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ABSTRACT: To investigate how the heterogeneity inherent in the formation of worm-like amyloid fibrils by the
mouse prion protein is modulated by a change in aggregation conditions, as well as to determine how
heterogeneity in reaction leads to heterogeneity in structure, the amyloid fibril formation reaction of the
protein at low pH was studied in the presence of various salts. It is shown that S-rich oligomers of different
sizes and structures are formed at low and high NaCl concentrations, as determined by Fourier transfer
infrared (FTIR) spectroscopy and dynamic light scattering (DLS). The worm-like fibrils formed from the
p-rich oligomers at low and high NaCl concentrations also differ in their internal structure, as determined by
FTIR measurements. The apparent rate constant for the formation of the worm-like amyloid fibrils shows a
very steep sigmoidal dependence on NaCl concentration, suggesting that the effect occurs because of the
binding of many ions. The effect of salt in modulating the kinetics of worm-like fibril formation occurs at ionic
strengths below 200 mM, over different concentration ranges for different salts, and is shown to depend not
only on the ionic strength but also on the nature of the anion. The ability of different anions to promote worm-
like fibril formation does not follow the Hofmeister series but instead follows the electroselectivity series for
anion binding. Hence, it appears that the effect of salt is because of the linkage of the aggregation reaction to
anion binding to the protein. A comparison of the apparent rate constants measured from the changes in
thioflavin T fluorescence, circular dichroism, and DLS, which occur during worm-like fibril formation,
suggests that conformational conversion follows fibril elongation at low NaCl concentration and follows

fibril formation at high NaCl concentration.

Prion diseases are a group of fatal neurodegenerative diseases
that appear to originate from the misfolding of normal cellular
prion protein, PrP®, into an alternative disease-related confor-
mation, PrP5 (1, 2). PrP€ exists as a GPI-anchored, monomeric,
protease-sensitive conformation and is rich in a-helix. Although
its structure is not known, PrP% is known to be oligomeric,
protease-resistant, and rich in -structure (2—5). It is now believed
that PrP> is formed by amyloidogenic aggregation, via auto-
catalytic conversion, of PrP¢ (6—11). Hence, understanding the
process of amyloid formation by the prion protein becomes
imperative.

Bacterially expressed recombinant PrP is usually used to study
the aggregation of the prion protein. In the recombinant prion
protein, unlike in the original mammalian protein, the disulfide
bond between C179 and C214 is retained, but glycosylation at
N181 and N193 and the GPI anchor at the C-terminus are
absent. A recent report has suggested that recombinant mouse
prion protein can be converted into infectious prion isoforms in
the presence of specific lipids and RNA (/2). The recombinant
prion protein therefore becomes a very useful model for studying
the molecular mechanism of the conversion of PrP to PrP%,
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The prion protein has two domains, an unstructured N-terminal
domain (residues 23—120) and a folded C-terminal domain
(residues 121—231). In most studies so far, a truncated form of
the prion protein (either residues 90—231 or residues 120—231) has
been used, because it has been shown that residues 23—90 are not
essential for prion transmission (3, /3). The N-terminal region
may, however, be important in prion pathogenesis and for defining
prion strains. Bivalent metal ions, such as Cu?*, bind to the
N-terminal region of the protein encompassing residues 23—90
and have been shown to induce partial structure in this region (/4).
Furthermore, Cu®" ions have been shown to modulate pathogen-
esis in prion diseases (15—18).

The aggregation reactions of proteins appear to proceed
from aggregation-competent partially structured conforma-
tions that are either stable or kinetically trapped (/9—22). Such
partially unfolded intermediates can be populated upon muta-
tion, upon a change in the solvent conditions, as well as upon
interaction of the protein with ligands (23—28). It is possible
that different subpopulations of the aggregation-competent
intermediates accumulate under different aggregation condi-
tions. One important variable in this context is salt concentra-
tion, and salts have been shown to affect protein aggregation
reactions in diverse ways. It was seen in the case of a-synuclein
and the yeast prion protein Sup35 that salts affect the aggrega-
tion reaction through the Hofmeister effect (29, 30). On the
other hand, in the case of f,-microglobulin and glucagon,
specific anion binding was shown to play an important role in
the aggregation process (31, 32). In the case of amyloid-f, both
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the Hofmeister effect and specific anion binding appear to be
important (33).

One of the interesting features of the prion proteins, seen in
both mammalian and yeast proteins, is the phenomenon of strain
diversity, in which a prion protein can adopt a number of distinct
conformations, which may display different phenotypes differing
in their incubation periods, in the areas of the brain they affect,
and in their pathologies (4, 5, /7). In vitro studies have shown
that prion protein aggregates are extremely heterogeneous; the
same protein can assemble into many different amyloid struc-
tures (34—36). Understanding the structural heterogeneity seen
in prion protein aggregates has now become an important goal
of prion aggregation studies. In this context, determining
how a change in aggregation conditions, effected by the presence
of different salts, affects the kinetics of prion protein aggregation
is important, because it might provide an insight into the
mechanistic basis of the structural heterogeneity inherent in prion
protein aggregation and would therefore help in the under-
standing of the phenomenon of prion strain diversity. Further-
more, understanding the molecular mechanisms by which salts
affect the aggregation of proteins might provide ways of modu-
lating the reaction.

The a-rich monomeric form of the mouse prion protein
(moPrP)! has been shown to exist in equilibrium with f-rich
oligomers (37). The equilibrium favors the a-rich monomer at
pH 7 and the f-rich oligomer at pH 2. The o-rich monomers
can aggregate to long straight amyloid fibrils (38). The f-rich
oligomers transform into worm-like fibrils in multiple steps in
150 mM NaClat pH 2: f-sheet conformational conversion occurs
concurrently with fibril elongation, and the elongated fibrils then
associate laterally to form the mature worm-like fibrils (37).

In this study, the effects of different salts on the formation of
worm-like fibrils by the moPrP have been investigated using
multiple structural probes. It is seen that NaCl enhances the
rate of worm-like fibril formation in a concentration-dependent
manner. Interestingly, the f-rich oligomers formed at low and
high NaCl concentrations are structurally distinct and follow
different pathways for their transformation into worm-like fibrils.
In 120 mM NaCl, p-sheet conformational conversion appears
to follow aggregate elongation (growth), while in 200 mM NaCl,
it appears to precede aggregate elongation. The worm-like fibrils
formed on the alternative pathways are seen to differ in their
internal structures. The effects of salts on the formation of the
worm-like fibrils cannot be explained either by Debye—Huckel
charge screening or by the Hofmeister effect. Rather, it appears
that salts affect the kinetics of this process by directly binding to
the protein.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification. The expression and
purification of wild-type (wt) moPrP have been described pre-
viously (37). The purity of the protein was confirmed by
SDS—PAGE and ESI-MS. The mass of the protein was the
expected 23236 Da, when determined by mass spectrometry using
an ESI-QTOF mass spectrometer from Waters. The protein was
stored in 10 mM sodium acetate buffer (pH 4) at —80 °C, as
described previously.

! Abbreviations: moPrP, mouse prion protein; ThT, thioflavin T; CD,
circular dichroism; 6,6, ellipticity at 216 nm; DLS, dynamic light
scattering; Ry, hydrodynamic radius; SI, scattering intensity; FTIR,
Fourier transform infrared; AFM, atomic force microscopy.
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Buffers, Solutions, and Experimental Conditions. All
reagents used for the experiments were of the highest purity
grade available from Sigma. The protein in 10 mM sodium
acetate buffer (pH 4) was diluted 2-fold with 2x aggregation
buffer, so that the protein was finally in 50 mM glycine buffer
containing the desired concentration of NaCl, or any other salt,
at pH 2. The final protein concentration used for most of the
experiments was 25 uM, except for the FTIR studies, as
described.

Aggregation Studies. The aggregation process was moni-
tored by measurement of ThT fluorescence, ellipticity at 216 nm
(6216), and dynamic light scattering (DLS). For all the measure-
ments, the protein was first incubated for 1 h in aggregation
buffer at 25 °C. After incubation for | h, the protein was
transferred into a tube in the heating block, preset at 50 +
0.5 °C. The same heating block was used for all the experiments
to reduce variability. The temperature jump of the protein
solution was complete within 4 min of incubation in the heating
block. At different time points of aggregation, aliquots of the
protein sample were withdrawn for analysis by ThT fluorescence,
0516, and DLS. All the sample aliquots withdrawn for analysis by
the different probes were treated in manners as similar as
possible.

It was important to show that prolonged incubation of the
protein at pH 2 in 120 mM NaCl at 50 °C did not result in
hydrolysis of the polypeptide chain. A sample of protein that had
been incubated for 19 h at pH 2 and 50 °C was therefore subjected
to SDS—PAGE. No significant hydrolysis of the protein was
observed (data not shown).

Thioflavin T Fluorescence Assay. For the assay, final
concentrations of 2 uM protein and 20 uM ThT were used. A
calculated amount of protein was withdrawn from the sample
and added to the ThT-containing assay solution (50 mM Tris at
pH 8). ThT fluorescence was measured using a Fluoromax-3
spectrofluorimeter (Jobin Yvon). The experimental settings used
were as follows: excitation wavelength, 440 nm; emission wave-
length, 482 nm; excitation bandwidth, 1 nm; and emission
bandwidth, 10 nm. Measurements were taken within 30 s of
the addition of the protein to the assay solution.

Circular Dichroism Measurements. A Jasco J-720 spectro-
polarimeter was used for the far-UV CD measurements. A
cuvette with a path length of I mm was used. For the acquisition
of spectra, the protein was diluted to 12.5 uM just before the
measurement. Spectra were recorded in the wavelength range of
200—250 nm. The following instrument settings were used: step
resolution, 1 nm; scan speed, 100 nm/min; and bandwidth, 1 nm.
Each spectrum was averaged for over 30 scans. For the kinetic
studies, the ellipticity at 216 nm was monitored at regular time
intervals.

Dynamic Light Scattering Measurements. A DynaPro-99
unit (Wyatt) was used for the DLS measurements. All the buffers
and the protein solutions at pH 4 were filtered using 0.02 ym
filters to remove dust particles. Filtered buffers and the protein
solution at pH 4 were centrifuged at 10000 rpm for 10 min. All the
tubes and tips used for the experiment were rinsed three times
with 0.02 um filtered water before use. The pH jump, from 4 to 2,
was given with the 0.02 um filtered buffer. The protein sample
was incubated for 1 h at 25 °C before the temperature jump to
50 °C. After the temperature jump, aliquots of the protein sample
were withdrawn for the measurement at regular time intervals.
The protein sample was cooled to 25 °C and then placed in a
45 uL cuvette. The cuvette was placed in the sample chamber
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maintained at 25 °C for the measurement. The following experi-
mental settings were used: acquisition time, 5 s; signal-to-noise
threshold, 2.5; and sensitivity, 70%. The sample was illuminated
with a laser of wavelength of 829.4 nm, and the scattering
intensity at 90° and its autocorrelation function were measured
simultaneously. Fluctuations of more than 15% in the scattering
intensity were excluded from analysis. DynaLS (Wyatt) was used
to resolve the accepted acquisitions into well-defined Gaussian
distributions of hydrodynamic radii. The viscosities of the
solutions were determined from refractive index measurements.
The total light scattering intensity (counts per second) was
determined from the cumulants analysis as the mean of all
accepted acquisitions.

Size Exclusion Chromatography. The hydrodynamic pro-
perties of moPrP were studied using gel filtration on a Waters
Protein Pak 300-SW column using an Akta (GE) chromato-
graphy system. The fractionation range of the 15.1 mL column
was 10—300 kDa, and the void volume was determined to be
6.2 mL. Each protein sample was equilibrated in 50 mM glycine
buffer, with the desired amount of NaCl at pH 2 for 1 h prior to
the acquisition of the chromatogram. Before injection of 50 uL of
the protein solution, the column was equilibrated with 4 column
volumes of the same buffer. In the case of the native protein, the
column was equilibrated with 100 mM sodium acetate buffer
(pH 4). A flow rate of 0.72 mL/min was used.

Fourier Transform Infrared Spectroscopy Measure-
ment. FTIR measurements were taken using a Thermo Nicho-
let-6700 FTIR spectrometer (Thermo Scientific) equipped
with a liquid nitrogen-cooled MCT detector. Buffers (see
above) made in H>O were used. The spectrometer was purged
with ultrapure nitrogen gas. Oligomers and worm-like fibrils
were formed by 25 uM protein at pH 2, in the presence of
120 and 200 mM NaCl. The solutions were concentrated
~20-fold for the oligomers formed in 120 or in 200 mM NaCl,
as well as for the worm-like fibrils formed in 120 mM NacCl.
Worm-like fibrils formed in 200 mM NaCl could not be con-
centrated more than ~8-fold, because of protein precipitation.
Centricons (Millipore Corp.) with a 10 kDa cutoff were used
for concentrating the oligomer and fibril solutions. The
concentrated samples were applied to a diamond crystal, and
spectra were recorded in the attenuated total reflectance
(ATR) mode at a resolution of 4 cm™'. Before each of the
acquisitions of sample data, the buffer spectrum was recorded
under identical conditions and was used as the blank. For each
sample, 256 scans were averaged.

Atomic Force Microscopy. For the AFM studies, 25 uM
protein in 50 mM glycine buffer (pH 2) containing the desired
amount of NaCl or any other salt was heated to 50 °C. An aliquot
of the sample was withdrawn and diluted to 0.5 M in aggrega-
tion buffer. The diluted sample was applied on to a freshly
cleaved mica sheet and incubated for 1 min. The mica surface was
then rinsed three times with filtered water at pH 2 and dried under
vacuum for 45 min before it was scanned. The AFM images were
obtained using a PicoPlus AFM instrument (Molecular Imaging
Inc.) operating in the noncontact mode, as described pre-
viously (37). The diameters of aggregates were determined from
the Z-heights in AFM images, using the profile option of WSXM
(39). For each salt, 25 individual protofibrils were monitored.
The height of each individual protofibril was determined as the
mean of the heights determined along its length. The lengths of
worm-like amyloid fibrils were also calculated using the profile
option of WSXM (39).
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FiGure 1: Effect of NaCl on the kinetics of amyloid fibril formation
and fS-rich oligomer formation by 25 uM moPrP at pH 2 and 50 °C.
(a) ThT fluorescence-monitored kinetic traces of amyloid fibril for-
mation by 25 uM protein in the presence 120 (v), 130 (O), 150 mM
NaCl (O) at pH 2 and 50 °C. (b) Dependence of the apparent rate
constant of amyloid fibril formation on NaCl concentration. The
apparent rate constants were determined from single-exponential fits
of the kinetic traces. The error bars represent the spreads in the values
obtained from two independent experiments. (¢) Fractional amount
of B-rich oligomer (O) and monomer (<) at different NaCl concen-
trations at pH 2. The fractional amount of each protein form
was calculated after integration of the areas under the respective
peaks in the size exclusion chromatogram of the protein at each salt
concentration. The solid lines have been drawn by inspection only.
(d) Dependence of the apparent rate constant of worm-like amyloid
fibril formation on the amount of 5-rich oligomer. The apparent rate
constants were determined from single-exponential fits of the kinetic
traces. The error bars represent the spreads in the values obtained
from two independent experiments. The concentration of the S-rich
oligomer at each salt concentration was determined by multiplication
of the fraction of protein present as the -rich oligomer (c) by the total
monomeric protein concentration (25 uM). The straight line through
the data is a least-squares fit.

RESULTS

Effect of NaCl on the Kinetics of Fibril Formation from
pB-Rich Oligomers. The oligomers formed in the presence of
NaCl transform into worm-like fibrils in a process that becomes
faster at higher temperatures (37). Figure la shows the thioflavin
T (ThT) fluorescence-monitored kinetics of the formation of
worm-like amyloid fibrils from S-rich oligomers at NaCl con-
centrations of 120, 130, and 150 mM. The kinetics at <110 mM
NaCl was too slow to be measured. At each NaCl concentration,
no lag phase is apparent and the kinetics appears to be mono-
phasic. Ateach NaCl concentration, kinetic traces extrapolate, at
time zero, to the signal obtained for S-rich oligomers. The
observed rate constant is seen to increase with an increase in
NaCl concentration. When the same reaction was conducted in
the presence of 150 mM KCI, the kinetics was found to be
identical to that seen in the presence of 150 mM NaCl (data not
shown). This suggests that the salt effect is primarily an anion-
induced effect.

In Figure b, the apparent rate constant of worm-like fibril
formation, determined from single-exponential fits to the kinetic
traces obtained at different NaCl concentrations, is plotted versus
NaCl concentration. The high reproducibility of experiments is
evident from the small errors in the measurements of the apparent
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FIGURE 2: Characterization of S-rich oligomers formed at different salt concentrations. (a) Far-UV CD spectra. (b) DLS distributions. In panels a
and b, the solid lines, dashed—dotted lines, dashed lines, and dotted lines represent data for the native protein at pH 4, the protein in the absence of
NaClatpH 2, the proteinin 120 mM NaClat pH 2, and the protein in 200 mM NaCl at pH 2, respectively. The protein concentration was 25 4M in
all cases. (c) FTIR spectrum of native protein at pH 4 acquired at 3 mM protein. (d) FTIR spectrum of protein at pH 2 in the absence of any salt,
where 70% of the protein is present as oligomer and 30% protein is monomeric. (¢) Spectrum of the oligomer formed by 25 uM protein after 1 hin
120 mM NaCl at pH 2 and 25 °C. (f) Spectrum of the oligomer formed by 25 uM protein after 1 h in 200 mM NacCl at pH 2 and 25 °C. For
acquisition of the data in panels e and f, the oligomers were first concentrated to 500 M, where >98% of the protein is present as oligomer.

rate constants. The apparent rate constant is seen to increase
sharply in a sigmoidal manner with an increase in NaCl concentra-
tion, over a very narrow concentration range (~100—150 mM),
which suggests that NaCl may affect the kinetics of worm-like fibril
formation by a direct interaction with the protein.

In a previous study, it was shown that the observed rate
constant of amyloid fibril formation is directly proportional to
the amount of f-rich oligomer formed at pH 2, and not to the
amount of monomer present (37). In that study, the relative
population of S-rich oligomer was varied by changing the protein
concentration at a fixed NaCl concentration and estimating the
amount of f-rich oligomer by size exclusion chromatography.
The observation that the observed rate constant of fibril forma-
tion varies with NaCl concentration suggested that the effect of
increasing the salt concentration might be to increase the amount
of f-rich oligomer present.

Figure 1c shows that the relative amounts of S-rich oligomer
and monomer present formed by 25 uM protein, estimated by
size exclusion chromatography (37), do indeed change in a
continuous sigmoidal manner, with a change in NaCl concentra-
tion. Figure 1d shows that the observed rate constant of fibril
formation has a linear dependence on the concentration of -rich
oligomer, when the latter was varied by varying the NaCl
concentration in the range of 110—200 mM for a fixed (25 uM)
protein concentration. Below 110 mM, the aggregation kinetics is
too slow to be measured, even though a substantial fraction of the
protein is found to be -rich oligomer (Figure 1¢). The disconti-
nuity seen at ~110 mM NaCl (Figure 1d) in the dependence of
the observed rate constant on fS-rich oligomer concentration
suggests that the structure of the S-rich oligomer changes at this
salt concentration. The dependence of the observed rate constant
on f-rich oligomer concentration, when the latter is varied in
the range of 15—25 uM via variation of the NaCl concentration
in the range of 110—200 mM, is much stronger than when the
p-rich oligomer concentration is varied in the same range via
variation of the protein concentration at a fixed (150 mM) NaCl

concentration (37). This result suggests that an increase in the
NaCl concentration from 110 to 200 mM changes not only the
amount of f-rich oligomer formed but also its structure.
Spectroscopic Characterization of B-Rich Oligomers
Formed at Low and High NaCl Concentrations. The far-
UV CD spectrum of the protein at pH 2 in the absence of added
NaCl shows that the protein has lost some of the secondary
structure present in the native protein at pH 4, but that it remains
rich in a-helix (Figure 2a). Upon addition of NaCl at pH 2,
the protein adopts an alternative S-rich conformation, which
becomes more distinctive with an increase in salt concentration
(Figure 2a). DLS measurement of the Ry distribution of the
protein at pH 2 shows that the distribution is similar to that of the
native protein at pH 4 (Figure 2b), indicating that the protein at
pH 2 in the absence of added NaCl is predominantly monomeric.
Upon addition of NaCl, the Ry distributions show that the
protein oligomerizes (Figure 2b) and that the f-rich oligomer is
larger at a higher NaCl concentration. The mean values of Ry are
~11 and 17 nm at 120 and 200 mM NaCl, respectively. The far-
UV CD and DLS data were collected using 25 uM protein. In 120
mM NaCl, ~72 and ~28% of the protein are present as oligomer
and monomer, respectively. In 200 mM NaCl, ~98 and <2% of
the protein are present as oligomer and monomer, respectively
(Figure Ic). The 28% monomeric protein present in 120 mM
NaCl is not seen in the DLS distribution presumably because its
scattering is overwhelmed by that of the 72% oligomer present.
Panels c—f of Figure 2 show the Fourier transform infrared
(FTIR) spectra of the protein under different conditions. In a
FTIR spectrum, a peak in the region of 1613—1643 cm™'
corresponds to f-sheet-rich structures, and a peak at ~1650
cm” ! represents o-helix and/or random coil structures (40—42).
Consistent with the known NMR structure of the native prion
protein (43, 44), the FTIR spectrum of monomeric moPrP at pH
4 shows a peak at ~1649 cm ™' with a shoulder at ~1616 cm ™.
The FTIR spectrum was recorded at a protein concentration of
3 mM at pH 4; size exclusion chromatography shows that at this
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protein concentration, at which the FTIR spectrum was re-
corded, the protein remains monomeric (data not shown).

At pH 2 in the absence of NaCl, the protein remains mono-
meric at a low protein concentration (Figure 2b), but 70% of the
protein molecules were seen by size exclusion chromatography
(data not shown) to assemble into oligomers at a concentration of
1.5 mM which was necessary for measurement of the FTIR spec-
trum. The presence of peaks at ~1619 and ~1649 cm ™ in the
FTIR spectrum (Figure 2d) suggests that the oligomer formed at
pH 2 in the absence of salt is rich in a-helix and/or random
coil structures. Their relative S-structure content appears to be
higher than that of the monomeric protein at pH 4, which is
evident from the relative peak intensities at 1619 and 1649 cm™'
(Figure 2c,d). The oligomer formed in the absence of NaCl shows
apeak at ~1545cm ™" in the amide IT region as does the monomer
at pH 4.

Panels e and f of Figure 2 show the FTIR spectra of oligomers
formed at pH 2 in the presence of 120 and 200 mM NaCl,
respectively. The FTIR spectra of the oligomers were recorded at
a protein concentration of 500 M, at which more than 98% of
the protein molecules are present as oligomers as seen in size
exclusion chromatography (data not shown). The FTIR spectra
of oligomers formed in 120 and in 200 mM NaCl are drastically
different (Figure 2e.f). In the amide I region, the oligomers
formed in 120 mM NaCl show two peaks, at ~1620 and ~1650
cm”'; in contrast, the oligomers formed in 200 mM NaCl show a
single peak at ~1628 cm ™. In the amide II region, the oligomers
formed in 120 mM NaCl show a peak at ~1540 cm ™', while those
formed in 200 mM NaCl show a peak with a much lower relative
intensity at ~1530 cm~'. Each protein sample at pH 2 was
equilibrated in 50 mM glycine buffer containing the desired
amount of NaCl, for 1 h at 25 °C, prior to the spectroscopic
characterization.

Probe Dependence of the Kinetics of Fibril Formation
from the B-Rich Oligomer. The kinetics of fibril formation was
monitored by measurement of the changes in ThT fluorescence,
ellipticity at 216 nm (6,1¢), mean Ry, and scattering intensity (SI).
ThT fluorescence and 65,4 are probes of -sheet conformational
changes during fibril formation, mean Ry probes the growth
(elongation) of protein aggregates, and SI reports on both the size
and the amount of protein aggregates. At each NaCl concentra-
tion and with each of the four probes, the kinetics was seen to be
monophasic with no apparent lag phase. Each of the kinetic
traces extrapolated, at time zero, to the signal obtained for the
p-rich oligomer (data not shown). The experiments with each of
the probes were highly reproducible, which is evident from the
small errors seen in each of the measurements of the apparent rate
constant (Figure 3a,b). In all these experiments, the protein
remained fully soluble, and there were no insoluble aggregates
that could have interfered with any of the spectroscopic measure-
ments (data not shown).

Panels a and b of Figure 3 show the apparent rate constants of
worm-like fibril formation by 25 uM protein at 50 °C and pH 2 in
the presence of 120 and 200 mM NaCl, respectively. In 120 mM
NacCl, the observed rate constant of the formation of worm-like
amyloid fibrils is similar when monitored by the change in ThT
fluorescence, 0516, or SI (Figure 3a). The Ry-monitored kinetics
is, however, seen to be ~2-fold faster than the kinetics monitored
by the other three probes. In contrast, the ThT fluorescence- and
0>16-monitored kinetics are ~2-fold faster than the mean Ry-
monitored kinetics for aggregation in 200 mM NaCl (Figure 3b).
For aggregation in 120 mM NaCl, the SI-monitored kinetics
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were determined from single-exponential fits of the kinetic traces of
aggregation at 50 °C and pH 2 in the presence of 120 mM NacCl (a) and
in the presence of 200 mM NaCl (b). The error bars represent the
spreads in the values obtained from two independent experiments.

is slower than the kinetics monitored by mean Ry (Figure 3a).
On the other hand, the SI-monitored kinetics is similar to the
mean Ry-monitored kinetics for aggregation in 200 mM NaCl
(Figure 3D).

Structures of Worm-like Amyloid Fibrils Formed at Low
and High NaCl Concentrations. Figure 4a shows that the far-
UV CD spectra of the worm-like fibrils formed in 120 and 200
mM NaCl are similar. The worm-like amyloid fibrils formed at
both of these NaCl concentrations show the presence of §-rich
structures, as evident from the minima at ~213—215 nm in the
far-UV CD spectra. The Ry distributions shown in Figure 4b
suggest that the worm-like amyloid fibrils formed in 200 mM
NaCl are more heterogeneous than those formed in 120 mM
NacCl, which is evident from the widths of the distributions. The
mean values of Ry of the fibrils formed in 120 and 200 mM NaCl
are ~37 and ~65 nm, respectively.

Panels cand d of Figure 4 show AFM images of the worm-like
amyloid fibrils formed in 120 and 200 mM NaCl, respectively. At
both of these salt concentrations, elongated, curly worm-like
nanostructures were seen to form, similar to those that form in
150 mM NaCl at pH 2 and 60 °C (37). Their mean diameters, as
determined from the Z-heights on AFM mica, are also similar
(2.2 £ 0.4 nm in 120 mM NaCl and 1.9 £ 0.2 nm in 200 mM
NaCl). Their mean lengths, determined from the AFM images,
were found to be ~490 and ~540 nm in 120 and 200 mM NacCl,
respectively. In both cases, many shorter and fewer longer fibrils
were seen; fibril lengths were found to be exponentially distri-
buted as expected (45) (data not shown). It should be noted that
although the Ry distributions (Figure 4b) predict that the fibrils
formed in 200 mM NaCl should be significantly longer than those
formed in 120 mM NaCl, the direct measurements of the fibril
lengths by AFM do not show a significant difference. It is
unknown why the DLS measurement taken in bulk solution
yields a larger difference in length than the AFM measurement
taken on a mica surface. For fibrils formed in 200 mM NaCl,
clumps of fibrils were seen in AFM images, and it is possible that
longer fibrils have a greater tendency to be in clumps, where their
lengths could not be measured. It is also possible that the longer
fibrils stick less well to the surface of the mica.

Panels e and f of Figure 4 show the FTIR spectra of the
worm-like amyloid fibrils formed at pH 2 in the presence of 120
and 200 mM NaCl, respectively. The FTIR spectra differ in both
the amide I and amide I regions, which is also seen for the -rich
oligomers. In the amide I region, the worm-like fibrils formed in
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FIGURE 4: Structural characterization of the worm-like amyloid fibrils formed by 25 M protein at 50 °C and pH 2 in 120 and 200 mM NacCl.
Aggregation was conducted in the presence of 120 (---) and 200 mM NaCl (- - -). The amyloid fibrils were characterized at a time corresponding to
three time constants of the kinetics monitored by the slowest probe, at which time the aggregation process was virtually complete. (a) Far-UV CD
spectra. (b) DLS distributions. (c) AFM images of worm-like amyloid fibrils formed in 120 mM NaCl. (d) AFM images of worm-like amyloid
fibrils formed in 200 mM NaCl. (e) FTIR spectrum of worm-like amyloid fibrils formed in 120 mM NacCl. (f) FTIR spectrum of worm-like
amyloid fibrils formed in 200 mM NaCl. For acquisition of the FTIR spectra, fibrils were concentrated to 500 «M (in 120 mM NacCl) or 200 uM

(in 200 mM NaCl).

120 mM NaCl show two peaks, at ~1622 and ~1650 cm™'; in
contrast, the worm-like fibrils formed in 200 mM NaCl show a
single peak at ~1628 cm ™. In the amide II region, the worm-like
fibrils formed in 120 mM NaCl show a peak at ~1539 cm ™!,
while those formed in 200 mM NaCl show a peak of lower
intensity at ~1530 cm™ . Interestingly, the FTIR spectrum of the
worm-like fibrils formed at each NaCl concentration is identical
to that of the B-rich oligomers at the same NaCl concentration.

Effect of Different Anions on Fibril Growth. To under-
stand the role of different anions, the effects of various salts,
namely, Na,SO,, Nal, NaNOs, and NaCl, on fibril growth were
studied. The extent of fibril formation at different salt concen-
trations for each of these salts was determined by measurement of
the amplitude of the change in ThT fluorescence intensity that
occurs under each aggregation condition (31, 33, 46). The extent
of fibril growth, as monitored by the amplitude of the change in
the ThT fluorescence signal intensity, is seen to be dependent on
the nature as well as on the concentration of the anion (Figure
5a). The efficacy of a salt in promoting aggregation was
determined by determining that salt concentration at which the
extent of fibril formation is half that seen at the saturating salt
concentration. Hence, the order of the efficacies of the anions for
promoting fibril growth was as follows: SO,~ > I~ > NO;~ >
CI™. Interestingly, the same order of efficacies is obtained when
the minimum salt concentration required for maximum fibril
formation is used as the criterion for efficacy, even though the
dependence of the extent of fibril formation on salt concentration
is different for each salt (Figure 5a). The minimum salt concen-
tration at which fibril formation is maximum was found to be
~110, ~50, ~75, and ~10 mM for NaCl, Nal, NaNOs, and
Na,SOy, respectively.

Panels b—e of Figure 5 show the AFM images of amyloid
fibrils formed after aggregation for 19 h at 50 °C, in the presence
of 10 mM Na»SOy,, 100 mM Nal, 100 mM NaNOs, and 120 mM
NaCl, respectively. Elongated and curly worm-like amyloid
fibrils are seen to form in the presence of each of these salts. As

evident from the AFM images, the fibrils vary in the amount
formed and in their lengths, but they have similar heights (1.8 £
0.2 nm in 10 mM Na,SOy, 2.0 & 0.2 nm in 100 mM Nal, 2.1 +0.2
nm in 100 mM NaNOs, and 2.2 £ 0.4 nm in 120 mM NaCl).
It should be noted that the protein was seen to precipitate at
higher salt concentrations under the aggregation conditions. The
precipitation was seen at approximately >30—40 mM Na,SOy,
>100 mM Nal, and >125 mM NaNO;. No precipitation was
seen at NaCl concentrations up to 200 mM.

DISCUSSION

The -Rich Oligomers Formed at Low and High NaCl
Concentrations Are Structurally Different. The f-rich oli-
gomers formed in the absence of salt, in the presence of 120 mM
NaCl, and in the presence of 200 mM NaCl differ significantly
from one another in their sizes: the oligomer formed in 200 mM
NaCl is larger than that formed in 120 mM NaCl (Figure 2b).
The secondary structures are also found to be different (Figure 2).

The presence of peaks at 1620 and 1650 cm ™" in the FTIR
spectra suggests that the oligomers formed in the absence of
added salt as well as those formed in the presence of 120 mM
NaCl possess both f-sheet and o-helical and/or random coil
structures (Figure 2d,e). Interestingly, the relative amounts of
these secondary structures differ in the oligomers formed under
the two conditions: the oligomers formed in the absence of
salt have similar a-helical and/or random coil structures and
p-structures, while the oligomers formed in 120 mM NaCl have
more S-structures than a-helical and/or random coil structures.
The observation that the S-rich oligomers formed in 200 mM
NaCl show a peak at 1628 cm™' and do not show a peak at 1650
em” ! (Figure 2f) suggests that it has more f-sheet and less of
other secondary structure, if any. Furthermore, the observation
that the position of the peak corresponding to fS-sheet in the
B-rich oligomers formed in 200 mM NaCl (1628 cm ") differs by
8 cm™ ! from that in the case of oligomers formed in the absence
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FIGURE 5: Effect of different anions on the growth of worm-like
amyloid fibrils by 25 uM MoPrP at pH 2 and 50 °C. (a) Effect of
different salts on amyloid fibril growth: Na,SO, (O), Nal (a),
NaNO; (d), and NaCl (<). (b) AFM image of worm-like amyloid
fibrils formed in 10 mM Na,SO,4. (c) AFM image of worm-like
amyloid fibrils formed in 100 mM Nal. (d) AFM image of worm-like
amyloid fibrils formed in 100 mM NaNOs. (e) AFM image of worm-
like amyloid fibrils formed in 120 mM NaCl.

or presence of 120 mM NaCl (1620 cm ™~ ") suggests that the f-rich
oligomers formed at low and high NaCl concentrations differ
also in the internal structures of their 5-sheets.

Mechanisms of Fibril Formation at Low and High NaCl
Concentrations. The observation that worm-like fibril forma-
tion at low and high NaCl concentrations begins from f-rich
oligomers of distinct structures and sizes suggests that the reac-
tion must follow different mechanisms at the two NaCl concen-
trations. To delineate the steps involved in the two pathways, the
probe dependence of the kinetics of worm-like fibril formation at
low (120 mM) and high (200 mM) NaCl concentrations was
monitored (Figure 3a,b).

The observation that in 120 mM NaCl, the ThT fluorescence-
and 6, ¢-monitored kinetics are significantly slower than the
mean Ryg-monitored kinetics (Figure 3a) suggests that [-sheet
conformational conversion follows aggregate elongation during
the formation of worm-like fibrils in 120 mM NaCl (pathway I)
(Figure 6a). Interestingly, the ThT fluorescence- and 6,;4-mon-
itored kinetics are significantly faster than the mean Ry-mon-
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itored kinetics (Figure 3b) for aggregation in 200 mM NaCl
(pathway II) (Figure 6b). This suggests that on this alternative
pathway, the 5-sheet conformational change precedes aggregate
elongation. It appears that f5-sheet conformational conversion at
high NaCl concentration occurs in oligomeric intermediates,
which further assemble into elongated fibrils. In a previous study
of aggregation in 150 mM NaCl, it was shown that S-sheet con-
formational conversion occurs along with aggregate elonga-
tion (37). Hence, it appears that with an increase in NaCl con-
centration, the size and structure of the 5-rich oligomers change
in a gradual manner, and consequently, utilization of pathway 11
increases at the expense of utilization of pathway I.

In 120 mM Na(l, as in 150 mM NaCl (37), the observation
that the SI-monitored kinetics is significantly slower than the kine-
tics monitored by the measurement of the mean Ry (Figure 3a)
suggests that the elongated fibrils associate laterally in the final
step to form mature worm-like fibrils. On the other hand, the SI-
and mean Ry-monitored kinetics are very similar in 200 mM NaCl
(Figure 3b). This suggests either that the elongated fibrils do not
associate laterally on this pathway or that the lateral association
occurs concurrently with the elongation. Since the heights of the
worm-like amyloid fibrils formed in 120 and 200 mM NaCl are
similar (see above), it appears that lateral association must occur
concurrently with elongation at the higher NaCl concentration.

The Worm-like Fibrils Formed on the Alternative Path-
ways Differ in Their Structures. The alternative pathways
commencing from structurally distinct S-rich oligomers lead to
the formation of structurally different worm-like fibrils
(Figure 6). The worm-like fibrils formed in 200 mM NaCl appear
longer and more heterogeneous than those formed in 120 mM
NaCl (Figure 4b) as suggested by the DLS distributions,
although the length distributions made from the AFM images
do not indicate that significantly longer fibrils are formed in 200
mM NaCl. The FTIR spectra of the worm-like fibrils formed in
the two NaCl concentrations differ in the amide I as well as amide
IT regions (Figure 4e,f), suggesting that they differ also in their
internal structures. The worm-like fibrils formed at both the
NaCl concentrations have peaks in the 1613—1640 cm ™" region,
suggesting that they are both rich in f-structures, but the
positions of these peaks differ by ~6 cm™', which suggests that
the fibrils differ in the internal structures of their f-sheets.
Furthermore, the presence of a peak at 1650 cm™ ' in the case
of the worm-like fibrils formed in 120 mM NaCl (Figure 4e)
suggests that they are not pure 3-sheet structures but also possess
other structures (o-helix and/or random coil). On the other hand,
the worm-like fibrils formed in 200 mM NaCl do not show this
peak at 1650 cm™' (Figure 4f), suggesting that they consist of
only f-structure and possess less of other structures, if any. The
far-UV CD spectra and the heights in AFM images of the worm-
like fibrils formed at low and high NaCl concentrations are,
however, similar. It is also interesting to note that while the FTIR
spectrum of the worm-like fibrils appears identical to that of the
p-rich oligomer, at low or high salt concentration, the difference
in secondary structure between the fibrils and their oligomeric
precursors is, nevertheless, captured in the difference in the
shapes of their CD spectra (Figures 2 and 4).

Salts Affect Fibril Formation of moPrP at Low pH by
Preferential Anion Binding. Hydrophobic as well as electro-
static interactions are known to play important roles in the
amyloid formation reactions of proteins and peptides. The extent
of aggregation by a protein often shows a bell-shaped dependence
on the concentration of salts (or organic cosolvents), which
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elongated aggregates associate laterally to form mature worm-like amyloid fibrils. Pathway II is predominant at high salt concentration. The
[-rich oligomer is structurally distinct from that formed at low salt concentration. These oligomers first change their conformation, leading to the
formation of ThT binding sites and an increase in the level of S-structure. The conformationally converted oligomers then elongate and associate

to form mature worm-like amyloid fibrils of distinct structure.

are known to affect hydrophobic and electrostatic interactions
in a concentration-dependent manner (31, 46). The bell-shaped
dependence has suggested that the effect of salts or organic
cosolvents on amyloid formation reactions depends on how these
additives affect the balance between hydrophobic and electro-
static interactions (31, 46).

There are several ways by which salts can modulate the
hydrophobic and electrostatic interactions involved in the amy-
loid fibril formation reactions of proteins and peptides. Salts may
exert their effects on these interactions by Debye—Huckel screen-
ing of the charges on protein molecules or by directly binding to
these charges (31, 47, 48). They can also perturb water structure,
thereby affecting the hydration of protein molecules (49—351).

In this study, it is seen that different anions exhibit different
optimal concentrations at which they promote worm-like fibril
formation by moPrP at low pH (Figure 5a). If the effect of the salt
were predominantly through Debye—Huckel screening of pro-
tein charges, then the effect of salt would be expected to depend
on the ionic strength regardless of the nature of the ions. Here, it
is seen that while prion fibril growth is favored by 10 mM
Na,SOy, the extent of fibril growth is far less at the equivalent
ionic strength contributed by 30 mM NaCl (Figure 5a). This
observation suggests that ionic strength alone cannot explain the
observed behavior of these salts in affecting the growth of prion
fibrils. If salts act by perturbing the water structure, then the
effect is expected to follow the Hofmeister series, which for the
anions used in this study, would be as follows: SO,*~ > CI~ >
NO;™ > 1" (49—51). The ability of the different salts to promote
worm-like fibril formation at low pH does not, however, follow
the Hofmeister series; the order of anions in their ability to
promote the reaction is as follows: SO,/ > 1 >NO; > CI”
(Figure 5a). It therefore appears that perturbation of water
structure cannot be the dominant factor in how salts affect fibril
formation by moPrP.

Interestingly, the order of anions in their ability to promote
worm-like fibril formation is consistent with the electroselectivity
series of anions (52, 53), suggesting that the preferential interac-

tion (or binding) of anions with the positive charges on the
protein modulates amyloid fibril formation. The anion binding-
induced modulation is also evident from the sigmoidal depen-
dence of the observed rate constant on NaCl concentration
(Figure 1b). The very sharp sigmoidal dependence of the
observed rate constant on NaCl concentration (Figure 1b)
suggests that a large number of anions must bind to the protein
to induce aggregation. The moPrP has a charge of +32 at pH 2,
partly because 13 carboxyl groups of aspartate and glutamate
side chains become protonated at this pH. It is possible that anion
binding may occur at locations previously occupied by the
negatively charged carboxyl groups at neutral pH.

In an anion binding model, the salt concentration at which the
extent of fibril formation is half that seen at saturating salt
concentrations is a measure of the binding constant for that salt.
Hence, the order of the fibril-promoting efficacies of the anions
[SO4 > 1" > NO;~ > CI (Figure 5a)] reflects the order of
binding affinities of the anions to the protein. The dependence of
the extent of fibril formation on salt concentration reflects the
number of salt anions that bind to yield the maximum effect, and
the cooperativity of anion binding is seen to be different for
different anions. The observation that the final intensity of the
ThT fluorescence signal, or the total ThT binding capacity,
depends on the anion bound suggests that the structures of the
fibrils formed depend on the nature and extent of anion binding.

Investigating the detailed thermodynamic linkage of anion
binding to protein aggregation would be an intriguing prospect.
There have been several detailed studies of the linkage of ion
binding to protein folding reactions, and it has been seen that
usually the binding of only very few ions appears to matter in the
linkage (54—57). A detailed study of the linkage of anion binding
to the aggregation of moPrP is a daunting prospect not only
because the linkage must involve the binding of many anions (see
above) but also because the size of the f-rich oligomer, from
which worm-like fibrils form, appears to increase continuously in
size with an increase in NaCl concentration from 120 to 200 mM
(Figure 2b).
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Recent studies have shown that anions can affect the fibril
formation reactions of a-synuclein, histones, amyloid /3, and
Pr-microglobulin (29, 31, 33, 58). Interestingly, in the case of
o-synuclein, it was reported that the relative abilities of various
anions in promoting fibril formation follow the Hofmeister series
at salt concentrations of >10 mM, while electrostatic interac-
tions dominate at lower salt concentrations (29). In the case of
Po-microglobulin, it was shown that preferential anion binding
interactions play a predominant role in modulating amyloid
formation (317), as is shown in this study for moPrP.

Hydrophobic interactions have to be considered in conjunc-
tion with electrostatic interactions, because a balance between the
two interactions appears to be critical for amyloid formation or
self-association (see above). The salt concentration used in this
study is perhaps too low (<200 mM) to affect hydrophobic
interaction significantly (49—51). This might suggest that hydro-
phobic interactions play a minor role in the worm-like fibril
formation reaction of moPrP and that electrostatic interactions
are the dominant determinants. However, while describing the
effect of salts on protein conformation, these two interactions
cannot be described in such a mutually exclusive manner.
Hydrophobic interaction may become dominant in the self-
assembly reaction only upon neutralization of the positive
charges on the protein by anions, as seen in the case of oligomer
formation by peptibody A (59). Anion binding will lead to
neutralization of charge repulsion, allowing protein molecules
to come together in closer proximity, which, in turn, allows
hydrophobic interactions to facilitate further assembly. In this
study, anion binding is shown to be an important factor in
stabilizing oligomers of moPrP, as well as in determining the
propensity of the oligomers to grow into worm-like fibrils.
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