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Abstract: Under the influence of a
changed environment, amyloid-forming
proteins partially unfold and assemble
into insoluble B-sheet rich fibrils. Mo-
lecular-level characterization of these
assembly processes has been proven to
be very challenging, and for this reason
several simplified model systems have
been developed over recent years.
Herein, we present a series of three de
novo designed model peptides that
adopt different conformations and ag-
gregate morphologies depending on
concentration, pH value, and ionic
strength. The design strictly follows the
characteristic heptad repeat of the o-
helical coiled-coil structural motif. In
all peptides, three valine residues,
known to prefer the f3-sheet conforma-
tion, have been incorporated at the sol-
vent-exposed b, ¢, and f positions to

make the system prone to amyloid for-
mation. Additionally, pH-controllable
intramolecular electrostatic repulsions
between equally charged lysine (pep-
tide A) or glutamate (peptide B) resi-
dues were introduced along one side of
the helical cylinder. The conformation-
al behavior was monitored by circular
dichroism spectroscopic analysis and
thioflavin T fluorescence, and the re-
sulting aggregates were further charac-
terized by transmission electron micro-
scopy. Whereas uninterrupted a-helical
aggregates are found at neutral pH,
Coulomb repulsions between lysine
residues in peptide A destabilize the

Keywords: o—f3 structural transi-
tions - amyloids - coiled-coil folding -
protein models - self-assembly

helical conformation at acidic pH
values and trigger an assembly into
amyloid-like fibrils. Peptide B features
a glutamate-based switch functionality
and exhibits opposite pH-dependent
folding behavior. In this case, a-helical
aggregates are found under acidic con-
ditions, whereas amyloids are formed
at neutral pH. To further validate the
pH switch concept, peptide C was de-
signed by including serine residues,
thus resulting in an equal distribution
of charged residues. Surprisingly, amy-
loid formation is observed at all pH
values investigated for peptide C. The
results of further investigations into the
effect of different salts, however,
strongly support the crucial role of in-
tramolecular charge repulsions in the
model system presented herein.
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The formation of insoluble proteinaceous amyloid deposits
is a common hallmark of many neurodegenerative diseases
such as Alzheimer’s disease, Parkinson’s disease, and the
transmissible spongiform encephalopathies."? Various non-
disease related proteins have also recently been shown to
aggregate into similar fibrillar structures under in vitro con-
ditions, thus suggesting that the amyloid structure is a gener-
al feature of peptides and proteins.>*! Although amyloid-
forming proteins do not usually possess sequence homolo-
gies, impressive structural similarities, such as an un-
branched morphology, diagnostic dye binding, and a charac-
teristic X-ray diffraction pattern, are found for their fibrillar
assemblies.**! The soluble forms of the involved proteins
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mostly exhibit unfolded or partially a-helical conformations,
whereas their insoluble amyloid analogues are rich in f3-
sheets. Consequently, a conformational transition has to
take place before or during the assembly process. It is
widely accepted that these structural transitions can be trig-
gered by alterations of the environment, such as changes in
pH value, ionic strength, or the presence of metal ions.
However, the underlying molecular mechanisms remain un-
resolved to date, which might be a result of the extraordina-
ry complexity of the molecular interactions and the chal-
lenging physicochemical properties of naturally occurring
amyloid-forming systems.”! Especially the low solubility, the
limited order of fibrils, and mostly poor synthetic accessibili-
ty restrict the spectrum of analytical techniques and compli-
cate characterization on a molecular level. To overcome
these drawbacks, much effort has been spent in the last
decade on the development of suitable and simplified model
systems.®

Amyloid model systems in general are usually optimized
for a certain purpose or application. Therefore, they may
differ widely regarding size and complexity.®! To investigate
the impact of a changed environment on the underlying con-
formational transition, a well-defined initial conformation
that mimics the native state of the protein is required. Fol-
lowing this idea, model systems based on the a-helical
coiled-coil folding motif evolved as one of the most suitable
approaches. The advantages are obvious: Coiled coils are
very common in nature, the structure has been studied ex-
tensively, the design principles are very well understood,
and the folding is based on oligomerization that is also the
foundation for amyloid formation.”™ Several attempts to
merge structural features of a-helical coiled coils and amy-
loids have been reported. In an early study, Mihara and co-
workers, for example, used interactions between large hy-
drophobic groups attached to the N-terminus of a covalently
linked coiled-coil dimer to provoke the assembly into amy-
loids.'>! Later, Woolfson and co-workers utilized a temper-
ature increase to induce amyloid formation of a peptide that
contained sequence features for both a-helical coiled coils
and B-hairpin folding." Further investigations that applied
sequence modifications and elevated temperatures to trigger
a coiled-coil-to-amyloid transformation have been reported
by the groups of Kammerer and Hartgerink.>"'"! However,
despite the enormous number of studies, relatively little is
known about the molecular details of temperature-induced
amyloid assembly processes. Elevated temperatures doubt-
lessly destabilize the a-helical coiled-coil conformation, but
it is still unclear if this temperature increase is accompanied
by a change in the overall hydrophobicity of the system.

In contrast to the above-mentioned strategies, we recently
showed that structural conversions in coiled-coil-based amy-
loid-forming model peptides can also be initiated without
non-natural building blocks or thermal activation. In these
systems either the presence of metal ions!" or changes in
concentration and pH value!" were shown to trigger confor-
mational transitions in either direction. The sensitivity to-
wards metal ions was realized by incorporation of two histi-
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dine residues at different positions within the coiled coil.!'*!
In contrast, sensitivity to the pH value was achieved by an
accumulation of positively charged lysine residues at one
side of the helical cylinder.'”) Protonation of these residues
at acidic pH values results in the formation of an excessively
charged domain, which induces an association into amyloid-
like structures, whereas non-amyloidogenic coiled-coil as-
semblies have been obtained under neutral conditions.
Herein, we provide additional experimental data and
expand the idea of such intramolecular charge repulsions as
tools to trigger conformational transitions and amyloid for-
mation by changes in pH value and concentration. Two ad-
ditional coiled-coil-based model peptides have therefore
been designed and characterized regarding folding behavior
and aggregate morphology. A comparison to the previous
system revealed that subtle differences in the distribution of
charged residues can yield specific pH-dependent conforma-
tional preferences. Variations in the ionic strength have fur-
thermore been used to prove the role of excessively charged
domains as a conformational trigger.

Results and Discussion

Design: The design of the presented model peptides is
based on the well-known, naturally occurring o-helical
coiled-coil folding motif. In general, coiled coils consist of
two to five amphiphilic a-helices that are wound around one
another with a slight left-handed superhelical twist.”'! The
primary structure is characterized by a periodic repeat of
seven residues, the so-called 4-3 heptad repeat, which is
commonly denoted from a to g (Figure 1a). Positions a and
d are typically occupied by nonpolar residues that form the
first recognition motif by a distinctive hydrophobic core
packing. Charged amino acids, such as glutamate, lysine, and
arginine, at positions e and g form the second recognition
motif by interhelical ionic interactions. For the model pep-
tides presented herein, both coiled-coil recognition motifs
have been designed to deliver maximized stability. There-
fore, positions a and d were equipped with leucine residues,
which ensure an efficiently packed hydrophobic core, where-
as positions e and g were designed to form exclusively at-
tractive electrostatic interactions between the helices in case
of a parallel folding (Figure 1, frame).

The remaining positions b, ¢, and f within the heptad
repeat are exposed to the solvent and do not contribute sig-
nificantly to the coiled-coil oligomerization. Therefore,
these positions are suitable for the incorporation of modifi-
cations without affecting the intrinsic ability of the system
to adopt an o-helical coiled-coil conformation. Characteris-
tic features of other structural motifs can be implemented
here to generate a direct competition between two different
conformations, the a-helical coiled coil and the (3-sheet rich
amyloid-like structure.

For the design presented herein, two different types of
modification have been implemented into the idealized 26-
residue coiled-coil model peptide. First, 3-sheet-preferring
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b)

Peptide A: X = K

Abz - LKVELKELKKELYVLKSELKELKKEL - OH
Peptide B: X = E

Abz - LKVELKELKEELVWWLKSELKELKEEL - OH

Peptide C: X =8

Abz - LKVELKELKSELVVLKSELKELKSEL - OH
Figure 1. a) Helical-wheel presentation and b) sequences of the coiled-
coil-based model peptides A (formerly denoted VW19 in ref. [19]), B,
and C. Frame: Positions that induce the a-helical coiled-coil structure.
Blue, red: Accumulation of equally charged residues that destabilize the
a-helical structure under acidic or basic conditions, respectively. Yellow:
Solvent-exposed valine residues make the system prone to amyloid for-
mation. All the peptides were N-terminally labeled with anthranilic acid
(Abz) for photometric concentration determination.

amino acids have been incorporated at the solvent-exposed
coiled-coil positions to enhance the overall amyloid-forma-
tion propensity of the system (Figure 1, yellow). Preliminary
investigations revealed that three valine residues at the posi-
tions b, c, and f are sufficient to make the system prone to
amyloid formation, whereas the general ability for a helical
folding is maintained (unpublished results). However, the
tendency to assemble into fibrils was not or only insuffi-
ciently tunable. To overcome these problems, that is, to spe-
cifically direct the preference to a certain folding, conforma-
tional switches have been implemented as a second modifi-
cation.

Different types of conformational switches®! turned out
to be suitable for our coiled-coil-based amyloid model. Re-
cently, we showed that Cu*>*- and Zn**-dependent structural
switches can be used to control the intrinsic tendency of the
system to assemble into amyloids."® In that study, the rela-
tive positions of the metal-binding residues and the unique
binding properties of the metal were shown to dictate fold-
ing. Besides this finding, previous investigations on a pep-
tide termed VW19 revealed that pH-dependent conforma-
tional switches can efficiently be used to direct the confor-
mational preferences of the system.ml Therefore, the coiled-
coil model system was equipped with positively charged
lysine residues that generate an extended positively charged
domain on one side of the helical cylinder. Under acidic
conditions and concentrations above 300 um, VW19 formed
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typical amyloid-like fibrils, whereas a-helical fibers were ob-
served at neutral pH and comparable concentrations. On
the basis of these results, we concluded that intramolecular
Coulomb repulsions between lysine residues at acidic pH
values destabilize the a-helical coiled coil and, as a conse-
quence, shift the equilibrium to the competing amyloid
form. In other words, if the pH switch is in the ON state
under acidic conditions, the coiled coil is destabilized and
the competing amyloid form takes control, whereas stable
a-helical coiled-coil assemblies are formed by the pH switch
in the OFF state at a neutral pH value. Two analogues of
VW19 (henceforth denoted peptide A) were designed to
further validate the concept of charge interactions for con-
trolling the conformation of the system by pH value. The se-
quences of peptides A, B, and C are shown in Figure 1.

Peptide A contains eight lysine residues at positions b, e,
and f that form the excessively charged domain. For peptide
B, two lysine residues at position f were replaced by gluta-
mic acid. As a consequence, an excess of eight negatively
charged glutamate residues at positions c, f, and g now
forms and a somewhat complementary behavior to peptide
A may be expected from the design. To further elucidate
the role of the overall charge excess that is present in pep-
tides A and B, peptide C was modified with two neither pos-
itively nor negatively charged serine residues at the corre-
sponding f positions. In contrast to peptides A and B, pep-
tide C carries a balanced amount of acidic and basic side
chains and, consequently, no excessively charged domain
that provides pH sensitivity is present.

The design of model peptides A, B, and C can be summar-
ized as follows: 1) Hydrophobic leucine residues at positions
a and d in combination with interhelical electrostatic attrac-
tions between glutamate and lysine residues at positions e
and g enable stable a-helical coiled-coil folding; 2) three
valine residues at positions b, c, and f make the system
prone to amyloid formation without affecting the general
ability for a coiled-coil assembly; 3) positions b/e and c/g are
occupied with equally charged residues in all peptides.
Lysine and glutamic acid residues at position f form an ex-
cessively charged domain in peptides A and B, respectively.
Incorporation of serine in peptide C results in a balanced
distribution of charged residues. All three peptides have
been investigated under different environmental conditions
regarding conformational behavior and aggregate morpholo-

gy-

pH dependence of folding: Circular dichroism (CD) spec-
troscopy was applied to investigate the secondary structure
of all peptides at three selected pH values: 4.0, 7.4, and 9.0
(Figure 2). During the measurements, it was seen that pep-
tides A and B require sufficient concentration to adopt a de-
fined conformation. Below this concentration limit, which
was 300 and 170 um for peptides A and B, respectively,
random coil structures were observed throughout (e.g.,
250 um peptide A at pH 4.0, see Figure SE1 in the Support-
ing Information).!'”) In contrast, no concentration limit was
detected for peptide C, even at concentrations below 50 um.
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pH 9.0 tide C did not respond to a
changed pH value. Typical f3-
sheet CD signatures were found
immediately after dissolution,
independent of the peptide con-

centration and pH value (Fig-

Alnm —>

Peptide B T "
X=E B,x10° 9
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ure 2 g—i).

Comparing the results of all
three peptides shows that the
simultaneous substitution of
only two amino acid residues at
position f within the heptad
repeat with lysine, glutamate,
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Alnm —»

e or serine causes a highly diverse

pH-dependent folding behavior.
Peptide A adopts a stable heli-
cal structure under physiologi-
cal conditions with the pH
switch in the OFF state, where-
as an excessively charged
domain of lysine residues (posi-

Alnm —s

Figure 2. Representative CD spectra of a—c) peptide A (600 um), d-f) peptide B (200 um), and g-i) peptide C
(50 um) under acidic (10 mm acetate buffer, pH 4.0), neutral (10 mm Tris/HCI buffer, pH 7.4), and basic condi-
tions (10 mm glycine/NaOH buffer, pH 9.0). The spectra were recorded after 0 (solid line), 24 (dotted line),

and 72 h (dashed line) of incubation.

To maintain comparability between the different pH values,
the concentration of each individual peptide was kept con-
stant and above the respective limit. Figure 2 shows the ob-
tained CD spectra recorded immediately after sample prep-
aration (0 h), after 24 h of incubation, and after 72 h of incu-
bation when all the spectra became invariable.

At pH 4.0 and concentrations above 300 puMm, peptide A
showed a slow transition from random coil to 3-sheet, which
is indicated by the evolving minimum at A=216 nm in the
CD spectrum (Figure 2a).') At pH 7.4, peptide A adopted
an o-helical conformation according to the characteristic
CD minima at A=222 and 208 nm (Figure 2b). Followed
over several days, the signal in the CD spectra remained a-
helical, although the [6],0s/[0]2, peak ratio became increas-
ingly smaller. A similar effect was observed for other aggre-
gating peptide systems®! and might be ascribed to enhanced
light scattering because of the growth of aggregates. Surpris-
ingly, peptide A shows a rapid transition to a [3-sheet struc-
ture at pH 9.0, although a helical conformation is observed
as the initial structure (Figure 2c¢). Unlike peptide A, pep-
tide B already folds into a defined conformation at a per-
ceptibly lower concentration of about 170 um. However, re-
garding the conformational preferences, an almost comple-
mentary behavior was observed. Peptide B adopted an o-
helical conformation at pH 4.0 (Figure 2d), whereas a neu-
tral pH value induces a transition from random coil to f3-
sheet (Figure 2¢). At basic pH values, no defined conforma-
tion was found, even if the concentration was increased up
to 1 mm (Figure 2 f). In contrast to peptides A and B, pep-
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Alnm —» tions b, e, and f) destabilizes
the o-helical structure at
pH 4.0. Under these conditions,
the pH switch is in the ON
state and p-sheet-rich amyloid-
like assemblies are formed as a
consequence. Interestingly,
there is no indication for unfolding of peptide A at pH 9.0.
Here, a typical a-helical signature signal in the CD spectra
was obtained directly after dissolution of the peptide. Al-
though the pH switch is in the OFF state, a time-dependent
transition into a P-sheet-rich structure is observed within
24 hours of incubation. Thus, it appears that the competing
helical structure, which is present for the freshly prepared
solution, is not sufficiently dominant to prevent a conversion
into amyloid-like structures. A lower helix stability caused
by charge repulsions between glutamate residues at posi-
tions ¢ and g might be a possible explanation for this unex-
pected behavior.

The replacement of two lysine residues at position f by
glutamate in peptide B yields a partially reversed pH de-
pendence of folding, which was expected from the design.
Helical structures are formed under acidic conditions in
which the pH switch is in the OFF state, whereas a slow as-
sociation into amyloid-like species is observed at neutral pH
with the switch in the ON state. Compared to peptide A,
peptide B exhibits a domain with a decrease in lysine resi-
dues (positions b and e), and repulsions between these resi-
dues are no longer strong enough to destabilize the a-helical
structure at pH 4.0. An excessively charged domain of gluta-
mic acid residues (positions c, f, and g), on the other hand,
destabilizes the a-helical coiled-coil conformation under
neutral conditions, which results in unfolding and a consecu-
tive association into amyloid-like assemblies. Analogous to
pH 7.4, peptide B does not fold into a defined conformation
at pH 9.0. However, in contrast to neutral pH, this unor-
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dered structure is maintained for the entire observation
period of three days and no amyloid-like structures are
formed. A basic pH value seems to additionally disrupt the
-sheet structure by Coulomb repulsions.

Peptide C forms P-sheet-rich species at all three pH
values, although the extent of similarly charged domains is
limited to positions c¢/g and b/e. Removing the excessively
charged domain by incorporation of serine at position f ap-
parently changes two parameters at once, that is, the charge
state and the overall secondary structure propensity of the
system. Both lysine and glutamic acid possess comparable
o-helix and B-sheet propensities and can therefore be ex-
changed to evaluate the design principles.”*?! However,
serine exhibits a perceptibly lower a-helix propensity, which
presumably affects the overall amyloid-formation propensity
of the peptide.”*! Thus, the design of peptide C does not
allow sufficient validation of the applied principles of intra-
molecular-charge repulsions as a switch to control amyloid
formation.

pH dependence of peptide assembly: Transmission electron
microscopy (TEM) was used to obtain information on the
aggregate morphology of the different peptide samples in-
vestigated by CD spectroscopic analysis. The results are
given with regard to the observed type of secondary struc-
ture.

Samples of unfolded peptides (e.g., peptide B at pH 9.0;
Figure 3 f) show small particles
with a typical size of 2.5-
3.5nm. This size is in good
agreement with the theoretical
diameter of a single solvated
peptide molecule.! In the case ¢
of an o-helical conformation of Peptide A ¢
peptide A at pH 7.4, cryo-TEM A=
studies reveal extended and
rather stiff fibrils with total
lengths in the micrometer range
and a uniform diameter of
(2.5+£0.3) nm (Figure 3b). Up
to a peptide concentration of Peptide B ©
1 mm, this uniform morphology X=E
remains unchanged. Further in-
vestigations on the ultrastruc-
ture of peptide B at pHA4.0
(Figure 3d) reveal fibers that
are not distinguishable from
those of peptide A at pH 7.4.1')

So far, we have not been able Peptide C ©
to gain any experimental evi- X=3
dence on the internal packing
of a-helices within these fibers,
but others have spent much
effort to characterize o-helical
fibers by CD, TEM, and X-ray
fiber diffraction studies.?>*!

An arrangement that consists of (b, d, f).
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single a helices that are staggered along the fiber axis in the
sense of a superhelix has been proposed for these fibrils. On
the basis of this structural model and the fiber diameter esti-
mated from the present cryo-TEM data, a three- or four-
strand fiber cross-section can be assumed for peptides A
and B.

Numerous investigations have shown that (-sheet-rich
amyloid fibrils exhibit multiple distinct morphologies, which
are described as twisted or parallel assemblies of individual
protofilaments.”’*) For peptide A at pH 4.0, a mixture of
fibril morphologies is generally observed that consists of
twisted ribbons of a width of approximately 10 nm and tubu-
lar structures (Figure 3a). For larger fibrils, the revealed ul-
trastructure clearly points to a laterally packed assembly of
thin protofilaments with an estimated thickness of approxi-
mately 3.5 nm (see Figure SA1 in the Supporting Informa-
tion). Similar protofilament dimensions and the characteris-
tic amyloid packing reflexes at 0.47 and 1.0 nm were addi-
tionally observed for peptide A (see Figure SB1 in the Sup-
porting Information).’” Despite this enormous amount of
data, it is so far not clear how peptide A molecules are ar-
ranged within the protofilaments. A fully extended confor-
mation as assumed previously' can definitely be excluded
because the molecule contour length of 9.1 nm exceeds the
diameter of the protofilament many times. To match a pro-
tofilament diameter of 3.5 nm, peptide A has to be bent at
least once, which makes a hairpin- or sandwich-like internal

pH 7.4

Figure 3. Cryo-TEM images of peptide A (500 pm) at a) pH 4.0, b) pH 7.4, and c) pH 9.0; peptide B at
d) pH 4.0 (200 um), e) pH 7.4 (375 um), and f) pH 9.0 (1 mm). TEM images of PTA-stained fibrils of peptide C
(300 pm) at g) pH 4.0, h) pH 7.4, and i) pH 9.0. The samples were prepared in 10 mm buffer solution (acetate
buffer, pH 4.0; Tris/HCI buffer, pH 7.4; glycine/NaOH buffer, pH 9.0). Scale bars: 50 nm (a, c, e, g, h, i), 30 nm
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organization more likely. Further suggestions on the internal
structure would be merely speculative without additional ex-
perimental data. Solid-state NMR spectroscopic and pro-
line-scanning experiments to address this problem are cur-
rently in progress.

Although peptide A adopts a similar conformation at
pH 4.0 and 9.0, the overall morphologies differ. At pH 9.0,
the fibrils display a rather homogeneous and stiff appear-
ance by several hundreds of nanometers in length. The
small diameter of only approximately 10 nm suggests that
those fibrils are composed of only a few protofilaments (Fig-
ure 3¢). For peptide B at pH 7.4, different coexisting mor-
phologies have again been observed. Helically twisted rib-
bons of variable width, giant cylinders, and funnel-like struc-
tures can be found (Figure 3¢). In contrast to peptide A, all
of these structures very clearly show the constituent protofi-
laments (see Figure 3e and Figures SA2 and SA3 in the
Supporting Information) with a diameter of (3.5+0.2) nm.
Peptide C shows two types of fibrils (see Figure3 g and
Figure SA4 in the Supporting Information) at pH 4.0. The
first fibril is coiled and rather stiff, presumably consisting of
a pair of approximately 3.5 nm thin protofilaments. The
second fiber motif has a curly appearance and is usually
composed of three or four protofilaments that are laterally
assembled. These curly fibrils disappear completely at
pH 7.4. Instead, relatively stiff ribbon-like fibrils composed
of 5-10 protofilaments prevail against some coiled fibrils
with a slightly increased diameter (Figure 3h). A further in-
crease of the pH value to 9.0 yields an unchanged gross mor-
phology for peptide C (Figure 31i).

Fibril-growth kinetics: Since the early years of amyloid re-
search, it has been known that several dyes such as Congo-
red (CR) and Thioflavin T (ThT) bind to amyloid-like struc-
tures more or less specifically.’!! In the case of ThT, this
binding is accompanied by an enhanced fluorescence emis-
sion at A =482 nm when excited at A =450 nm, whereas CR
shows a typical apple-green birefringence under polarized
light. Although the exact binding mechanisms remain un-
clear to date,”> ThT-binding assays have especially
evolved as the most widely used tool to study the kinetics of
amyloid formation. In general, two different assembly
routes are discussed in the literature: 1) a two-step process
that consists of a slow nucleation step followed by rapid
fibril elongation® and 2) a non-nucleation-dependent path-
way of rapid growth with the initial lag phase missing.**33¢!
To compare the fibril-growth kinetics of all three peptides,
we carried out ThT-binding studies under pH conditions at
which amyloid-like aggregates are formed. Both, peptide A
at pH 4.0 and peptide B at pH 7.4 show a similar sigmoidal
increase in ThT fluorescence. Thus, peptides A and B as-
semble into amyloid-like structures by following a typical
nucleation-dependent aggregation pathway (Figure 4a). A
comparison of the calculated midpoint times reveals a faster
fibril formation of peptide B that is consistent with the prog-
ress of conformational transformation monitored by CD
spectroscopic analysis (Figure 2a and 2e).
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Figure 4. ThT-staining assay of a) peptide A (600 um) at pH 4.0 (o), pep-
tide B (200 um) at pH 7.4 (@), and b) peptide C (200 um) at pH 7.4 (m) at
25°C. For both peptides A and B, the normalized fluorescence intensity
was fit to a sigmoidal growth model (see the Experimental Section). The
midpoint times of aggregation of peptides A and B are 69 and 27 h, re-
spectively.

In contrast, no lag time could be detected for peptide C
at pH 7.4 (Figure 4b). The ThT-binding assay rather points
to a non-nucleation-dependent fibril formation. These find-
ings correspond to the CD data in which no structural tran-
sition was observed (Figure 2h). It is known that the nuclea-
tion-dependent aggregation is thermally activated.’”*
Therefore, the temperature was decreased to 4°C in an ad-
ditional experiment to ensure that the fast kinetics of fibril
formation at 25°C do not hinder the detection of any lag
time. Also under these conditions, the fluorescence emission
does not exhibit any lag time, thus supporting a non-nucleat-
ed pathway (see Figure SC1 in the Supporting Information).
However, the data of peptide C at 25°C could not be fitted
adequately to a single-exponential function that is generally
used to describe non-nucleation-dependent fibril forma-
tion.*! Therefore, neither the nucleation-dependent nor the
rather rarely described non-nucleation-dependent pathways
can be excluded on the basis of the given results. Further
measurements are needed to draw an unambiguous conclu-
sion.

Ionic-strength variations: Controllable intrahelical electro-
static repulsions are a key issue of the design presented
herein. Under certain conditions, these repulsions should
prevent helical folding and as a consequence promote amy-
loid formation. As mentioned previously, the design of pep-
tide C does not allow sufficient validation of our concept of
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intramolecular-charge repulsions as a switch to control amy-
loid formation, because the substitution of lysine or glutamic
acid residues by serine in peptide C additionally affects the
overall amyloid-formation propensity of the system. Howev-
er, interhelical® and intrahelical® Coulomb repulsions be-
tween amino acid side chains in coiled coils can be dimin-
ished by the presence of charged co-solutes. Sufficient
screening of charges should therefore facilitate a helical
folding, also under conditions in which peptides A, B, and C
remain unfolded or convert into amyloid-like assemblies.
Consequently, various salts were added under different con-
centrations to further elucidate and validate the role of in-
trahelical charge repulsions in regard to the design.

It is not only the valency of salt ions that determines their
ability to accommodate the forces between charged objects.
Specific ion effects are well documented as well.*!! With a
focus on protein folding, ions are usually classified regarding
size and charge density into strongly and weakly hydrated
ions, so-called kosmotropes (water-structure makers) and
chaotropes (water-structure breakers), respectively.*”! For
ion-pair formation, kosmotrope/kosmotrope and chaotrope/
chaotrope pairs are preferred. Similar to other nitrogen-
based cations, lysine side chains are chaotrope, whereas car-
boxy-functionalized glutamic acid side chains are a typical
kosmotrope (Figure 5).¥! From the design and the observed

KOSMOTROPES

CHAOTROPES

wi ()
(= ()
(=)

Figure 5. Classification of selected cations, anions, lysine and glutamic
acid into kosmotropes and chaotropes (modified according to ref. [42]).
In comparison with the Cl” ion, the higher distance to the dividing line
of the ClO,™ ion indicates a stronger chaotropic character.

conformational behavior, we assume that Coulomb repul-
sions between Glu/Glu and Lys/Lys cause the gained pH
specificity. To effectively screen both types of ionic repul-
sions at once, a specific salt that consists of a kosmotropic
cation (to match glutamate) and a chaotropic anion (to
match lysine) would be required. On the other hand, only
an insufficient charge-screening effect would be expected
for salts that do not fulfill this requirement. Therefore,
NaClO,, NaCl, and KF were selected for the following in-
vestigations.

As a result of the equal number of positively and nega-
tively charged residues, which are both charged under neu-
tral pH conditions, peptide C represents an ideal system to
search for specific ion effects. Thus, peptide C at pH 7.4 was
investigated in the presence of different amounts of the se-
lected cation/anion pairs by using CD spectroscopy
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(Figure 6). Regardless of the kosmotropic or chaotropic
nature of the ions, no significant effect on the conformation
was observed in presence of 1M salt (see Figure SE2 in the

a) 80

6, x 10°
0

190 200 210 220 230 240

b) 80 1 Alnm —»

190 200 210 220 230 240
Alnm —»

Figure 6. Peptide C (50 um, 10 mm Tris/HCI buffer, pH 7.4) in the pres-
ence of 3m NaCl (solid line), NaClO, (dotted line), or KF (dashed line)
after a) 1 and b) 72 h of incubation.

Supporting Information). At a concentration of 3m, all salts
induce a clear o-helical coiled-coil structure immediately
after dissolution of the peptide (Figure 6a). However, this
structure survived an incubation time of 72 hours only in the
presence of NaClO,, whereas a clear conformational transi-
tion to a f-sheet-rich structure occurs in the case of KF (Fig-
ure 6b). Incubation in the presence of NaCl yielded ambigu-
ous CD traces, which provide evidence for a mixed confor-
mation that contains fractions of helical and sheet struc-
tures.

The distinct conformations observed for peptide C within
72 hours of incubation point to perceptible differences in
the charge-accommodating ability of the investigated salts.
B-sheet formation was fully inhibited only in the presence of
NaClO,, whereas explicit structural changes were observed
for NaCl and KF. A reasonable explanation for this behav-
ior can be obtained by comparison of the nature of the in-
volved ion (Figure 5). As mentioned above, charged gluta-
mic acid side chains are kosmotropic and can therefore be
screened efficiently by Na™ ions, which form a kosmotrope/
kosmotrope ion pair. In contrast, K* ions are rather chaot-
ropic and consequently do not match the kosmotropic car-
boxy functionalities of glutamate. Thus, the Na™ ion is the
preferred cation to diminish ionic repulsions in the negative-
ly charged domain of peptide C. Positively charged lysine
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side chains, on the other hand, are a typical chaotrope and
therefore require a chaotropic anion. The chloride ion is
neither a typical chaotrope nor a kosmotrope and the fluo-
ride ion acts strongly kosmotropic. Out of the investigated
anions, only the CIO,  ion exhibits a clear chaotropic
nature. NaCl and KF are therefore only able to form the re-
quired matching ion pairs with either lysine or glutamate
residues, but not with both at once. As a consequence,
either the positively or negatively charged domains in pep-
tide C are not sufficiently screened, which accordingly re-
sults in a slow structural transition from an a-helix to a f3-
sheet. In contrast, NaClO, has the potential to screen both
the positively and negatively charged domains. As a result, a
stable a-helical conformation is maintained after 72 hours of
incubation and, more importantly, the structural transition
into a (3-sheet-rich structure is inhibited.

From these results, the question arose if there is a correla-
tion between the stability of the initially formed, salt-in-
duced o-helix and the tendency of the peptides to time-de-
pendently assemble into amyloid-like structures. To clarify
this question, thermal denaturation profiles of peptide C in
the presence of the three different salts were recorded by
CD spectroscopic analysis (see Figure SD1 in the Support-
ing Information). The measurements were started immedi-
ately after sample preparation when all peptide solutions
were still a-helical (Figure 6a). Roughly identical midpoint
temperatures 7, of 38 and 36°C were obtained for NaCl
and KF, respectively. In contrast, peptide C exhibits much
higher a-helix stability with a perceptibly elevated melting
point of T,,~58°C when incubated with NaClO,. Apparent-
ly, there is indeed a correlation between coiled-coil stability
and amyloid-formation propensity for peptide C, thus fur-
ther validating the existence of two folding motifs that are
competing with each other.

Besides peptide C, peptides A and B were also investigat-
ed in the presence of 3m NaClO, at concentrations and pH
values at which they usually do not adopt a defined confor-
mation (peptides A and B) or assemble into amyloids (pep-
tide C). Figure 7 exemplarily shows CD traces of 50 um pep-
tide A at pH 4.0 and 50 pm peptide B and C at pH 7.4 after

190 200 210 220 230 240
Alom —»

Figure 7. CD spectra of 50 pm peptide A (solid line) at pH 4.0 and 50 pm
peptides B (dotted line) and C (dashed line) at pH 7.4 after 72 h in the
presence of 3m NaClO,.
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incubation with 3m NaClO, for 72 h. In the absence of
NaClO,, peptide A does not fold into a defined conforma-
tion.") In contrast, a clear helical structure, which was main-
tained for three days, was obtained in the presence of salt
(Figure 7, solid line). Similar helix-inducing effects of
NaClO, were observed for peptide B at pH 7.4 and three
days of incubation (Figure 7, dotted line). These results
clearly show that a NaClO,-mediated screening of ionic re-
pulsions also yields helical structures for peptides A and B.
This finding further confirms the crucial role of electrostatic
repulsions for the presented design.

Nevertheless, it is important to mention that all peptides
slowly assemble into B-sheet-rich structures with 3m NaClO,
and at peptide concentrations that are considerably higher
than 50 pm (e.g., peptide C at 95 uMm; see Figure SE3 in the
Supporting Information). This behavior is hardly surprising
because an enormous increase in the overall amyloid-forma-
tion tendency of the system at elevated concentrations was
also observed in the absence of salt. Additionally, amyloid
formation in general is known to be a highly concentration-
dependent process.!! Thus, it can be assumed that the salt-
mediated coiled-coil conformation above a certain concen-
tration does not provide enough stability to sufficiently com-
pete with the urge of the system to convert into amyloids.

Conclusion

We present a series of three simplified amyloid-forming
model peptides that, depending exclusively on concentration
and pH value, adopt different conformations and fibril mor-
phologies. These de novo designed peptides strictly follow
the characteristic heptad repeat of the a-helical coiled-coil
folding motif. The two characteristic coiled-coil recognition
motifs have been designed to deliver maximum stability and
were maintained optimized to provide an intrinsic ability for
a helical folding. Furthermore, two types of modifications
were incorporated at solvent-exposed positions within the
heptad repeat. First, B-sheet preferring valine residues were
inserted to make the system prone to amyloid formation.
Second, charged glutamic acid or lysine residues were
placed adjacently at one side of the helical cylinder, thus
forming an excessively charged domain that serves as a pH
switch. The resulting model system consequently exhibits
structural features of both a-helical coiled-coil folding and
amyloid formation, and changes in pH value or concentra-
tion can be used to direct these ambiguous conformational
preferences in either direction. Intermolecular charge repul-
sions in the ON state of the pH switch lead to a destabiliza-
tion of the competing helical conformation, which results in
the formation of amyloid-like assemblies at a sufficient pep-
tide concentration. Contrarily, the OFF state of the pH
switch yields non-amyloidogenic a-helical fibrils.

Whereas other approaches obligatorily require elevated
temperatures to control coiled-coil-to-amyloid transitions,
the design reported herein exclusively requires alterations in
pH value and/or concentration. The presented model pep-
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tides therefore represent an ideal system to directly follow
amyloid-formation processes under native-like conditions by
applying high-resolution methods such as NMR spectrosco-
py- Additionally, there is increasing interest in applying amy-
loid-like structures as novel biomaterials.[**! The described
design generates a highly pH-specific conformational behav-
ior and consequently represent a promising tool which can
be used to control and direct-assembly processes in materi-
als science.

Experimental Section

Peptide synthesis and purification: Peptides were synthesized by solid-
phase assembly on Fmoc-Leu-OWang resin (0.65 mmolg™') using the
Fmoc strategy and a Multi-Syntech Syro XP peptide synthesizer (Multi-
synTech GmbH, Witten, Germany). To determine the concentration by
UV/Vis spectroscopic analysis, the peptides were N-terminally labeled
with anthranilic acid (Abz). The peptides were cleaved from the resin by
reaction with 4 mL of a solution containing 10 % (w/v) triisopropylsilane,
1% (w/v) water, and 89% (w/v) trifluoroacetic acid (TFA). The crude
peptides were purified by reversed-phase HPLC on a Knauer smartline
manager 5000 system (Knauer GmbH, Berlin, Germany) equipped with
a C8 (10 um) LUNA Phenomenex column (Phenomenex Inc., Torrance,
CA, USA). Peptides were eluted with a linear gradient of acetonitrile/
water/0.1% TFA (see Chapter F in the Supporting Information) and
identified by using MALDI-TOF mass spectrometry (MS). All MS analy-
ses were performed on a Bruker Reflex III spectrometer. Peptide purity
was determined by analytical HPLC on a Merck LaChrom system
(Merck KGaA, Darmstadt, Germany) equipped with a C8 (10 um)
LUNA Phenomenex column (Phenomenex Inc., Torrance, CA, USA).
The gradients used were similar to those of the preparative HPLC.

Sample preparation: The peptide solutions were prepared in freshly fil-
tered acetate buffer (10 mm, pH 4.0), Tris/HCI buffer (10 mm, pH 7.4),
and glycine/NaOH buffer (10 mm, pH 9.0), respectively. The nature of
the buffer salts had no effect on the results; only ionic strength and the
pH value affected the secondary structure of the peptides. Fibrils were
formed at 20°C without further shaking. The peptide concentration was
calculated by comparing the absorbance at A=320 nm with a calibration
curve determined by the absorbance of Abz—glycine at different concen-
trations in the corresponding buffer. Structure formation was checked by
CD spectroscopic analysis over 2 weeks and is shown for different incu-
bation times (0, 24, and 72 h).

CD spectroscopy: CD spectra were recorded on a J-810 spectropolarime-
ter (Jasco GmbH, Gross-Umstadt, Germany) at 20°C. Quartz cells with
0.2- and 0.5-mm path lengths were used for higher (>200 um) and lower
(<200 um) peptide concentrations, respectively. The spectra were the
average of three scans obtained by collecting data from 190 to 240 nm at
0.2-nm intervals, 2-nm bandwidth, and 1-s response time. In each case,
buffer spectra were also collected and subtracted from the peptide spec-
tra. The measured CD data in mdeg were converted into molar elliptici-
ties per residue [#] using Origin software (version 7.0, Microcal, USA).

TEM: Aliquots (6 uL) of peptides in solution were absorbed for 1 min to
glow-discharged carbon-coated collodium films on 400-mesh copper
grids. After blotting and negative staining with 1% phosphotungstic acid
(PTA) or 1% uranyl acetate (UAc) the grids were air-dried. Micrographs
were taken at primary magnification of 58300x using a defocus of
0.6 um. The samples for cryo-TEM were prepared by placing a droplet
(10 uL) of the solution on a hydrophilized (60-s plasma treatment at 8 W
using a BALTEC MED 020 device) perforated carbon-filmed grid (Qan-
tifoil, Jena, Germany) at room temperature. The supernatant fluid was
removed with filter paper until an ultrathin layer of the sample solution
was obtained spanning the holes of the carbon film. The grids were im-
mediately vitrified in liquid ethane at its freezing point (—184°C) using a
standard plunging device. The vitrified samples were transferred under
liquid nitrogen into a Philips CM12 transmission electron microscope
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using the Gatan cryo holder and stage (model 626). Microscopy was car-
ried out at a sample temperature of —175°C by using the low-dose proto-
col of the microscope at a primary magnification of 58300 x. The defocus
was chosen to be 1.5 um in all cases.

ThT assay: ThT (obtained from Sigma Aldrich) was purified by reverse-
phase column chromatography. Fluorescence spectra were measured with
a luminescence spectrometer LS 50B (The Perkin Elmer Cooperation,
Boston, MA, USA). Because of the poor binding of ThT to amyloids at
pH 5.0 or below, peptide solutions were allowed to fold into B-sheet
structures under the appropriate pH conditions, also including pH 4.0,
and were threefold diluted with Tris/HCI buffer (10 mm) to pH 7.4 with a
final molar peptide/ThT ratio of 4:1 for the ThT assay. The samples were
allowed to incubate for 30 min at room temperature. The spectra were
collected in quartz cells with a 10-mm path length between =470 and
600 nm after excitation at A=450 nm. The slit width of excitation and
emission monochromators was set to 10 and 15 nm, respectively. Kinetic
aggregation traces were generated from time traces of ThT fluorescence
intensity at =482 nm and corrected for the contribution of the free dye.
The measured fluorescence intensity values for peptides A and B are
given after normalization so that the final fluorescence intensity at the
endpoint of the kinetic trace was 100 %. For both peptides, the resulting
plot of fluorescence intensity versus time was fitted by a sigmoidal equa-
tion: FL=a+ (b—a)/{l4+exp[r(t—t,)]} using Origin software (version 7.0,
Microcal, USA), where FL is the normalized ThT fluorescence intensity,
a and b are the plateau values, ¢ is time, ¢, is the midpoint time, and r is a
growth rate. The squared correlation coefficient R* was greater than
0.995.

Thermal denaturation: Each peptide solution (50 pm in 10 mm Tris/HCI
buffer, pH 7.4) was treated with 3m guanidine hydrochloride (GdnHCI)
as a denaturant to ensure complete denaturation by increasing the tem-
perature to 90°C and loaded into a quartz cell with a 1.0-mm path
length. CD spectra were measured in intervals of 0.5°C from 20 to 90°C
with a heating rate of 5°C min~'. For each peptide, the data were con-
verted into the molar fraction of unfolded peptide (f,), according to the
equation: f,=([0]—[6],)/([6].—[6].), where [6] is the observed molar el-
lipticity per residue at =222 nm and [6], and [6], are the mean residue
ellipticities of the native (folded) and denatured (unfolded) states, re-
spectively. The molar fraction of unfolded peptide was plotted against
temperature and fitted by using a sigmoidal equation. For quantitative
comparison of helical stability, the midpoint temperature 7,,, at which
50% of the peptide remains folded, was determined.
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