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Protein misfolding is conformational transition dramatically facilitating the
assembly of protein molecules into aggregates of various morphologies.
Spontaneous formation of specific aggregates, mostly amyloid fibrils, was
initially believed to be limited to proteins involved in the development of
amyloidoses. However, recent studies show that, depending on conditions,
the majority of proteins undergo structural transitions leading to the
appearance of amyloidogenic intermediates followed by aggregate
formation. Various techniques have been used to characterize the protein
misfolding facilitating the aggregation process, but no direct evidence as to
how such a conformational transition increases the intermolecular
interactions has been obtained as of yet. We have applied atomic force
microscopy (AFM) to follow the interaction between protein molecules as a
function of pH. These studies were performed for three unrelated and
structurally distinctive proteins, a-synuclein, amyloid B-peptide (Ap) and
lysozyme. It was shown that the attractive force between homologous
protein molecules is minimal at physiological pH and increases
dramatically at acidic pH. Moreover, the dependence of the pulling forces
is sharp, suggesting a pH-dependent conformational transition within the
protein. Parallel circular dichroism (CD) measurements performed for
a-synuclein and Ap revealed that the decrease in pH is accompanied by a
sharp conformational transition from a random coil at neutral pH to the
more ordered, predominantly B-sheet, structure at low pH. Importantly, the
pH ranges for these conformational transitions coincide with those of
pulling forces changes detected by AFM. In addition, protein self-assembly
into filamentous aggregates studied by AFM imaging was shown to be
facilitated at pH values corresponding to the maximum of pulling forces.
Overall, these results indicate that proteins at acidic pH undergo structural
transition into conformations responsible for the dramatic increase in
interprotein interaction and promoting the formation of protein aggregates.

© 2005 Elsevier Ltd. All rights reserved.
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Introduction

Protein folding is a key step for creating
functional proteins during peptide synthesis on
ribosomes within cells. However, some of the

polypeptide chains undergo the misfolding path
and form non-functional aggregates. Initially, the
formation of aggregates was linked with various
neurodegenerative disorders, including Alzheimer’s,
Parkinson’s and Huntington’s diseases. In each of
these pathological states, a specific protein or
protein fragment changes from its natural, soluble

Abbreviations used: AFM, atomic force microscopy;
ANS, 8-anilino-1-naphthalene sulfonic acid.
E-mail address of the corresponding author:
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form into insoluble aggregates that accumulate in a
variety of organs and tissues.'” Application of
direct imaging techniques such as electron micro-
scopy and atomic force microscopy (AFM) showed
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that aggregates were often long fllaments that were
several nanometers in diameter.** High-resolution
electron microscopy and AFM studies revealed a
periodic structure along the amyloid filaments.®
Recent data, however, suggests that the ability to
form amyloid filaments is not restricted to the
proteins associated with these dlseases, but rather is
intrinsic to all polypeptides.>” '

A great deal of effort has been made towards
understanding the aggregation of amyloid B-peptide
(AB). This peptide consists of 3943 amino acid
residues and is the principal component of a 1ylou:l
plaques in the brains of Alzheimer’s patients.
peptide can aggregate spontaneously. Its in vztro
aggregation has been studied extensively and it has
been shown that the rate of aggregation is very fast at
acidic pH in comparison with neutral pH.'> Models
explaining the aggregation of AP peptide utilize
B-sheet structure formation as the initial step
followed by the aggregation of peptides via inter-
action between the B-sheets. Recent solid-state NMR
observations revealed such an interprotein inter-
action and allowed elucidation of the structure of the
AB peptide within the aggregate.'>"°

a-Synuclein is a 140 amino acid residue pre-
synaptic protein, which is a typical member of the
family of natively unfolded proteins, and whose
fibrillation was also studied extensively.'®'” This
protein has been estimated to account for as much
as 0.5-1% of the total protein in soluble cytosolic
brain fractions. It has been emphasized that the
misfolding and deposition of a-synuclein might be
involved in the molecular mechanisms underlying
Parkinson’s disease and related neurodegenerative
brain amyloidoses.'®*® The fibrillogenesis of
a-synuclein has been studled extensively using
various techniques.”! In particular, accumulated
data suggest strongly that the formation of a
partially folded intermediate (possessing the
major characteristics of the pre-molten globule)
represents the critical first step of a-synuclein
fibrillogenesis. This partially folded intermediate
can be stabilized by numerous factors, including
high temperatures and low pH.>

Lysozyme is known to be involved in an amyloid-
related human disorder, hereditary systemic
amyloidoses,® in which the disease is associated
with single-point mutations in the lysozyme gene,
and fibrils are deposited widely in tissues. Wild-
type human lysozyme and its two amyloidogenic
variants have been found to form a partially folded
state at low pH.>* This state was characterized by
extensive disruption of tertiary interactions and
partial loss of secondary structure. Incubation of
these proteins at pH 2.0 resulted in the formation
of large numbers of fibrils over several days of
incubation.** The amyloidogenic mutant proteins
were significantly less stable than the wild-type
protein, leading to higher populations of the
partially unfolded intermediate and thus greater
propensity to form fibrils. A number of homologous
proteins, mcludmg equine lysozyme hen egg-
white lysozyme,*® and a-lactalbumin®” were shown

to assemble into amyloid-like fibrils at acidic
pH and elevated temperatures. Particularly, for
hen egg-white lysozyme, it has been shown that
fibril formation is promoted by low pH and
temperatures close to the midpoint temperature
for protein unfolding. At the optimal conditions for
fibril formation (pH 2.0, 57°C), static light-
scattering measurements revealed the formation of
fibrils after a lag time of around 48 h. This nucleation
step was assumed to involve a change in the
conformation of individual lysozyme molecules.*

The prevalent structural feature of amyloid
filaments formed by all proteins studied so far is
the presence of extensive B-sheet structure. It is
assumed that the formation of B-sheet structure is a
critical step for fibrillation or formation of aggre-
gates with other morphologies; however, there is no
direct evidence for the link between the protein
misfolding and the increase of the interprotein
interaction leading to the aggregation. The effect of
different environmental factors on the aggregation
rates of different proteins (including AB) has been
studied intensively; however, nothing is currently
known about the strength of the direct physical
interaction between the protein molecules under
the conditions favoring aggregation. Here, we
monitored directly the strength of the interprotein
interaction depending on the protein conformation
for the first time. We studied three proteins of
different sizes and origins, AR (1-40) peptide,
a-synuclein and lysozyme. Proteins were anchored
on the mica surface and the AFM probe, and the
interaction between such anchored molecules was
measured after bringing them together by
approaching the tip to the surface. The inter-
molecular interaction was characterized by the pull-
off force required to dlssoc1ate the complex formed
during the approach cycle.®® The data obtained
show that the interaction between all the proteins
increases sharply with a decrease in pH. AFM
imaging showed that at pH values corresponding to
maximum interprotein interaction, the rate of
protein aggregation increases dramatically. The
comparison of the AFM data with a conformational
analysis of the AB-peptide and a-synuclein per-
formed using CD spectroscopy showed that the
increase in the protein—protein interaction
measured by AFM is due to a conformational
transition in the corresponding protein leading to
the formation of an ordered structure with an
elevated content of B-sheet conformation.

Results
Amyloid B peptide

To achieve the goal of this work and to measure
the interprotein interactions, we used the AFM
approach. This technique requires proteins to be
anchored to the substrate surface and the AFM tip.
We used the approach in which protein was
covalently linked to amino-functionalized mica
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and 513N4 AFM probes via glutaraldehyde cross-
linking.*® This technique or similar approaches
utilizing longer spacers between the protein and
surfaces are quite typical for force spectroscopy
analyses.”” We have shown that glutaraldehyde
crosslinked AB molecules are accessible to anti-A
antibodies in separate force spectroscopy analyses
(data not shown). Using the functionalization
protocol developed, we were able to obtain a fairly
uniform coverage of the surface with the protein
(the data for AP peptide are shown in Supple-
mentary Data, Figure S1); however, force curves
were taken at 80-125 different locations on the
surface in order to account for any heterogeneity in
the coverage of the protein on the mica surface.

A monomeric form of protein immobilized on the
surface prior the force spectroscopy studies is
required for the force spectroscopy studies. Mono-
meric fraction of the protein solution can be
obtained by gel-filtration chromatography or sedi-
mentation studies, but the aggregates can form
during the relatively long immobilization pro-
cedure. Therefore, all morphologies are immobi-
lized on the tip and the substrate surfaces. To avoid
this complication, we used an approach based on
the known fact that protein aggregation is very
inefficient or does not occur at all at alkaline pH.
According to published data,*' spontaneously
formed aggregates of the amyloid B peptides are
not stable at pH 10 and can dissociate during
incubation overnight. So, if the sample containing a
mixture of monomers and aggregated forms of
the protein is anchored to the surface, during
incubation in alkaline solutions aggregates dis-
sociate and non-covalently bound molecules go
away from the surface. Note that under our surface

functionalization conditions, the distance between
active groups on the surface (initially amines) is ca
10-20 nm,**** suggesting that multiple bonding of
the same complex with the size of even 10 nm is
quite improbable. This suggests that predominantly
monomeric forms of the protein remain on the
surface. This assumption is in line with direct AFM
imaging of the sample. According to Supple-
mentary Data, Figure S1, the samples were
homogeneous. To ensure the homogeneity of
immobilized samples, they were imaged with
AFM before the pulling experiments.

The protein molecules anchored to the mica
surface and to the AFM tip were brought into
contact, after which the strengths of the complexes
formed were measured by retracting the tip from the
surface. Figure 1 shows a set of the force—distance
curve obtained at various pH values. The attractive
force was measured as the pull-off force (arrow) of
the retraction curve, which is the force required to
rupture any attractive interactions between
molecules on the tip and molecules on the surface.
Only the pull-off forces of distinct peaks typical for
the single-molecule interaction events as shown in
the Figure were used in the measurements.

The data in Figure 1(a) show a typical force curve
for the sample probed at pH 9.8. The rupture force
in the range of 100 pN is typical for the AB-AB
interaction under these conditions. The results
obtained for a series of measurements are shown
as histograms inset into this Figure. Similar data
were obtained for experiments performed at
pH 7.0, pH 5.1, pH 3.7, pH 2.0, and pH 1.0 (data
are shown in Figure 1(b)—(f), respectively). Similar
to Figure 1(a), the data accumulated for a set of
approach-retraction cycles measured at each
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Figure 1. Typical force curves and histograms summarizing all force curves taken at (a) pH 9.8, (b) pH 7.0, (c) pH 5.1,

(d) pH 3.7, (e) pH 2.0, and (f) pH 1.0.
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Figure 2. The mean pull-off force plotted as a function
of pH for two independent trials (filled squares and open
circles). The continuous line represents a sigmoidal fit to
the average of the two data sets. Broken lines on this
transition curve explain how the width of the transition
(ApH) and the transition point (pH,,) were measured.

pH value are shown as histograms inset into each
force plot. The data indicate that the protein-
protein interaction is relatively small between
pH 9.8 and pH 7.0 (92 pN and 93 pN, respectively).
A strong increase in the rupture forces is observed
at pH <3.7 achieving a maximum at pH 1.0
accompanying the formation of multiple inter-
actions between the tip and surface.

The mean pull-off forces as a function of pH are
plotted in Figure 2. Different symbols correspond to
two independent experimental data sets, and the
pH dependence of the rupture force is interpolated
by a smooth curve using both data sets. This graph
illustrates the attractive force between A molecules
and exhibits a sharp sigmoidal pH-dependence,
increasing dramatically over a narrow range of
pH values (3-4). The averaged value of the
pH-dependent increase in the rupture force for A
molecules was approximately 200 pN. Such a sharp
pH-dependence of the rupture forces suggests that a
decrease in pH induces considerable conformational
changes in the AB-peptide. The data for control
experiments in which the peptide immobilized on
the surface was probed with the tip with no peptide
in the same pH range are shown in Figure 3. The
rupture forces increase monotonously with pH with
no S-type dependence as observed for peptide—
peptide interaction.

The hypothesis on the pH-induced protein
structural transition was tested using far-UV CD
spectroscopy as an approach for characterizing the
secondary structure of the peptide. The same
protein batch was used for CD spectroscopy and
AFM. Figure 4(a) represents the far-UV CD spectra
recorded over a broad range of pH values. The
spectra measured between pH 11.4 and pH 5.8 are
very similar and indicate little, if any, o-helix or
B-sheet structure present in A. In fact, these spectra
show characteristic minima in the vicinity
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Figure 3. The mean pull-off force plotted as a function
of pH for amyloid B peptide immobilized on the surface
and the AFM tip terminated with OH groups. The
continuous line represents an exponential fit to the data
points. The error bars on each datum point (mean force
values) correspond to the standard error of the mean
(SEM) calculated from the entire set of pull-off forces.

of 200nm and the absence of bands around
210-230 nm; i.e. their shape is typical of an
essentially unfolded polypeptide chain. With
pH decreasing below 5.8, the inversion of the
band at 200 nm from negative to positive occurs
concomitantly with an increase in the negative
intensity around 220 nm, reflecting the pH-induced
formation of ordered secondary structure. Further-
more, the shape of the spectra measured at acidic
pH (1-3) is indicative of a B-sheet structure, which is
characterized by a typical broad minimum in the
vicinity of 220 nm, a positive peak at ~197 nm, and
an intersection point at about 210 nm. The relative
B-sheet content as a function of pH can therefore be
determined by plotting the ellipticity value of the
band at 220 nm against pH (Figure 4(b)). This plot
reveals a strong pH-dependence for AB secondary
structure, where protein, having little or no B-sheet
structure at pH greater than 6, possesses a
cooperative increase in B-sheet content below this
pH value. Most striking is the fact that this
sigmoidal dependence is the same as that observed
for the increasing attractive force between AP
molecules with decreasing pH.

These data suggest that aggregation is more
favorable under acidic conditions. This conclusion
is supported by numerous observations on the
effect of ]i)H on aggregation of AP molecules by
Stine et al.'? Similar to those findings,12 we observed
the formation of long fibrils with 1-40 AB peptide
(Supplementary Data, Figure S2).

Alpha synuclein

The same experimental approach was utilized to
study the pH-dependence of rupture forces
between o-synuclein molecules. A series of the
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Figure 4. (a) The circular dichroism (CD) spectra for a range of pH: pH 11.4 (gray line), pH 8.8 (light blue), pH 6.9
(pink), pH 5.8 (dark blue), pH 4.0 (yellow), pH 2.98 (green), pH 1.98 (red) and pH 1.05 (black). (b) The ellipticity at
220 nm plotted as a function of pH for amyloid B peptide. The continuous line represents a sigmoidal fit to the data.

force-distance curves corresponding to different
pH values are shown in Figure 5(a)-(d). The
distribution histograms of rupture forces are
shown as insets in the upper right corner of the
force—-distance plot. A typical force curve obtained
at pH 9.8 is presented in Figure 5(a). The mean
interaction force value was ~50pN. The same
small value of the interaction force was obtained
until the pH reached 3.7, where the mean value for
the interaction force was 850 pN (Figure 5(b)); that
is almost 20 times higher than the value obtained at
higher pH values. However, further decrease of
pH leads to a decrease of the interaction force (pH 2;
Figure 5(c)), which drops more upon further
decrease of pH (pH 1.0; Figure 5(d)).
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The dependence of the mean rupture force values
on pH is shown in Figure 6. Different symbols
represent independently acquired data sets. The
rupture force is small (~50pN) and almost
constant at alkaline, neutral and slightly acidic
pH values. The force grows fast below pH 5.6,
reaches a maximum at pH 3.7 and then drops
significantly at very acidic pH values. Such a sharp
pH-dependence of the rupture forces suggests that
a decrease in pH induces considerable confor-
mational changes in a-synuclein. The data for
control experiments in which a-synuclein mole-
cules immobilized on the surface were probed by
the tip with no peptide bound are shown on the
same graph with red triangles. This interaction
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Figure 5. Force spectroscopy experiments for a-synuclein. Typical force curves and histograms summarizing all force
curves taken at (a) pH 9.8, (b) pH 3.7, (c) pH 2.0, and (d) pH 1.0.
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T ' T between pH 11.4 and pH 5.8 are very similar, and

o show characteristic minima in the vicinity of
8004 _ 200nm and the absence of bands around
210-230 nm; i.e. their shape is typical of an essentially
unfolded polypeptide chain. Thus, these spectra
indicate little, if any, a-helix or B-sheet structure
present in a-synuclein.

The pH-dependence of the force spectroscopy
and CD data suggest that a-synuclein should
aggregate quickly at acidic pH. Indeed, typically,
it takes a few weeks or months to obtain the fibrils at
neutral pH,* whereas the rate of fibril formation is
dramatically faster at acidic pH."”* Based on the
dependence of the rupture force data on pH, we
were able to obtain, with a high yield, fibrils as long
as several micrometers during several days of

Figure 6. The mean pull-off force plotted as a function mcubatlon WIthOUt agltat.lon. Figure S3 shows
of pH for two independent trials (filled squares and open ~ 1Mages. of filaments obtained after seven days
circles) for a-synuclein. The continuous black line incubation at acidic pH (2.7) and elevated tem-
represents a smooth fit to the average of the two data perature (57 °C). In addition to protofilaments
sets. Triangles show the results of control experiments for ~ characterized by a small height or diameter (fibril
a-synuclein immobilized on the surface and the AFM tip 1), thick and twisted fibrils (e.g. fibril 2) are the most
terminated with OH groups. The continuous line  abundant morphologies under these conditions.
represents a smooth fit to the data points. A common feature of the sample obtained at these
conditions is the formation of frayed ends. One of
them is indicated in Supplementary Data, Figure S3
with an arrowhead. These images support the
remains very small and almost constant over the = model of the fibrils as a bundle formed by thin
entire range of pH values. protofilaments.*> Note that the bundle-type model

Similar to our studies with amyloid B peptide, we is also consistent with the structure of insulin fibrils
verified the assumption that dramatic changes in  proposed very recently.*®
the pulling force correlate with changes in protein
structure using far-UV CD spectroscopy and  Lysozyme
8-anilino-1-naphthalene sulfonic acid (ANS) fluores-
cence measurements. The same protein batch was The force spectroscopy assay for monitoring
used, and the CD spectra recorded over a broad  interprotein interaction leading to protein aggre-
range of pH values are shown in Figure 7(a). The  gation was tested on lysozyme aggregation, which has
far-UV CD spectra measured over the range  been documented recently.”* In contrast to the
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Figure 7. Optical spectroscopy data for a-synuclein. (a) Far-UV CD spectra as a function of pH. The values were pH 8.9
(black line), pH 7.3 (red line), pH 6.4 (green line), pH 5.3 (yellow line), pH 4.3 (blue line), pH 3.5 (pink line), pH 2.7 (cyan
line), pH 1.7 (gray line) and pH 0.9 (dark red line). The inset represents ANS fluorescence spectra measured at the
following values: pH 8.2 (black line), pH 7.5 (red line), pH 6.6 (green line), pH 5.4 (yellow line), pH 4.6 (blue line), pH 4.0
(pink line), pH 3.7 (cyan line), pH 3.1 (gray line), pH 2.8 (dark red line), pH 2.5 (dark green line), and pH 2.3 (dark yellow
line). (b) The dependence of far-UV CD (blue line, circles and squares) and ANS fluorescence spectra (red line and
triangles) on pH. The results of the initial titration (decrease in pH) and reverse experiments (increase in pH) are
presented as open and filled symbols, respectively. For far-UV CD and fluorescence measurements, the cell pathlength
was 0.1 mm and 10 mm, respectively. Measurements were carried out at 20 °C. The protein concentration was 0.1 mg/ml
(circles) 1.0 mg/ml (squares) and 0.01 mg/ml (triangles). Data on the pH effect on the lag time of a-synuclein fibrillation
(green line and diamonds) are shown for comparison.
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Figure 8. The mean pull-off force plotted as a function of pH. 9. (a) The data for two independent trials (squares and
open circles) for lysozyme-lysozyme interaction. The continuous line represents a smooth fit to the average of the two
data sets. Color symbols and a red curve correspond to the mean pull-off force plotted as a function of pH for lysozyme
immobilized on the surface and an untreated AFM tip. (b) The mean pull-off force plotted as a function of pH for
lysozyme immobilized on the surface and a-synuclein bound to the AFM tip.

natively unfolded A and a-synuclein, lysozyme is
a well-folded globular protein. The plot in
Figure 8(a) summarizes the force spectroscopy
results obtained at different pH values. This Figure
shows that intermolecular interactions for lysozyme
increase dramatically at pH below 4, and at pH 3
reach a value about ten times higher than the forces
obtained under neutral conditions. Interestingly,
the interaction drops sharply at pH 1.5. Control
experiments with the use of a bare tip showed no
pH-dependent interaction (red squares on the same
plot). Additional control experiments, in which
interaction between a-synuclein molecules immobi-
lized on the surface and lysozyme molecules bound
to the AFM tip did not reveal pH-dependent
interaction between these proteins (Figure 8(b)).

To correlate the pH-induced changes in the
pulling forces with the protein conformational
changes, the pH-dependence of the lysozyme CD
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spectra was obtained. The results of this analysis
are shown in Figure 9(a). The far-UV CD spectra
measured over the pH range between 10.0 and 3.8
are very similar, and their shape is typical of a well-
folded, mostly a-helical protein; i.e. these spectra
possess a characteristic minimum in the vicinity of
208 nm and an intensive band around 222 nm. The
decrease in pH between 3.8 and 2.0 brings about
insignificant spectral changes, with the intensity of
the 208 nm band being invariant, and the intensity
of the 222 nm band being reduced by ~12-15%.
These changes in far-UV CD spectra indicate a
small but reproducible reduction in a-helical
structure. The dependence of ellipticity values at
222 nm on pH is shown in Figure 9(b). These data
clearly indicate the structural transition at acidic
pH and the range of these changes coincides with a
dramatic increase of the protein—protein interaction
forces shown in Figure 8(a).
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Figure 9. Conformational analysis of lysozyme at different pH values. (a) Far-UV CD spectra of lysozyme measured at
different pH values. The concentration of lysosyme was 2mg/ml, 0.15M NaCl, cuvette pathlength 1 mm.
(b) Dependence of far-UV CD spectrum of lysozyme on pH measured as changes in [6]x.
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On the basis of these findings and earlier
observations that at acidic pH the temperature-
denatured lysozyme is prone to aggregate,**”" we
performed experiments on growing the fibrils. The
protein solution (10 mg/ml) was incubated at 57 °C
in different buffers at pH 2.0, pH 2.7 and pH 3.7.
The image of the sample prepared at pH 2.0 is
shown in Figure 10(a). Fibrils are seen easily,
although the sample prepared under these con-
ditions is characterized by the appearance of short
fibrils and small globular aggregates. The sample
prepared at pH 2.7 has predominately fibrillar
morphology (Figure 10(b)) with fibrils as long as
several micrometers. The incubation at pH 3.7 did
not lead to the formation of fibrils or large
aggregates (Figure 10(c)).

Discussion

The AFM results (Figures 2, 6 and 8(a)) show that
at acidic pH all three proteins studied here adopt
conformations that lead to a dramatic increase in
the interprotein interaction. Furthermore, the
pH-dependence is sharp, suggesting that the
conformational transition is highly cooperative.
Importantly, the pH-dependence remains the
same, regardless of the direction of the change in
pH value, suggesting that the conformational
transition is reversible. The AFM imaging studies
showed that proteins in these conformations form
aggregates with the fibril morphology rather easily.
Although the fact that protein aggregation is
facilitated at acidic pH has been reported, the
finding that the transition into the aggregation-
prone conformation is accompanied by a dramatic
and cooperative increase in the interprotein inter-
action has not been reported before. The nature of
this conformation cannot be retrieved from the
AFM data, but parallel CD studies showed that the
structural transition into an aggregation-prone
conformation is characterized by the extensive
formation of the B-sheet geometry that is in line
with the well-documented fact that the formation of
B-sheets is a key step in protein misfolding followed
by spontaneous aggregation.

Control experiments for a-synuclein and lyso-
zyme (Figures 6 and 8(a)) showed no interaction
between the protein and the uncoated tip (bare or
terminated with OH groups) over the entire range
of pH values. Importantly, control experiments
revealed that there is no pH-dependent interaction
between these two proteins (a-synuclein and
lysozyme, Figure 8(b)). In this regard, control data
for amyloid B peptide indicating a monotonous
increase of unbinding forces with lowering

Figure 10. AFM images of fibrils formed by lysozyme at
different pH values: (a) pH 2, (b) pH 2.7 and (c) pH 3.7.
The samples were deposited onto an APS mica surface.”
Images were acquired in air with MM AFM operating in
tapping mode.
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pH (Figure 3) is quite surprising. However, this
effect can be understood if the adhesion between
various surfaces is taken into account. Strong
adhesion effects between various surfaces have
been studied systematically.”' It has been shown
that adhesion forces can be as large as dozens of nN
for the surfaces terminated with amines (mica and
silicon nitride functionalized with aminosilane). We
used glycine to quench unreacted glutaraldehyde
groups, and the adhesion forces between glycine
residues immobilized on glutaraldehyde-
terminated surfaces were relatively large too. The
rupture forces increased monotonously in the range
of pH between 1 and 10, reaching 1.9 nN at pH 1
(data not shown). This short-range, non-specific
interaction can be screened by adding a layer of
bulky molecules. Indeed, coating the surface with
a-synuclein or lysozyme decreased the adhesion
forces to the background level, allowing us to
measure specific protein-protein interactions. Very
likely, due to its small size, amyloid B peptide is not
able to screen short-range surface—surface inter-
actions efficiently; therefore, a monotonous increase
of adhesion forces with decreasing pH was
observed. However, the rupture force values were
smaller than those observed in the case of glycine.

The comparison of the force spectroscopy data for
amyloid B peptide (Figure 2) and a-synuclein
(Figure 6) reveals rather strong interaction for
amyloid B peptide before the structural transition
range, even at neutral pH values. These data
suggest that the formation of misfolded confor-
mations of amyloid B peptide is not a rare event;
presumably, these conformations exist inter-
mittently and may lead to peptide aggregation
under a variety of conditions. This interpretation is in
line with the fact that amyloid B peptide aggregates
under physiological conditions, so the formation of
oligomers is a typical behavior of this protein.
However, we should keep in mind that pathways
for amyloid B peptide aggregation at neutral and
acidic pH could be different,'* suggesting that
misfolded conformations stabilized under these
conditions could be different too. At the same
time, a-synuclein shows very weak interaction at
neutral pH, suggesting that such conditions are not
favorable for aggregation of this protein. This
conclusion also correlates well with slow aggrega-
tion kinetics of a-synuclein. The pull-off forces for
each set of experimental conditions corresponding
to misfolded conformations (below the transition
point) vary in a rather broad range. This effect can
be explained partially by dynamic features of
misfolded protein conformations or even an exist-
ing set of misfolded conformations. The latter
hypothesis is supported by a complex and very
broad (Figure 2(e)) or even bimodal (Figure 2(f))
distribution of pulling forces. However, additional
experimental data are required to validate this
hypothesis.

The pH-dependence data (see Figsures 3,6 and 9)
are reminiscent of melting profiles; 2 therefore, we
characterized each pH-dependence curve with two

Table 1. Parameters of the transition curves for amyloid 8
peptide, a-synuclein and lysozyme (see Figures 2, 6, and 8)

Amyloid B
peptide a-Synuclein Lysozyme
pHi2 2.8 4.5 3.4
ApH 2 13 1.0

parameters, the transition point, pH;,», and the
width of the transition, ApH (see the schema in
Figure 3). pH;,, is the pH value corresponding to
the middle of the pH-dependence profile and
ApH was determined from the intersection points
of the tangent to the curve at the transition point
with upper and lower values of pulling forces. For
lysozyme, the transition curve of which does not
have an upper plateau (Figure 9), the maximum on
the smoothed curve was taken as the upper level.
The AFM results for the proteins are summarized in
Table 1.

The pH;,> value varies for different proteins,
reflecting the difference in amino acid composition.
ApH is maximal for amyloid B peptide, indicating a
relatively low cooperativity of structural transfor-
mations for amyloid B peptide in comparison with the
longer proteins o-synuclein and lysozyme. Interest-
ingly, pulling forces for the last two proteins drop
after the first transition, suggesting that other
conformational changes take place at extremely
low pH values. This interpretation is supported by
far-UV CD data for a-synuclein that indicate the
change in the protein conformation. The drop in
interprotein interaction is very abrupt for lysozyme.
We hypothesize that existing disulfide bonds in the
protein work as springs, pulling the protein from
the aggregate-prone conformation as soon as the
protonation conditions are not favorable for this
conformation. However, additional experiments are
required to validate this hypothetical model.

Traditionally, protein misfolding conformations
are studied via the protein propensity to aggregate.
Aggregation of proteins has been studied usin
various imaging techniques including AFM.
These imaging studies provide valuable infor-
mation for understanding the morphology of
aggregates that are formed, but do not explain
why the aggregation happens or how it is linked to
the protein conformation. The current investigation
shows that the propensity of proteins to aggregate is
a direct result of the increased attractive force
between the molecules under these conditions. In
addition, this study illustrates that AFM is a
powerful technique that allows the probing of
these interactions as a complement to the traditional
use of this technique as an imaging tool. Impor-
tantly, the force spectroscopy approach for testing
the propensity of protein to misfold and aggregate
under specific conditions (reflected in the increase
in the mean pull-off force) provides the results
relatively quickly compared to traditional imaging
methods. For example, AFM or EM imaging often
involve lengthy observation of the aggregation
process and typically take days or even several
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months.'? Importantly, force spectroscopy provides
a quantitative measure for a protein’s propensity to
aggregate that can be useful for quantitative
analysis of the misfolded conformation of a protein.

Conventional experimental approaches for pro-
tein conformational studies operate with an ensem-
ble of molecules and cannot answer the question of
whether the observed conformational changes
occur in individual proteins or they are the
characteristic features of proteins within oligomeric
or polymeric aggregates. Anchoring the proteins to
the surface prevents their aggregation, so the force
spectroscopy approach is one of a few, or very likely
the only, experimental approaches that allows
uncoupling the protein misfolding and aggregation
events. This approach was tested on three different
proteins and shows that misfolding can occur at the
level of individual protein molecules.

Although we studied the effect of pH on protein
misfolding, a whole host of relevant solution
conditions, including the presence of metal ions,
various solvents, or potential therapeutic agents can
be studied. In fact, the rate of fibril formation in
a-synuclein was shown to be stron§ly dependent on
numerous environmental factors.”®!” Besides low
pH and elevated temperature,® discussed here, the
amyloidogenic partially folded conformation was
shown to be stabilized in a-synuclein by the
presence of several common pest1c1des and herbi-
cides,”*™® or metal ions,”®*” or at moderate
concentrations of trlmethylamlne -N-oxide,”® or
other organic solvents.” Importantly, under all
these conditions, a-synuclein was shown to
undergo significantly enhanced fibrillation. In
contrast, fibril formation was considerably slowed
or inhibited under conditions favormg formation of
more folded conformations,® by stabilization of
the fully unfolded form, e.g. by oxidation of its
methionine residues,’’ or by stabilization of off-
pathway oligomers via nitration of tyrosine resi-
dues.®" Obviously, force spectroscopy can be used
to analyze the effect of these and other factors on
protein misfolding and interprotein interactions.
These studies are in progress.

We used a rather simple immobilization
approach for anchoring protein to the mica and to
the tip surfaces via reaction of the protein amino
groups with glutaraldehyde immobilized on the
surfaces. Glutaraldehyde crosslinking capability is
widely used for studying various protein-nucleic
acids complexes. Recently, glutaraldehyde was
apphed for strong 1mmob1hzat10n of chromatin on
amino-terminated surfaces.®> Here, we showed that
the glutaraldehyde anchors are stable at a wide
range of pH values, enabling us to probe protein—
protein interactions at extreme pH values. The
drawback of this anchoring approach is that the
protein N-terminal amine groups are not the only
anchoring sites in the protein. This procedure
tethers certain of the peptide side-groups, e.g.
lysine, to the surface, so the protein is anchored to
the surface in a number of different ways. This
means that protein molecules are oriented

differently on the surfaces of mica and the tip, and
they are oriented differently during probing the
protein—protein interactions by the AFM tip.
Different relative orientations may lead to varia-
bility in intermolecular interactions and thus to a
broadening of the range of pulling forces measured
in the AFM experiments. In addition, some
anchored positions may interfere with the struc-
tural transition leading to the misfolded confor-
mation of the protein. This is another source of
broadening in the distribution pattern of pulling
forces. However, our control experiments showed
that glutaraldehyde-immobilized AB peptide
retains the antigen activity in interaction with
anti-AB antibodies, suggesting that the effect, if
any, of anchoring on the protein structure is not
significant. In addition, the coincidence of the
structural transition profiles of the proteins
revealed by AFM for immobilized peptides and
CD for molecules moving freely in solution
suggests that the proposed immobilization pro-
cedure is appropriate for interprotein studies such
as that reported here. Availability of procedures
allowing one-point anchoring with the use of
flexible polyethylene glycol linkers will ease the
problems listed above, and will allow extraction of
the thermodynamlc parameters of the protein—
protein interaction.”” A large range of the change
of the pull-off forces in the protein conformational
transition range suggests that the technique has
prospects for future applications. The development
of novel immobilization procedures and approaches
for quantitative analysis are the two major issues
that need to be addressed for further understanding
the protein misfolding phenomenon. These efforts
are underway.

The data obtained for the pH-induced formation
of aggregation-prone intermediates provide a new
insight into properties of misfolded conformations
for different proteins. We compare below the data
for a-synuclein and lysozyme, the two proteins
with different conformations at neutral pH. The far-
UV CD spectra of natively unfolded o-synuclein
(Figure 7(a)) reflect the pH-induced formation of
ordered secondary structure. Furthermore, the inset
to Figure 7(a) shows that a decrease in pH leads to a
large blue shift of the ANS fluorescence maximum
(from ~515nm to ~475nm, open triangles in
Figure 7(a)), suggesting the pH-induced transform-
ation of the natively unfolded a-synuclein to the
partially folded and partially compact confor-
mation.> Figure 7(b) illustrates that the pH-
induced structural transitions detected by ANS
fluorescence and CD occur simultaneously in a
rather co-operative manner, suggesting formation
of a partially folded conformation with an increased
amount of ordered secondary structure and with
affinity for ANS. Importantly, pH-induced tran-
sition from unfolded to partially folded confor-
mation was shown to be completely reversible
(Figure 7(b), open and filled symbols) and inde-
pendent of protein concentration, suggesting that
this partial folding is an intramolecular process.*
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Figure 7(b) shows that decreasing the pH resulted
in a very substantial acceleration of the kinetics of
a-synuclein fibrillation (green symbols and lines).
In other words, an excellent correlation between
intramolecular conformational change and fibril
formation has been established. This very impor-
tant observation is consistent with the conclusion
that the process of a-synuclein fibrillation is
accelerated dramatically by the partial folding of
the natively unfolded protein, suggesting that this
1ntermed1ate is a key species on the fibril-forming
pathway.*?

The pH-induced structural changes in lysozyme
are entirely different. CD data (Figure 10) show that
a decrease in pH is accompanied by a minor
(~12-15%) decrease in the a-helical content of this
protein. Thermodynamic analysis of lysozyme
using differential scanning microcalorimetry
revealed that the decrease in pH from 4.0 to 1.5
was accompanied by a decrease in protein confor-
mational stability, as T4 dropped from 78°C to
47 °C.%% At the same time, calorimetric,®® and near-
UV CD analyses™ revealed that the native well-
folded structure is sustained in lysozyme even at
pH 1.5. This suggests that at pH 1.5, lysozyme,
being destabilized, preserves a rigid tertiary struc-
ture, thermal unfolding of which i is assoc1ated with
a dramatic absorption of heat.’*®® Thus, the
decrease in pH from 4.0 to 1.5-2.0 leads to the
destabilization of lysozyme, which is accompanied
by a reduction in a-helical structure (see Figure 10).
Interestingly, these minor conformational changes
are accompanied by a dramatic change of the
interprotein interactions responsible for spon-
taneous assembly of the protein in ordered fibril
structures.

There is growing evidence indicating that protein
misfolding and fibrillation is a widespread
phenomenon that is not limited to proteins associ-
ated with so-called conformational disorders.>***’
It is believed that protein misfolding represents a
key primary event in the aggregation/fibrillation
pathway. However, our knowledge about this
fundamental phenomenon is very restricted, and
the detailed analysis of protein misfolding is almost
impossible using a set of conventional experimental
approaches, as they provide information averaged
over the ensemble of all conformations and forms
existing in solution. This represents a real problem
for the aggregating system, a complex hetero-
geneous mixture, which besides the differently
folded /unfolded /misfolded monomeric species
contains a wide variety of different oligomers and
aggregates. In addition, aggregation and oligo-
merization are known to affect the protein confor-
mation. Typically, it is difficult to avoid contribution
of aggregates due to a high aggregation propensity
of the misfolded conformations, and many conven-
tional methods provide the information on protein
conformation within aggregates. As a consequence,
the vast majority of current studies dealing with
protein misfolding and aggregation are, in fact,
focused on analysis of structural consequences of

protein aggregation rather than on analysis of the
consequences of protein misfolding. Thus, our poor
understanding of the protein misfolding is due to a
lack of appropriate methods. The approach
described here is capable of characterizing protein
misfolded conformations and separating them from
the aggregated forms. Our data show that under
conditions facilitating protein aggregation, protein
can adopt an alternative, misfolded conformation.
This indicates that misfolding is an intramolecular
conformation transition, which does not necessarily
require interaction with another protein mole-
cule(s). Overall, our study revealed that, at acidic
pH, proteins undergo structural transition into
conformations responsible for the dramatic increase
in interprotein interaction and promoting the
formation of protein aggregates. We believe that
these novel findings have clear biological impli-
cations, and the application of the approach
described might open new routes in the analysis
and understanding of the protein misfolding
phenomenon.

Materials and Methods
Amyloid B samples preparation

Lyophilized AR (1-40) was a generous gift from Alex
Rohr (Sun Health Research Institute, Sun City, AZ). AB
stock solutions were prepared using a modification of
the protocol used by Chakrabartty and co-workers.”!
Lyophilized A-B (1-40) was dissolved in 6.0 M guani-
dine-HCI to a final concentration of 1 mg/ml. It was
incubated at room temperature for 5 min, followed by
immediate exchange of the buffer with 10 mM Na,COj;
(pH 9.8) using Microcon centrifugal filters. The stock
solution was stored at —20°C. Samples of amyloid
B peptide for CD and fluorescence measurements were
prepared by dissolving lyophilized protein in sterile
0.1 M NaOH in doubly deionized water (pH 10.9) for
20min on ice, followed by neutralizing with the
appropriate buffer. These solutions were either centri-
fuged at 14,000 rpm (16,863 g) for 10 min at 4°C or
airfuged (178,000 g) at 24 psi (1 psi =6.9 kPa) for 10 min
to pellet any insoluble material.

o-Synuclein preparation

Wild-type human a-synuclein was expressed in
Escherichia coli cell line BL21(DE3) transfected with
pRK172/a-synuclein plasmid. Expression and purification
of human recombinant a—synuclem and its mutants from
E. coli were performed as described.®" After the purification,
protein solutions were dialyzed four times against doubly
deionized water at 4°C, lyophilized, and stored at
—80 °C. Samples of a-synuclein for CD and fluorescence
measurements were prepared by dissolving lyophilized
protein in sterile 0.1 M NaOH in doubly deionized water
(pH 10.9) for 20 min on ice, followed by neutralizing with
the appropriate buffer. These solutions were either
centrifuged at 14,000 rpm (16,863 g) for 10 min at 4 °C
or airfuged (178,000g) at 24 psi for 10 min to pellet
any insoluble material. Protein concentrations were
determined spectrophotometrlcally with an extinction
coefficient €350 nm =>5120 M ™~ . The atomic force
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spectroscopy procedure was the same as that described
above for amyloid B peptide. For the fibrils growth,
a-synuclein was dissolved in 10 mM glycine-HCl buffer
pH 2.7 with 150 mM NaCl added. The concentration of
a-synuclein was ~1 mg/ml. The solution was incubated
at 57 °C for seven to ten days without shaking.

Lysozyme fibril formation.

Chicken egg lysozyme (Sigma L-6876) was dissolved in
10 mM Hepes (pH 7.5) at a concentration of 1 mg/ml and
stored at 4 °C for no longer than a week. Lysozyme fibrils
were obtained during incubation of the protein at a
concentration of 10 mg/ml at 57 °C in three different
buffers: 70 mM KCI-HCI (pH 2.0), 80 mM NaCl; 70 mM
glycine-HCl (pH 2.7), 80 mM NaCl; 10 mM sodium
acetate buffer (pH 3.7), 140 mM NaCl. After ten days of
incubation, the samples were imaged with AFM.

Protein immobilization on the mica surface and AFM
cantilevers

Silicon nitride cantilevers (Oriented Twin Tips, Nano-
probes, Digital Instruments, Santa Barbara, CA) were
cleaned in 95% (v/v) ethanol for 1 h followed by exposure
to UV light 1 h.%® Freshly cleaved mica and cleaned silicon
nitride cantilevers were modified identically according to
the following procedure. First, both were modified with
167 pM aminopropylsﬂatrane (APS) in water for 30 min,
followed by a brief rinse w1th nanopure water and drymg
with argon as described.®” Both were then immersed in
10% (v/v) glutaraldehyde in water for 1 h, followed by a
brief rinse with nanopure water. Both were then
incubated with protein in 20 mM PBS (pH 7.0), 150 mM
NaCl for 1h, followed by a brief rinse with nanopure
water. The concentration of the protein was adjusted in a
way that provided primarily single interaction force
curves characteristic for the single-molecule event inter-
action events; for different proteins, this was in the range
of 1020 pg/ml. For this incubation, a 10 pl droplet of the
protein solution was deposited on top of the mica in a
humid environment to prevent evaporation, and the AFM
tip was placed inside a 150 pl droplet of the protein
solution. Finally, both the mica and the AFM tip were
immersed in 10 mM glycine in 20 mM PBS (pH 7.0,
150 mM NaCl for 1 h to quench unreacted immobilized
glutaraldehyde molecules followed by a brief rinse with
nanopure water. Higher concentrations of glycine
(250 mM) and incubation for 10 min was an alternative
protocol used. The mica and the AFM tip were stored in
10 mM Na,COj3 (pH 9.8) at 4 °C for not less than 12 h. The
latter procedure facilitates the dissociation of protein
aggregates formed spontaneously in solution during the
previous sample immobilization step (pH 7). In control
experiments, either bare silicon nitride probes or probes
terminated with OH groups (OH- termmated surfaces
showed the smallest adhesion effects®) were used. The
OH-terminated probes were obtained by treatment of the
probes functionalized with APS and glutaraldehyde with
10 mM sodium borohydride in methanol. The mica and
the probes surfaces terminated with glycine were
prepared in the same way as the surfaces with
immobilized protein, except that after treatment with
glutaraldehyde both the mica and AFM tip were
immersed in 10 mM glycine in 20 mM PBS (pH 7.0),
150 mM NaCl for 1h followed by a brief rinse with
nanopure water.

Force spectroscopy

Force curves were generated with a Nanoscope
MultiMode AFM with Illa controller with the use of
the Picoforce module (Veeco Metrology, Inc, Santa
Barbara, CA). The ramp size used was 250 nm with a
1Hz frequency and an application force of less than
1nN for all force curves acquired. Silicon nitride
cantilevers with a nominal spring constant of 0.06 N/m
were used. Spring constants for each cantilever were
obtained using the thermal method via the Nanoscope
software (version 6.1).”° Extension and retraction curves
were acquired systematically at approximately 100
locations on the surface, initially in 10 mM Na,COj;
buffer (pH 9.8), 150 mM NaCl. The buffers were
exchanged sequentially in order of decreasing pH, and
force curves at the same locations on the surface were
acquired at each pH value. The other buffers used for A
peptide, in the order used, were 20 mM PBS (pH 7.0),
10 mM sodium acetate (pH 5.1), 10 mM sodium acetate
(pH 3.7, 20 mM PBS (pH 2.0), and 100 mM HCl (pH 1.0).
NaCl was added to each buffer to a final concentration of
150 mM, with the exception of the 100 mM HCI, to which
NaCl was added to a final concentration of 70 mM. This
allowed for similar salt concentrations for each of the
buffers used. For a-synuclein and lysozyme proteins, the
buffers were slightly different. They were 100 mM
sodium phosphate (pH 6.6), 100 mM sodium phosphate
(pH 5.6), 10mM sodium acetate (pH 3.7), 70 mM
glycine-HCl (pH 2.7), 70 mM KCI-HCI (pH 2.0),
100 mM KCI-HClI (pH 1.5), 150 mM KCI-HClI (pH 1.0)
with NaCl added in each buffer to the final ionic strength
of 150 mM. Each buffer was allowed to incubate with the
tip and surface in the liquid cell for at least 5 min before
the acquisition of any force curves. The mean values for
rupture forces obtained at selected pH values were
calculated over entire data sets without approximation of
the set with a particular function (Gaussian or Poisson
distributions).

Circular dichroism spectroscopy

CD spectra were obtained on an AVIV 60DS spectro-
photometer (Lakewood, NJ) using concentrations of AR of
1.0 mg/ml. Spectra were recorded in 0.01 cm cells from
250-190 nm with a step-size of 1.0 nm, a bandwidth of
1.5 nm, and an averaging time of 10 s. For all spectra, an
average of five scans was obtained. CD spectra of the
appropriate buffers were recorded and subtracted from
the protein spectra.
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