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• Epitaxial assembly kinetics of mutant
amyloid β25–35_N27C fibrils on mica
were investigated.

• Fibril growth kinetics were followed as a
function of peptide and KCl concentra-
tions.

• Critical peptide concentration for fibril as-
sembly was 3.92 μM, maximum growth
rate 0.38 nm/s.

• Above 20 mM KCl mutant fibril growth
stopped even at high peptide concen-
trations.

• With peptide and KCl concentrations
the structure of Aβ25–35_N27C fibril
nano-network can be tuned.
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Amyloid β25–35 (Aβ25–35) is a toxic fragment of Alzheimer's beta peptide. We have previously shown that
Aβ25–35 fibrils form a trigonally oriented network onmica by epitaxial growthmechanisms. Chemical reactivity
can be furnished to the fibril by introducing a cysteine residue (Aβ25–35_N27C) while maintaining oriented as-
sembly properties. Previously we have shown that fibril binding to mica is strongly influenced by KCl concentra-
tion. In the present work we explored the kinetics of epitaxial assembly of the mutant fibrils at different peptide
andKCl concentrations by using in situ time-resolved AFM.Wemeasured the length of Aβ25–35_N27Cfibrils as a
function of time. Increasing free peptide concentration enhanced fibril growth rate, and the critical peptide con-
centration of fibril assembly was 3.92 μM. Increasing KCl concentration decreased the number of fibrils bound to
the mica surface, and above 20 mM KCl fibril formation was completely abolished even at high peptide concen-
trations. Bymodulating peptide and KCl concentrations in the optimal ranges established here the complexity of
the Aβ25–35_N27C network can be finely tuned.

© 2013 Elsevier B.V. All rights reserved.
36 1 266 6656.
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1. Introduction

Amyloid fibrils are proteinaceous filaments which, under in vivo
conditions and in a variety of degenerative diseases, become deposited
in the extracellular space of different tissues [1–4]. Amyloid fibrils have
been shown to function as nanoscale templates for electrically
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conductive nanowires, raising the possibility of their nanotechno-
logical applications. A genetically engineered segment of the Saccha-
romyces cerevisiae Sup35p protein was used as a template for the
deposition of colloidal gold and metallic silver, thereby generating
nanoscale wires with ohmic properties [5]. The Alzheimer β-amyloid
diphenylalanine structural motif was used to generate nanotubes
within which metallic silver was deposited, forming long metallic
nanowires [6]. The self-assembly properties of amyloidogenic pep-
tides, combined with engineered chemical reactivities, form an ap-
pealing biomolecular system for potential nanobiotechnological
applications [7,8]. A special advantage of amyloid peptides is that
variants suitable for a particular application may be generated by
chemical [9] or biotechnological methods [5]. Once the fibrils are
formed, they possess high stability under physical and chemical con-
ditions far from the physiological. The global disorder in amyloid fi-
brillar arrangement, however, usually stands in the way of their
widespread usability in nanotechnology applications. Previously we
have shown that amyloid β25–35 (Aβ25–35), a toxic fragment of
Alzheimer's beta peptide, forms trigonally oriented fibrils on mica
[10]. We have demonstrated that the oriented binding depends on an
apparently cooperative interaction of a positively-charged moiety on
the Aβ25–35 peptide with the K+-binding pocket of the mica lattice,
lending a highK+-sensitivity for peptide binding and fibril assembly. Fi-
bril binding to mica was essentially insensitive to other ions such as
Na+ [10,11]. The formation of oriented fibrils is the result of epitaxial
polymerization. Such a fibril network may be used in nanotechnology
applications, provided that a specific chemical labeling of the fibrils is
available. We have recently shown that the mutant Aβ25–35 peptide
containing a Cys residue (Aβ25–35_N27C) also forms trigonally orient-
ed fibrils on mica while displaying chemical reactivity in the fibril [11].
To utilize such chemically reactive fibrils for further nanotechnological
applications, it is desired to tune the spatial features of the oriented net-
work with simply controlled parameters.

In the present work we tested the effect of peptide and KCl concen-
trations on the assembly dynamics of Aβ25–35 peptides. We find that
whereas fibril growth rate increases linearlywith peptide concentration
above the critical concentration of 3.92 μM, KCl is a competitive
inhibitor of the assembly process. By adjusting the experimental
variables within the optimal concentration ranges determined here,
the structural details of the oriented Aβ25–35_N27C network may be
finely tuned.
2. Materials and methods

2.1. Sample preparation

N27C mutant Aβ25–35 (25GSCKGAIIGLM35-amide) peptide (Aβ25–
35_N27C) was produced by solid-state synthesis [9]. Sample prepara-
tion was carried out as documented previously [11]. Briefly, the lyophi-
lized peptide was dissolved in DMSO (50.0 mg/ml) and diluted in
10 mM sodium phosphate buffer (10 mM Na2HPO4–NaH2PO4, pH 7.4,
0.02% NaN3) supplemented with different concentrations of KCl as re-
quired by the specific experiments. To maintain a reductive environ-
ment and to prevent sulfhydryl oxidation and the formation of
disulfide bridges between neighboring peptides, DTT was added to all
buffer solutions at 20 mM concentration. Reducing environment was
maintained throughout the experiments in order to avoid the influence
of peptide dimerization on fibril growth kinetics. Insoluble aggregates
were removed by high-speed centrifugation (Beckman Optima,
200,000 g, 30 min). Final concentration ranged between 0.5 and
2 mg/ml. Peptide concentration was measured with the quantitative
bicinchoninic acid assay [12]. Aliquots of the sample were quick frozen
in liquid nitrogen and stored at −80 °C for further use. After thawing
the sample was diluted with buffer to the required concentrations
(7.75–124 μM).
2.2. In situ atomic force microscopy

AFM measurements were carried out as described previously
[10,11,13–16]. 100 μl samples were applied to freshly cleavedmica sur-
face (V2 high-grade mica, #52-6, Ted Pella, Inc., Redding, CA). AFM
scanning was started within 10 s after sample application. The samples
were imaged with AFM in buffer under reducing conditions (20 mM
DTT freshly added) to prevent disulfide-bridge formation. Non-contact
mode AFM images were acquired with an Asylum Research MFP3D in-
strument (Santa Barbara, CA) using silicon-nitride cantilevers (Olympus
BioLever, typical resonance frequency in buffer 9 kHz). Time-lapse AFM
images of Aβ25–35 fibril growth on mica were recorded by repetitively
scanning 2-μm-wide areas. 512 × 128-Pixel imageswere collectedwith
no interleave pause at a typical scanning frequency of 1 Hz and at a high
feedback set point. The time elapsed between consecutive images,
hence the time resolution of the in situ AFM measurements, was
128 s. The approximately 10-second uncertainty related to the initia-
tion of the time-lapse recording (setting of t0) was less than 10% of
the time resolution of the time-lapse recording.

2.3. Scanning force kymography

Scanning force kymography measurements were carried out as de-
scribed previously [16]. Briefly, non-contact mode images of epitaxially
growing amyloidfibrilswerefirst acquired in order to establish thefibril
growth directions. Scan angle was adjusted so that the fast (horizontal)
scan directionwas parallel with the chosen fibril orientation (one of the
threemain orientations). Slow scan along the direction perpendicular to
the fibril axis was disabled, and consecutive linescans were assembled
into a distance versus time image (kymogram). Images were typically
acquired at 1–3 Hz scanning rate.

2.4. Image processing and data analysis

AFM images were analyzed by using algorithms built into theMFP3D
driving software. Fibril growth rates were measured by obtaining the fi-
bril length as a function of time in consecutive time-lapse images. Fibril
length was measured as the full width at half maximum (FWHM) on to-
pographical profile plots obtained along the fibril axis. For data analysis,
we used IgorPro (Wavementrics, Lake Oswego, OR) and KaleidaGraph
(v.4.0.2, Synergy Software).

3. Results

3.1. Oriented growth of Aβ25–35_N27C fibrils on mica

The formation of Aβ25–35_N27C fibrils on mica was investigated in
time-dependent experiments. Time-lapse AFM experiments showed
that seeds appear on the mica surface from which fibrils grow in one
of the three main orientational directions (see Figs. 1, 2 and 4). Fibril
growth proceeded until the fibril end reached a roadblock, typically in
the form of another fibril lying across its path of growth. Once a growing
fibril hit the side of an already developed fibril, its growth stopped (see
Figs. 1, 2 and 4). Depending on the peptide and KCl concentrations, the
formation of the oriented network took place on a time scale of a few
minutes to hours. The global appearance of the oriented fibril network
was similar in the case of the wild type and mutant peptides (Fig. 1a
and b). There was an angle of 60° between fibril orientation directions,
similarly to earlier observations [11]. There were differences in the
growth dynamics of the wild-type and mutant fibrils, however. We ob-
served that at identical ionic conditions and initial peptide concentra-
tions wild-type fibrils grew faster (0.105 nm/s ± 0.014 nm/s SEM)
than the mutant (0.046 nm/s ± 0.005 nm/s SEM). We also observed
that the mutant fibrils were significantly thicker (mean topographical
height: 3.01 nm ± 0.04 nm SEM) than the wild-type (mean topograph-
ical height: 2.74 nm ± 0.05 nm SEM) (Student's t probability b 0.0001),
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Fig. 1. Comparison of the wild-type and mutant Aβ25–35 fibrils. a. In situ AFM recording of the epitaxial assembly of wild-type Aβ25–35 fibrils on mica. b. In situ AFM recording of the
epitaxial assembly of the mutant Aβ25–35_N27C fibrils on mica. c. Axial topographical profile of wild-type (left) and mutant (right) Aβ25–35 fibrils.
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but their surface roughness, measured as the standard deviation of topo-
graphical height, was similar (~10% of mean height) (Fig. 1c).

3.2. Effects of peptide concentration on the kinetics of Aβ25–35_N27C fibril
assembly

The effect of peptide concentration on the growth of Aβ25–35_N27C
fibrils is shown in Figs. 2 and 3. Increasing the peptide concentration
resulted in faster growth and denser fibrillar network (Fig. 2). As an ex-
ample, at a peptide concentration of 15.5 μM(and at a KCl concentration
of 2 mM) only few fibril seeds were observed and fibrils grew only few
tens of nanometers in half an hour (Fig. 2a). By contrast, increasing the
peptide concentration fourfold to 62 μM resulted in a very dense
network (Fig. 2b). Fibrils grew to termination within 5 min. In Fig. 2b,
top image, a gradient of fibril density and length can be observed,
which is related to temporal evolution of the network along the top-
down scanning direction. After 6 min no significant further changes
in the global structure of the oriented fibrillar network could be ob-
served (Fig. 2b, middle and bottom). The average fibril growth rate
measured as a function of peptide concentration (at 1 mM KCl con-
centration) is shown in Fig. 3. Fibril growth rate varied linearly as a
function of peptide concentration across the investigated concentra-
tion range. Below a critical concentration no fibril growth could be
observed. The critical concentration, calculated as the x-intercept
of the linear fit to the fibril growth rate versus peptide concentration
data, is 3.92 μM.
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Fig. 2. Epitaxial assembly of Aβ25–35_N27C fibrils on mica as a function of peptide concentration. a. Time-resolved AFM images of growing Aβ25–35_N27C fibrils at a peptide concentra-
tion of 15.5 μM. b. Time-resolved AFM images of growing Aβ25–35_N27C fibrils at a peptide concentration of 62 μM. KCl concentration was 2 mM in both experiments.
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3.3. Effect of KCl concentration on the kinetics of Aβ25–35_N27C fibril
assembly

The effect of KCl concentration on the growth of Aβ25–35_N27C fi-
brils is shown in Figs. 4 and 5. KCl had an overall inhibitory effect on fi-
bril assembly. At a peptide concentration of 62 μM doubling the KCl
concentration from 8 mM to 16 mM resulted in a nearly complete inhi-
bition of seed formation and fibril growth (Fig. 4b). A few fibrils grew
only a few tens of nanometers on a time scale of more than an hour.
To investigate the combined effect of KCl and peptide concentrations,
the growth rate of Aβ25–35_N27C fibrils was measured at increasing
KCl concentrations at each investigated peptide concentration. Fig. 5
shows the fibril growth rates in the investigated parameter space. Fibril
growth rate varied across two orders of magnitude (~0.006–0.4 nm/s).
At high peptide concentrations (124 μM)fibril growth could be discerned
only in the presence of high KCl concentration (16 mM), otherwise the
fibrils assembled on a time scale much faster than the AFM scan rate. At
low peptide concentrations even moderate concentrations of KCl
resulted in a nearly complete inhibition of fibril growth. Although KCl
inhibited fibril assembly, in the concentration range of 1–4 mM we
sometimes observed an enhancement of fibril assembly rate (Fig. 5, as-
terisks). In this KCl concentration range the rate of fibril assembly
displayed a local maximum.

3.4. Scanning force kymography of Aβ25–35_N27C fibrils

In the fibril length versus time plots of Aβ25–35_N27C fibrils a stop-
and-go feature could be discerned (Fig. 6a, arrows). Apparently the
growth of the fibrils occasionally comes to a halt. To explore the dynam-
ics of assembly and disassembly of individual Aβ25–35_N27C fibrils
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with a higher temporal resolution, scanning force kymographic mea-
surements were carried out. Fig. 6b shows a scanning force kymogram,
in which three independent fibrils positioned along a common axis can
be observed. The position of the ends of the fibrils can be followed as a
function of time with large spatial (4 nm) and temporal resolution
(1 s). Two of the three fibrils display increase in length, whereas the
third one displays disassembly. Neither fibril growth, nor disassembly
occurs continuously as a function of time. Rather, steps and pauses can
be clearly observed.

4. Discussion

In the present work we investigated the epitaxially driven assembly
dynamics of a mutant Aβ25–35 amyloid peptide, Aβ25–35_N27C. We
have previously shown that Aβ25–35_N27C forms a trigonally oriented
network on the surface of mica just like the wild-type peptide, and the
binding is highly sensitive to KCl concentration [11]. By comparison,
the binding of fibrils to mica was not inhibited by large concentrations
of NaCl. The K+-ion specificity of peptide binding likely stems from
the structural features of the mica surface. Aβ25–35_N27C fibrils carry
the special advantage of being chemically addressable, opening the pos-
sibilities of nanotechnological applications [11]. To efficiently control
the structure of the oriented fibril network for nanotechnological and
nanoelectronic applications, it is necessary to understand the role of ex-
perimental variables. Here we measured the effect of the two main de-
terminants of the kinetics of epitaxial assembly: peptide concentration
and KCl concentration.

We observed that both the wild-type and mutant fibrils assembled
into globally similar oriented networks (Fig. 1a and b) butwith different
growth dynamics. Mutant fibrils grew significantly slower under identi-
cal solution conditions than the wild-type fibrils. Considering that the
formation of disulfide bridges between the Cys27 side chains of neigh-
boring peptides within the fibril may in principle accelerate fibril
growth, our results indicate that the highly reductive conditions (pres-
ence of 20 mM DTT) efficiently prevented disulfide bridge formation.
Therefore, a reducing environment was maintained throughout the
measurements to alleviate the effect of peptide dimerization. The
lower growth rate of mutant fibrils is probably related to the greater
K+-ion sensitivity observed before [11], and is likely due to themodified
side-chain structure and properties. Interestingly, mutant fibrils had a
greater diameter than the wild type (Fig. 1c). Considering that the
Cys27 side chain in the mutant peptide is smaller in dimensions than
the Gln27 side chain of the wild type, we speculate that larger diam-
eter of the mutant fibril is caused by a greater number of component
β-sheets.

Above a critical concentration the rate of fibril growth varied linearly
with peptide concentration across the concentration range (7.75–
124 μM) investigated. The critical peptide concentration, which is nec-
essary to evoke the seeding and subsequent growth of the fibrils, was
3.92 μM. Previously, critical concentration values of 50 μM [17] and
100 μM [18] were measured for the assembly of Aβ1–40 fibrils in solu-
tion. The low critical concentration observed here is most likely caused
by a catalytic effect of the surface [19,20]. For the oriented growth of the
wild-typeAβ25–35 peptidewehave previouslymeasured a critical con-
centration of 10 μM in scanning force kymographic experiments [16]. In
scanning force kymographic experiments, however, only the growing
phase of fibrillogenesis was considered and the paused state of the fi-
brils was excluded from the analysis, thus yielding a slightly greater
value for the critical concentration. Altogether the mica surface effi-
ciently catalyzes the seeding and growth of Aβ25–35_N27C fibrils. At
high peptide concentrations fibril growth rates up to 0.4 nm/s were
measured. Considering the dimensions of a β-chain (4.7 Å, [4]), this
growth rate is equivalent to the addition of one Aβ25–35_N27C mole-
cule to the end of a pre-existing fibril every second. Because of the rela-
tively low time-resolution of the time-lapse AFMmethod (minute time
scale), faster fibril growth rates are difficult to measure at present. Fur-
thermore, because of the steric constraints imposed on fibril growth by
the trigonal arrangement, at high peptide concentrations the mica sur-
face becomes rapidly saturatedwith fully-grown fibrils (Fig. 2b). Should
such a constraint be absent, for example in unidirectional growth, it is
probable that even greater fibril growth rates could be reached and
measured.

Aβ25–35_N27C fibril assembly was inhibited strongly by the pres-
ence of small concentrations of KCl. Upon increasing KCl concentration
the number of fibril seeds decreased and the growth of the fibrils be-
came slower. Above 20 mMKCl themica surfacewas completely devoid
of fibrils. KCl is thus an efficient competitor of the binding of Aβ25–
35_N27C peptides to mica because of the structural specificities of the
substrate surface [21]. Fibril growth involves an initial, cation-sensitive
step of peptide binding tomica coordinated primarily by the interaction
between mica's K+-binding pocket and the ε-amino group of Lys28
[14]. During the initial binding Aβ25–35_N27C molecules compete
with K+-ions for the binding sites on the mica surface lattice. Further
binding of peptides to the initial fibril seed involves not only a direct in-
teraction between mica and the peptide, but a hydrogen bonding be-
tween neighboring peptides as well. Because either set of bonds
stabilizes the other type of interactions, the mica-driven oriented
Aβ25–35_N27C fibril growth proceeds with an apparent cooperativity
faster than either the binding of peptides on the mica surface or the ag-
gregation of fibrils in solution. However, because the stabilization of the
fibril involves further interaction of the newly-bound peptide and the
K+-binding pocket of mica, fibril growth is competitively inhibited by
K+ ions present in the solution. Our previous experiments have demon-
strated that binding is specifically affected by K+ ions, as NaCl at con-
centrations up to half molar did not have a significant effect on the
oriented fibril network [10,11]. The parameter space for fibril growth
(Fig. 5) suggests that the optimal KCl concentration for growing
Aβ25–35_N27C fibrils on the mica surface is between 1 and 8 mM. Al-
though K+-ions act as competitive inhibitors of fibril growth, at low
KCl concentrations fibril growth rate is sometimes enhanced (Fig. 5, as-
terisks). We speculate that the presence of a small concentration of K+

ions slightly shifts the binding equilibrium between pre-existing fibrils
and peptides so that it becomes more dynamic and kinetic traps are
avoided. Conceivably, the competition between K+ ions and the free
peptide molecules enhances the fluctuation between the blocked and
growing states of the fibril [16], which manifests in the stop-and-go
feature of individual fibril assembly in scanning force kymographic
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experiments (Fig. 6b). Further, detailed kymographic experiments that
quantify the ratio of life times of the paused and growing states of
Aβ25–35_N27C fibrils as a function of KCl concentration may provide
a test of this idea.

The oriented Aβ25–35_N27C fibril network has a strong applica-
tion potential. Because the Cys27 side chains within the Aβ25–
35_N27C amyloid fibril can be chemically functionalized, dedicated
molecular systems may be attached to the fibril surface via bi-
functional cross-linkers. Such molecular systems include, for exam-
ple, motor proteins, enzymes, or even nanogold particles, thereby
generating oriented nanomechanical devices, nanosensors or
nanoelectrical circuits, respectively. By controlling the peptide and
KCl concentrations the fibril growth rate, hence the overall network
density may be adjusted. Furthermore, by sequentially stopping and
initiating fibril growth and alternating the addition of mutant and
wild-type peptides, periodically or locally labeled fibrils may be
constructed. Further in-depth testing may pave the way for the use
of the oriented Aβ25–35_N27C fibril network in advanced nanotech-
nological applications.

5. Conclusions

In the present work we monitored the epitaxial assembly of the
N27C mutant of Aβ25–35 fibrils, which form a trigonally oriented net-
work on the surface of mica. The rate of fibril growth is enhanced by
the free peptide concentration. The critical peptide concentration,
below which fibril growth does not occur, is 3.92 μM. The low critical
concentration indicates that mica is an efficient catalyzer of Aβ25–
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35_N27C fibril assembly. K+ ions strongly inhibit fibril growth, but at
low K+ concentration an activation effect is sometimes observed,
which is probably due to the enhanced dynamics of the peptide-fibril
binding equilibrium. Altogether the optimal peptide and KCl con-
centrations for fibril assembly are 30–60 μM and 1–6 mM, respec-
tively. By adjusting peptide and KCl concentrations within these
concentration ranges, the details of the oriented fibril network can
be finely adjusted. By specifically labeling the Cys27 side chain of
Aβ25–35_N27C amyloid fibrils, regular arrays of biomolecular
nanostructures such as nanomechanical devices (by attaching motor
proteins), nanosensors (by using enzymes), or nanoelectrical circuits
(by labeling with nanogold particles) may be constructed.
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