH 5.6, represented with blue diamonds, with a
lag time of 12± 6 hours, while an increase or decrease in pH resulted in larger lag times. The
longest lag time occurred with peptide incubated in pH 2.0, black squares, with a lag time of
196 ± 24 hours. The other two pHs, pH 3.7 (red circles) and 7.0 (green triangles), had
intermediate lag times of 41 ± 21 h and 47 ± 5 h, respectively. It is clear that aggregation
kinetics gets faster at pH values closer to pI value of the peptide. Because of this
phenomenon of differing aggregation rates as a result of pH, we hypothesize that
electrostatic interactions play a significant role in the self-assembly of protein aggregates.

3.3. Effect of pH on aggregate morphology
With the use of AFM, we then tested the peptide aggregation in four different pHs: 2.0, 3.7,
5.6, and 7.0 at a low ionic strength of 11 mM. Two typical AFM images for samples
obtained in pH 5.6 and pH 2.0, are shown in Fig. 2(a) and Fig. 2(b) respectively. Regardless
of the pH, the peptide is able to form all three types of morphologies indicated by arrows.
However, according to Figs. 2(c) and D, the proportion of these morphologies vary varies
depending on the pH. Oligomers were generally favored at pH 5.6, as seen in the AFM
image in figure 2(a), and the pie chart in figure 2(c), which is close to the peptide’s pI of 5.3.
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Longer fibrils were generally favored at pH 2.0, as seen in AFM image in figure 2(b) and the
pie chart in figure 2(d). More data are shown in Fig. s5 (supplemental figure) and the
proportion of oligomers in pH 5.6 was 53%, with fibrils making up only 8% of all
aggregates. There were also intermediates that made up 39% of the total. On the other hand,
pH 2.0 had 26% of all aggregates as globular, 30% were fully formed fibrils, and the
remaining 44% being intermediates. The other two pHs are shown in AFM images (i) and
pie charts (ii) of figures s5(b) and s5(d). The two pHs represented here had similar
proportions of oligomers and fibrils (ii), with a greater than twofold proportion of oligomers
to fibrils (ii), and with a similar proportion of protofibrils (ii). The proportion of oligomers is
38%, fibrils comprise of 17%, and the remaining 45% are intermediates at pH 3.7 (figure
s5(b ii)). These proportions remain similar at pH 7.0, with 39% of aggregates being in the
globular state, 16% in full-length fibrils, and the remaining 45% being in an intermediate
state between globular and fibrillar aggregates (figure s5(d ii)).

The aggregates were also analyzed for their height. Here, we see that the difference in
heights depends mainly on pH rather than the specific type of aggregate. At pH 2.0, the
majority of all aggregates had heights around 6.5 nm (figures s5(a, iii–v)). At pH 3.7, the
aggregates had a larger range of heights from 5 nm, 8 nm, and 12 nm for fibrils, short fibrils,
and oligomers, respectively (figures s5(b) iii–v). At pH 5.6, there was a shift toward higher
aggregates, with the center of the distribution of 9 nm, with an additional distribution
maximum around 5 nm (figure s5C iii–v). At pH 7.0, there was a distribution of 7 nm in
height in oligomers and fibrils, as well as a distribution at around 4 nm (figures s5D iii–v).
There were also many aggregates at all pHs, mainly protofibrils and oligomers, that were
around 2 nm, which may represent an early stage of aggregation.

3.4. Effect of ionic strength on the aggregation kinetics
The influence of ionic strength on the PepQ peptide aggregation was studied at pH 2.0 two
ionic strengths - 11 mM and 150 mM. The ThT aggregation data are shown in figure 3(a) in
which black squares represent aggregation in 11mM salt concentration, and the open gray
circles represent aggregation in 150 mM salt concentration. The data show that the addition
of salt increases the rate of aggregation most dramatically, as indicated by a shorter lag time
of 36 ± 15 hours, compared to 196 ± 24 hours under low salt conditions. All of the other
pHs also show an effect of ionic strength on their lag times, where the change in lag time
was the smallest at pH 5.6. The increase in ionic strength at pH 5.6 resulted in a small shift
from 12 ± 6 hours to 7 ± 3 hours. The other two pHs showed an intermediate shift from 41 ±
21 to 22 ± 11 hours at pH 3.7, and 47 ± 5 to 33 ± 16 hours at pH 7.0.

3.5. Effect of ionic strength on aggregate morphology
We used AFM to study the effect of ionic strength on the morphology of aggregates (figures
3(b) and 3(c) and supplemental figures s5(a i) and s6(a i). At pH 2.0, increasing ionic
strength resulted in an 8% decrease in oligomers, and a 9% increase in elongated fibrils (Fig.
3(d) and 3(e), Fig. s5(a ii), and Fig. s6(a ii). At pH 3.7, oligomers increased from 38% to
49%, with a reduction in fibrils from 17% to 5.4% (Fig. s5(b ii), and Fig. s6(b ii)). At pH
5.6, the proportion of globular oligomers slightly increased and fibrils slightly decreased,
while short fibrils remained the same (Fig. s5(c ii), and Fig. s6(c ii)). There was a reverse
trend at pH 7.0, where there was a reduction in oligomers from 39% to 18%, and an increase
in fibrils from 16% to 39%, with protofibrils barely changing (Fig. s5(d ii), and Fig. s6(d
ii)). One interesting result to note is that protofibrils have a range from 39% to 46% across
all pHs and ionic strength. This is the most stable percentage, and it does not appear to be
affected by ionic strength. In pH 2.0, the oligomers formed under high ionic strength
conditions have heights of around 10 nm, shown in figure s6 (a iii), while aggregates formed
under lower ionic strength are smaller, have heights of around 5 nm (figure s5(a iii)). The
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distributions of aggregates also have larger sizes under high ionic strength as compared to
low ionic strength, as seen in figure s5(a–d, iii–v). We have also observed association of the
fibrils into bundles at higher ionic strength. The fibrils themselves have a similar height of
around 5.5 nm and 6.3 nm in low and high ionic strengths, respectively; along with some
larger fibrils that (11.2 nm) under high ionic strength, shown in figure s5(a) and s6(a),
respectively. At pH 3.7 and high ionic strength, the aggregates have a large spread of heights
with maxima of distributions at 5 nm, 9 nm, and 17 nm (figure s6(b iii–v)). At pH 5.6, there
was a shift toward higher aggregates, with the center of the distribution at 9 nm, with an
additional maximum at around 27 nm (figure s6(c iii–v). The formation of very large
aggregates up to 60 nm in height was also observed at pH 5.6. At pH 7.0, there was a wide
distribution of heights, with the maxima occurring at 15 nm and 40 nm in all aggregates
(figure s5(b iii–v), as well as the heights of 9 nm and 48 nm in the case of oligomers (figure
s5(b iii)).

3.6. Dynamic Force Spectroscopy
In order to understand what effect electrostatics has on the interactions between PepQ
peptides, we have performed force spectroscopy measurements at various pH values.
Individual peptide molecules were covalently tethered to the AFM tip and mica surface via
two PEG (MW 3,400) flexible linkers on the tip and the surface, and their interactions were
probed by multiple approach-retraction cycles as described in [17, 26, 28, 29, 33, 34]. A
double tether approach for force spectroscopy was used in order to give enough rupture
distance in the analysis of the force curves to distinguish specific peptide-peptide
interactions over short range non-specific interactions [26, 28, 29, 33, 34]. The experiments
were performed at different pulling rates to generate dynamic force spectra [17, 26, 28, 29,
33–36]. Figure 4 shows DFS spectra measured in pH 2.0, pH 3.7, and pH 5.6 buffers. The
plot for pH 2.0 have two slopes (figure 4). The data points for pH 3.7 fall on one line (figure
4). The plot for pH 5.6 has two slopes; note the second of which is quite steep (figure 4),
suggesting that two different dissociation pathways exist for the dimer dissociation at these
conditions [26, 28, 29, 33, 34].

We have also performed DFS study at two ionic strengths for pH 2.0 shown in figure 5.
These experiments were also performed at different loading rates to generate dynamic force
spectra [17, 26, 28, 29, 33–36]. The parameters extracted from the fit of the spectra with
equation 1 are summarized in Table 2. Both sets of slopes are nearly identical, with similar
lifetimes of 3.2 s and 1.9 s for low salt and high salt, respectively, for the first slope. The
second set of slopes also show similar lifetimes of 0.40 s and 0.60 s, respectively.

We proposed earlier [37] that different slopes on the DFS plots corresponded to different
conformations of misfolded dimers that might lead to different morphologies of aggregates.
Here, we tested this assumption by performing parallel DFS analysis of Pep Q and
CGNNPQNY (Pep P); the first glutamine (Q) in PepQ was replaced with proline (P) to yield
PepP. The difference in the aggregation of these two peptides (Fig. 6(a)) is the lack of fibrils
for PepP as tested with ThT fluorescence. Figures 6(b) and 6(c) show AFM images obtained
for PepQ (48 hours when plateau of fluorescence was reached) and PepP (600 hours – the
longest time point we have observed). These images show that PepP does not form any
aggregates while images of PepQ sample show fibrillar type aggregates. AFM force
spectroscopy results are summarized in Fig. 6(d) in which DFS data for both peptides are
shown. The major difference between these two peptides is the lack of large forces at high
loading rates for PepP, so its DFS plot is presented with one line (black squares). On the
contrary, the data for PepQ have large forces at high loading rates leading to a steep second
linear regime in the DFS spectrum (blue triangles). From these findings, we suggest that the
second steep slope of DFS plot characterizes the formation of fibrillar aggregates,
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suggesting that the dimers with large lifetimes (small off rates) lead to the formation of
aggregates different from fibrils.

4. Discussion and Conclusions
The data presented here show a strong effect of electrostatics on the aggregation of PepQ
peptide. The aggregation rate is the fastest at pH 5.6, which is close to pI of the peptide
(5.3). At this pH, the peptide chain has the positive and negative charges neutralizing each
other and therefore there is less repulsion, which contributes to faster aggregation. There are
also hydrophobic interactions that take place between peptides, which is most readily seen at
pH 5.6 due to the neutralization of overall charge on the peptide chain. At pH 2.0, however,
the overall charge is highly positive, which then leads to greater repulsion. This repulsion
has slowed down the aggregation kinetics at this pH, as this repulsion needs to be overcome
before there is interaction between charged peptides. However, the fact that this interaction
does eventually take place demonstrates that this is not an entirely strong effect. When
increasing salt concentrations, we can effectively screen this electrostatic repulsion. This has
the result of accelerating aggregation kinetics, with the repulsion lessened from the ion
screening. AFM topographic analysis revealed the effect of electrostatics on the aggregation
morphologies. The overall sizes of all aggregates formed at low salt concentration are
smaller compared to samples grown in high salt aggregation. The heights of the aggregates
had two populations in the high salt aggregates, corresponding to the low salt heights, as
well as twice as that.

Surprisingly, the effect of electrostatics was not that pronounced in the force spectroscopy
experiments in which interactions between the peptides within the transiently formed dimer
were probed. According to figure 5, the increase of ionic strength at pH 2.0 slightly
decreased the interactions at high loading rates with no effect on the interactions at slow
loading rates. These findings suggest that intermolecular rather than electrostatic interactions
with the transiently formed dimer define the dimer stability. Indeed, the distances between
the peptide monomers within in crystal structures [38] are relatively short (~0.5 nm), so the
contribution of the long-range electrostatic interactions on the dimers dissociation at such
distances is small. However, electrostatic repulsion prevents the formation of such dimers,
initially slowing down the kinetics of the peptide aggregation as we observed in the
experiments with ThT fluorescence. The primary role of intermolecular interactions rather
than electrostatics on the dimers stability is confirmed by our comparative studies of PepP
and PepQ, which differed in only one amino acid.

The DFS data for these PepQ and PepP are dramatically different. The results with these two
mutants provide additional insight into the mechanism of protein aggregation. ThT is a
widely used fluorescent probe for detecting amyloids [32, 39–42]. In our experiments (Fig.
6(a)), we did not see any increase of ThT fluorescence for PepP peptide, suggesting that no
amyloid type aggregates are formed. These data are in sharp contrast with similar probing of
PepQ aggregation (Fig. s4), which is typical for aggregation of amyloid proteins. These data
suggest that PepP peptide should not form amyloid aggregates. Indeed, we did not observe
aggregates for PepP with AFM (Figs. 6(b) and 6(c)). The DFS data (Fig. 6(d)) obtained for
PepQ and PepP are very different, too. PepQ forms dimers, dissociating at the rupture forces
as large as ~1.6 nN, whereas the stability of PepP dimers probed at the same loading rates is
more than 10 times less. The DFS plot for peptide PepQ has two well-defined linear plots,
whereas the DFS plot for PepP has only one line with a small slope similar to the one for
PepQ. Comparison of these data leads us to the hypothesis that the second linear plot on the
DFS plots is the signature for the formation of fibrils and the linear plot with a small slope
describe the properties of dimers that are not involved into the fibrils formation and may be
responsible for the formation of small aggregates (oligomers). We have recently applied
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DFS analysis to Aβ peptide [28] and α-synuclein [26, 29]. The two-slope DFS plots are the
signatures for these amyloid proteins and they also form aggregates of different
morphologies, including fibrils. However, the values of rupture forces obtained at high
loading rates for these systems are considerably smaller than those for PepQ, suggesting that
fibrils formed by this peptide, Aβ and α-synucelin are structurally different. Additional data
are needed to test this assumption.

Overall, the results of this study demonstrate that the aggregating properties of short
amyloidogeneic peptide are strongly affected by the environment. We show here that
electrostatics plays an important role in the process of self-assembly of short amyloidogenic
peptide, PepQ. Electrostatic interactions define both aggregation kinetics and final
morphology of aggregated species. Either neutralization of the positively charged peptide by
high ionic strength or compensation of the overall peptide charge by pH leads to a drop of
the kinetics of the aggregates assembly. The decrease of the electrostatic repulsion of the
peptides facilitates the assembly of thick fibrils and the formation of large aggregates. At the
same time, electrostatic interactions do not play that strong effect in the stability of already
assembled aggregates, as the effect of electrostatics is small in the dissociation of dimers. A
finding of the role of the sequence on the interpeptide interactions suggested that fibrils and
oligomers are assembled by different pathways characterized by different interactions within
the dimers. This is a novel finding that shed a new light into the mechanism of protein
misfolding and self-assembly in nanoaggregates.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Fibrils grown in water. (a) AFM images of fibrils grown in water; full length fibrils, short
fibrils and globular aggregates are indicated with white, gray and black arrows respectively.
(b) Yield of aggregates formed with oligomers (black), protofibrils (gray), and full length
fibrils (white).
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Figure 2.
Fibrils grown in low salt buffers. AFM images of fibrils grown in (a) pH 5.6 buffer and (b)
pH 2.0 buffer; full length fibrils, short fibrils and globular aggregates are indicated with
white, gray and black arrows, respectively. Yield of aggregates formed in (c) pH 5.6 and (d)
pH 2.0, with globular aggregates (black), protofibrils (gray), and full length fibrils (white).
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Figure 3.
Fibrils grown in low salt buffers. (a) Kinetic curves of the peptide aggregation at pH 2.0 at
low salt (black squares) and high salt (open gray circles). AFM images of fibrils grown in
(b) pH 2.0 low salt buffer and (c) pH 2.0 high salt buffer; fibrils, protofibrils and globular
aggregates are indicated with white, gray, and black arrows, respectively. Yield of
aggregates formed in (d) pH 2.0 low salt buffer and (e) pH 2.0 high salt buffer, with globular
aggregates, protofibrils and full length fibrils shown in black, gray, and white, respectively.
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Figure 4.
Dynamic Force Spectroscopy plots for PepQ interactions measured at pH 2.0 (black
squares), pH 3.7 (open circles), and pH 5.6 (gray diamonds).
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Figure 5.
Dynamic Force Spectroscopy plots of PepQ interactions obtained at pH 2.0 at high salt
(open triangles and gray lines) and low salt concentrations (black squares and lines).
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Figure 6.
(a) Kinetic curves of aggregation of PepQ peptide (black squares) and CGNNPQNY (PepP,
gray triangles) obtained with ThT fluoresence. AFM images of aggregates formed by PepP
(b) and PepQ (c) peptides in pH 5.6 buffer. The scale bars are 500 nm. (D) Dynamic force
spectroscopy plots for PepQ (black squares) and PepP (gray triangles).
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