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Mechanism of Formation of Amyloid Protofibrils of
Barstar from Soluble Oligomers: Evidence for Multiple
Steps and Lateral Association Coupled to
Conformational Conversion
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National Centre for Biological Understanding the heterogeneity of the soluble oligomers and proto-
Sciences, Tata Institute of fibrillar structures that form initially during the process of amyloid
Fundamental Research, GKVK  fibril formation is a critical aspect of elucidating the mechanism of
Campus, Bangalore 560 065 amyloid fibril formation by proteins. The small protein barstar offers
India itself as a good model protein for understanding this aspect of amyloid

fibril formation, because it forms a stable soluble oligomer, the A form,
at low pH, which can transform into protofibrils. The mechanism of
formation of protofibrils from soluble oligomer has been studied by
multiple structural probes, including binding to the fluorescent dye
thioflavin T, circular dichroism and dynamic light scattering, and at
different temperatures and different protein concentrations. The kinetics
of the increase in any probe signal are single exponential, and the rate
measured depends on the structural probe used to monitor the
reaction. Fastest is the rate of increase in the mean hydrodynamic
radius, which grows from a value of 6 nm for the A form to 20 nm for
the protofibril. Slower is the rate of increase in thioflavin T binding
capacity, and slowest is the rate of increase in circular dichroism at
216 nm, which occurs at about the same rate as that of the increase in
light scattering intensity. The dynamic light scattering measurements
suggest that the A form transforms completely into larger size
aggregates at an early stage during the aggregation process. It appears
that structural changes within the aggregates occur at the late stages of
assembly into protofibrils. For all probes, and at all temperatures, no
initial lag phase in protofibril growth is observed for protein
concentrations in the range of 1 pM to 50 uM. The absence of a lag
phase in the increase of any probe signal suggests that aggregation of
the A form to protofibrils is not nucleation dependent. In addition, the
absence of a lag phase in the increase of light scattering intensity,
which changes the slowest, suggests that protofibril formation occurs
through more than one pathway. The rate of aggregation increases with
increasing protein concentration, but saturates at high concentrations.
An analysis of the dependence of the apparent rates of protofibril
formation, determined by the four structural probes, indicates that the
slowest step during protofibil formation is lateral association of linear
aggregates. Conformational conversion occurs concurrently with lateral
association, and does so in two steps leading to the creation of
thioflavin T binding sites and then to an increase in p-sheet structure.
Overall, the study indicates that growth during protofibril formation
occurs step-wise through progressively larger and larger aggregates, via

Abbreviations used: AFM, atomic force microscopy; DLS, dynamic light scattering.
E-mail address of the corresponding author: jayant@ncbs.res.in

0022-2836/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.


mailto:jayant@ncbs.res.in
http://dx.doi.org/10.1016/j.jmb.2007.01.039

Amyloid Protofibril Formation from Barstar

1187

multiple pathways, and finally through lateral association of critical

aggregates.
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Introduction

Amyloid fibrils are thread-like stable nanostruc-
tures that can be adopted by polypeptide chains.’
They are formed by the self-assembly of many
different peptides and proteins, some of which are
involved in human diseases. Structural character-
ization of amyloid fibrils is not easy, because they
are typically insoluble and heterogeneous; never-
theless, there has been significant recent progress.
Solid-state NMR has been particularly useful in
identifying distinct structures in amyloid fibrils.>?
The first structure determined by X-ray crystal-
lography,* of an engineered peptide amyloid fibril,
has provided a definitive confirmation of the
presence of the cross-p motif, in which the core
region is formed from {-strands oriented perpendi-
cular and B-sheets oriented parallel to the fibril axis.
This motif is thought to be a generic feature of all
amyloid fibrils.” HX-NMR studies have allowed
identification of the structure and the heterogeneity
of the amyloid core,”® have suggested that amyloid
fibrils could be dynamic structures with protein
molecules constantly exchanging between fibril and
solution,” and have provided three-dimensional
structures in conjunction with mutagenesis and
solid-state NMR studies.'”"" Fluorescence methods
too have assisted in the determination of amyloid
structure.'*"?

Amyloid fibrils of the same protein may possess
structural variations;”® some of them are subtle,
which may arise, for example, when fibril formation
occurs under different conditions. Fibrils formed
from the same protein can differ in the number of
protofilaments that comprise the mature fibril'* as
well as in the helicity of their intertwining. It appears
that a specific structural variant can confer its own
structure on other protein molecules capable of
assembly into fibrils, thereby propagating itself as a
strain.315-18 Obtaining an insight into the origin of
heterogeneity in amyloid structures will follow from
an understanding of the mechanism of fibril
assembly, and the heterogeneity that is inherent in
this process.

Soluble spherical oligomers, as well as either
elongated or circularized beaded structures referred
to as protofibrils,'*® are observed frequently dur-
ing the assembly of amyloid fibrils, and it is
important to define their roles in any model for fibril
formation. A crucial question is whether they are
productive assembly intermediates'**>* or whether
they are merely off-pathway products formed in
competition with fibrils.21:3031 The lag phase
observed commonly in the kinetics of fibril formation

appears to be associated with the formation of
soluble oligomers and protofibrils from partially
structured monomeric intermediates,'”>?% but it is
possible that these oligomers then dissociate into
monomeric species that add to the growing proto-
fibrils or fibrils.

It now appears that it is the soluble oligomer or
protofibril, rather than the insoluble fibril, which
may be the toxic species in amyloid related human
diseases.>**” Hence, no matter what exact role the
smaller soluble protein aggregates play in the
formation of amyloid fibrils, it has become impera-
tive to understand the structural heterogeneity that
characterizes the initial assembly of amyloid fibrils,
and to understand how the smaller soluble aggre-
gates convert into protofibrils.

The small protein barstar (Figure 1) has been used
extensively as a model protein for protein folding
and unfolding studies, and it offers much promise as
a model protein for studying the mechanism of
amyloid formation. It forms a soluble oligomer, the A
form, at low pH, which has been characterized
extensively. The A form has been shown to be a 16-
mer, molten globule-like in possessing partial sec-
ondary and a strongly perturbed tertiary structure,
as detected by circular dichroism and time-resolved
fluorescence studies.>**° In the 16-mer, the mono-
meric units are arranged symmetrically, and the 16

Figure 1. The structure of barstar. Barstar consists of
three parallel B-strands and four a-helices. The positions
of the three tryptophan residues (38, 44, and 53) are
shown. The diagram was generated from PDB file 1btb
using Rasmol.
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N-terminal segments have full conformational
freedom,*' suggesting the possibility of a reverse
micellar structure.*” The easily studied A form has
been shown to transform first into amyloid
protofibrils, and then into fibrils, upon heating'>**
or upon addition of destabilizing agents such as
trifluoroethanol (unpublished results). Given the
difficulty in studying pre-fibrillar oligomers in the
case of other proteins, especially those associated
with diseases, the barstar system is attractive from
the viewpoint of studying amyloid formation, be-
cause of the relative ease with which both for-
mation of the soluble pre-fibrillar oligomers and the
conversion of soluble oligomers to protofibrils can be
studied. Moreover, the mechanism of protein
unfolding has been well-studied, and unfolding
intermediates are well characterized.**** This is
important, and enhances the attractiveness of using
barstar for studying amyloid formation, because it is
starting with a partially unfolded monomeric form
that a protein begins to aggregate.*’

Here, the transformation of the A form to
protofibrils has been studied using four different
probes for structure: thioflavin T (ThT)-binding
ability, circular dichroism (CD) at 216 nm, mean
apparent hydrodynamic radius, and total light
scattering intensity. It is seen that the transformation
of the A form into amyloid protofibrils occurs by
seemingly simple single exponential kinetics, with
no lag phase apparent in the kinetics measured over
a wide range of temperature and protein concentra-
tion. The process does not appear to be nucleation
dependent. Different structural probes yield differ-
ent apparent rate constants for the transformation of
the A form to the protofibrils, indicating that the
transformation occurs in steps. An analysis of the
kinetics of aggregation by the different probes, and
their dependence on protein concentration, indicates
that the conversion of the soluble A form oligomer
to protofibrils occurs through aggregates of gradu-
ally increasing size, and finally through association
of critical oligomers. Moreover, it appears that
different transient aggregates, which differ in size,
define competing pathways for the formation of
protofibrils.

Results

The A form is transformed into amyloid
protofibrils at low pH

Upon a jump in pH from pH 8 to 2.7, native
barstar is transformed into the oligomeric A form.
When measured by the accompanying change in the
intrinsic Trp fluorescence, the process takes 1 h to
complete (data not shown). The size of the A form,
as measured by dynamic light scattering, does not
change even after an incubation of 12 h at 25 °C
(data not shown). In the experiments reported here,
the A form is incubated at 25 °C for 6 h at pH 2.7,
before the formation of protofibrils is initiated by a
temperature jump.

In the absence of added protein, thioflavin T
shows maximum fluorescence emission at 430 nm.
When barstar is heated to 60 °C at pH 2.7 for 3 h,
and added to the dye, the wavelength of max-
imum fluorescence emission of the dye is seen to
shift to 482 nm (Figure 2(a)). Such a shift is
characteristic of the binding of thioflavin T with
amyloid fibril-like structures. In the assay condi-
tions, the dye concentration was typically in
fivefold excess over the protein concentration.
When the ratio of dye to protein present in the
assay, is reduced, keeping the dye concentration
constant, the thioflavin T fluorescence is seen to
be proportional to the protein concentration
(Figure 2(a), inset). Even at a dye to protein
ratio of 5:4, it appears that the amount of dye is
sufficient to bind to all the available binding sites.
In another study (data not shown), when the
protein concentration in the assay solution was
kept fixed at 1 pM, and the thioflavin T
concentration was varied between 5 uM and
50 uM, the fluorescence emission intensity at
482 nm was found not to change, indicating that
a fivefold excess of the dye is sufficient to saturate
all the binding sites.

Figure 2(b) shows an atomic force microscopy
(AFM) image of barstar that had been heated to
60 °C at pH 2.7 for 3 h. Short curly, worm-like
nanostructures are seen, which are commonly
referred to as protofibrils.

The data in Figure 2(a) and (b) indicate that upon
heating to 60 °C at pH 2.7 for 3 h, the A form is
converted to protofibrils.

Figure 2(c) shows the kinetics of formation of
amyloid protofibrils at 60 °C, monitored by mea-
surement of the increase in thioflavin T fluorescence
(at 482 nm) upon binding. The kinetics show that
there is no observable lag phase, and can be
described well as single exponential. The inset to
Figure 2(c) shows that the formation of protofibrils
also occurs at 25 °C, albeit to a much lesser extent,
and much more slowly. The inset also shows that the
kinetics of protofibril formation at 25 °C are identical
at pH 2.7 and pH2, and that no detectable
transformation of the native protein into protofibrils
occurs at pH 8 even upon a prolonged incubation.
At pH 8, there is no detectable conversion of the
native protein into protofibrils, even at higher
temperatures (data not shown).

Figure 2(d) shows the kinetics of formation of
amyloid protofibrils, determined by measurement
of the change in ellipticity at 216 nm. Again, no
initial lag is observed in the kinetics, and the kinetics
are well described as single exponential. A compar-
ison of Figure 2(c) and (d) indicates that the
ellipticity-monitored kinetics are significantly
slower than the thioflavin T fluorescence-monitored
kinetics.

In Figure 2(c) and (d), the extent of aggregation at
each time point is reported as the mean of three
separate measurements. The relatively small stan-
dard deviation observed indicates that the extent of
aggregation measured at any time using either of the
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Figure 2. Formation of protofibrils at 60 °C. 50 uM protein was heated to 60 °C at pH 2.7. (a) Fluorescence emission
spectra of 5 pM thioflavin T (ThT) in buffer alone (dotted line), and upon addition of protein to a final concentration of
1 uM from a sample of 50 uM barstar that had been heated to 60 °C at pH 2.7 for 3 h (continuous line). The inset shows the
linear dependence of thioflavin T fluorescence (at 482 nm) on the concentration of protein present in the assay solution.
The dye concentration was fixed at 5 uM, and the protein concentration varied between 1 pM and 4 uM. (b) An AFM
image of the protofibrils formed by heating barstar to 60 °C at pH 2.7 for 3 h. The inset shows a sample that had been
heated for 15 h and then incubated at 25 °C for 80 h, in which a straight amyloid fibril is also visible. The scale bar
applies for the inset too. (c) Thioflavin T fluorescence-monitored kinetics at 60 °C (O). Inset: Thioflavin T fluorescence-
monitored kinetics at 25 °C at pH 2.7 (O), at pH 2 (V) and at pH 8 (x). (d) Ellipticity (at 216 nm)-monitored kinetics at
60 °C (A). In (c) and (d), the filled symbols represent the signal of the A form incubated for 6 h at pH 2.7, 25 °C, prior to
heating. The continuous lines through the data in (c) and (d) are the least-squares fits to a single exponential equation.

The error bars in (c) and (d) represent standard deviations from three separate experiments.

two probes is highly reproducible. This high
reproducibility allowed the mean rate to be deter-
mined from measurements of the kinetic curves in
three separate experiments. Mean rates and stan-
dard deviations so determined are shown in Figures
4and 7.

Dynamic light scattering-monitored kinetics of
the formation of amyloid protofibrils

The transformation of the A form into proto-
fibrils is accompanied by an increase in the
apparent hydrodynamic radii of the molecules.
Figure 3(a) shows the change in the distribution of
size in the population of protein molecules with
time upon heating at 60 °C. It is seen that the
increase in hydrodynamic radius is accompanied

by an increase in the heterogeneity of the popula-
tion, as indicated by the increase in the width of
the distribution with time of heating. It is also
evident that the distribution corresponding to that
of the A form at 25 °C, disappears early during its
transformation into protofibrils. From distributions
such as that shown in Figure 3(a), it is possible to
determine the mean apparent hydrodynamic
radius as well as the total light scattering intensity
as a function of time of heating. Figure 3(b) and (c)
indicates that both the mean hydrodynamic radius
and the total light scattering intensity increase in
an exponential manner with the time of heating,
and that no initial lag is seen in the change of
either parameter. It is seen that the increase in
mean hydrodynamic radius occurs significantly
faster than that in the total light scattering inten-
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Figure 3. Kinetics of the forma-
tion of protofibrils at 60 °C mon-
itored by DLS. 50 uM protein at pH
2.7 was heated at 60 °C. (a) The
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sity. Each data point in Figure 3(b) and (c) was
highly reproducible, as indicated by the small
error bars determined from three separate experi-
ments; this allowed mean rates to be determined
from the three experiments, which are shown in
Figures 4 and 7.

Temperature dependence of the kinetics of
amyloid protofibril formation

Figure 4 shows the kinetics of formation of
protofibrils at four different temperatures, 40 °C,
50 °C, 60 °C and 70 °C, measured using four
different probes, thioflavin T fluorescence, ellipti-
city at 216 nm, mean hydrodynamic radius, and
light scattering intensity. It is seen that at all the
temperatures and for all the probes, the kinetics
are essentially those of a single-exponential pro-
cess. For each probe and at each temperature, the
single-exponential fit through the data points
extrapolates back to the value of the signal
determined for the A form at 25 °C (the species
prior to heating). For all the probes, it is seen that
the apparent rate of protofibril formation increases
with an increase in temperature. It is also seen that
the kinetic progress curves, except for the mean
hydrodynamic radius-monitored curves, saturate

40 0 1 2 3

error bars in (b) and (c) represent
standard deviations from three sepa-
rate experiments.

at progressively higher values of the probe signal
at higher temperatures.

In Figure 4(e), the apparent rate constants (k),
obtained from the single exponential fits to the
progress curves for protofibril formation (Figure
4(a)—(d)), are plotted against 1/T. The slope obtained
from such a linear Arrhenius plot gives the value of
activation energy for the concerned process. For
each probe, the Arrhenius plot is linear. The slopes
of the Arrhenius plots, determined using different
probes, are similar, even though the rate constants
are dissimilar. The values of the activation energies,
obtained with the different probes, are shown in the
legend of Figure 4.

In Figure 4(f), the relative amplitude of the
change in the probe signal (thioflavin T fluores-
cence, ellipticity at 216 nm, and light scattering
intensity) is shown as a function of temperature.
There appears to be, empirically, a linear relation-
ship between the amplitude of signal change and
temperature, and the dependence seems to be
similar for each of the three probes. In contrast, the
amplitude of the change in the mean apparent
hydrodynamic radius is similar at all the four
temperatures, that is, the final species formed at
the four different temperatures all have the same
mean apparent hydrodynamic radius (~20 nm).
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Characterization of the amyloid protofibrils
obtained at different temperatures

In Figure 5(a), it is seen that the far-UV CD spectra
of the protofibrils obtained at three different tem-
peratures are different from those obtained for the A
form and for the native state. Whereas the spectra for
the A form and the native state are more indicative of
proteins containing significant a-helical secondary
structure with peaks at 220 nm and 208 nm, the
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spectra for the protofibrils have a significant dip at
214-216 nm suggesting a higher 3-sheet content.
Protofibrils obtained at higher temperatures seem to
have progressively higher mean residual ellipticity
at 214-216 nm, suggesting that the 3-sheet content
increases with increasing temperature. The shapes of
the spectra for the protofibrils formed at the three
different temperatures are, however, similar. Such an
increase in the mean residual ellipticity without a
change in the shape of the spectra suggests either
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Figure 4 (legend on next page)
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Figure 5. Characterization of the spectroscopic properties and size distributions of protofibrils formed at different
temperatures. At each temperature, 50 uM protein at pH 2.7 was heated for a time corresponding to three time constants
(8/k), where k is the apparent rate constant monitored by measurement of the ellipticity (at 216 nm). (a) Far-UV CD
spectra. (b) Intrinsic Trp fluorescence spectra. (c) Near-UV CD spectra. (d) Apparent hydrodynamic radius distributions.
In (b), the data are normalized relative to the fluorescence intensity of the native protein at 330 nm. In each panel, the
green, blue and red lines represent data for the experiments carried at 50 °C, 60 °C and 70 °C, respectively. The dotted line
represents the data for the A form at pH 2.7, 25 °C, immediately prior to heating, and the continuous black line represents
the data for the native protein at pH 8, 25 °C.

that the protofibrils formed at the three temperatures In Figure 5(b), it is seen that the emission
are structurally different, or that progressively = maximum of the intrinsic Trp fluorescence spectrum
higher amounts of protofibrils are formed at higher ~ of the A form has a red shift of ~10 nm relative to
temperatures. that of the native protein. This shows that the three

Figure 4. Dependence on temperature of the kinetics of formation of protofibrils. 50 pM protein at pH 2.7 was
heated to 40 °C (blue), 50 °C (green), 60 °C (black) and 70 °C (red). Representative data are shown for each probe. (a)
Thioflavin T fluorescence-monitored kinetics at the four temperatures (O). (b) Ellipticity (at 216 nm)-monitored
kinetics at the four temperatures (A). (c) Mean hydrodynamic radius-monitored kinetics at the four temperatures ([J).
(d) Light scattering intensity-monitored kinetics at the four temperatures (0). In (a), (b), and (d), data at all the
temperatures were normalized relative to the average t=co signal for the corresponding 70 °C data. The filled symbols
represent the signal of the A form at 25 °C, prior to heating. The continuous lines through the data are the least-
squares fits to a single exponential equation. (e) Arrhenius plot: the observed rate constant, k, obtained from the fits in
(a)—(d), is plotted against 1/T. Linear fits through the data points (continuous lines) yield the following values for the
activation energy: 102 kJ/mol for the thioflavin T fluorescence-monitored rate constants (blue line); 108 kJ/mol for the
ellipticity (at 216 nm)-monitored rate constants (green line); 129 kJ/mol for the mean hydrodynamic radius-monitored
rate constants (black line); and 121 kJ/mol for the light scattering intensity-monitored rate constants (red line). (f) The
relative amplitude of the observed change in signal is plotted versus temperature. At each temperature and for each
probe, the amplitude is determined as the change in signal from t=0 to t=o0, and is normalized relative to the value of
the amplitude observed for that probe at 70 °C. The continuous line represents a common linear fit through the three
sets of data. In (e) and (f), the error bars represent standard deviations from three separate experiments.
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Trp residues in the A form are in more unstructured
environments than in the native state. It is also seen
that the intrinsic Trp fluorescence spectra of the
protofibrils obtained at the three different tempera-
tures are similar and identical to the spectrum of the
A form at 25 °C. It therefore appears that the three
Trp residues in the protofibrils are as solvated as
they are in the A form. In other words, the
environments of the three Trp residues do not
change in the transformation of the A form to
protofibrils.

Figure 5(c) shows the near-UV CD spectra. The A
form as well as the protofibrils have lost the
characteristic spectrum of the native state, indicating
that the aromatic residues in the A form and in the
protofibrils are in unstructured environments.

Figure 5(d) compares the size distributions of the
native protein, the A form, and the protofibrils. The
distributions seen for the protofibrils are broader

Relative ThT fluorescence

Hydrodynamic radius (nm)

0.0 1.5 3.0
Time (h)

than the distribution seen for the A form, indicating
a greater heterogeneity in the size of the protofibrils.
But the protofibrils obtained at the three different
temperatures appear to possess similar hydrody-
namic radii and are equally heterogeneous in size.

These observations suggest that the protofibrils
formed at the different temperatures cannot be
distinguished by the spectroscopic and size char-
acterization shown.

Dependence of the kinetics of amyloid protofibril
formation on protein concentration

Figure 6 shows how the kinetics of conversion of
the A form to protofibrils, at 60 °C, change with a
change in protein concentration. For all the struc-
tural probes and at all the protein concentrations,
the kinetics are well described as single-exponential.
No lag in the kinetics is observed at any of the

-18000
-15000 -
12000 | (o

-9000

(0151 nm (degree.cm?.dm-T)

-6000 * T * *
0.0 1.5 3.0

Relative scattering intensity

Time (h)

Figure 6. Dependence of the kinetics of formation of protofibrils, on protein concentration. Protein at pH 2.7 was
heated to 60 °C. Representative kinetic traces are shown for each of the protein concentrations: 1 uM (V), 2 uM (), 2.5 uM
(®), 5 uM (0), 10 uM (A), 25 uM (O), and 50 uM (0). (a) Thioflavin T fluorescence-monitored kinetics: thioflavin T
fluorescence is plotted against the time of aggregation. (b) Ellipticity-monitored kinetics: mean residue ellipticity at
216 nm is plotted against the time of aggregation. (c) Mean hydrodynamic radius-monitored kinetics: mean
hydrodynamic radius is plotted against the time of aggregation. (d) Light scattering intensity-monitored kinetics:
relative light scattering intensity is plotted against the time of aggregation. In (a) as well as (d), all data were normalized
relative to the mean signal obtained for 50 uM protein at t=co. In all panels, the filled symbols represent the signals of the
A form at 25 °C prior to the temperature jump, and the continuous lines through the data represent single-exponential fits.
The values obtained for the apparent rate constants are shown in Figure 7.
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protein concentrations, and for any of the structural
probes used. All the kinetic traces of the signal
change extrapolate at t=0 to the signal expected for
the A form at the same protein concentration. When
monitored by the change in thioflavin T fluores-
cence, the ellipticity at 216 nm, and the light
scattering intensity, both the rate and the amplitude
of signal change are seen to be dependent on the
protein concentration (Figure 6(a), (b), and (d)).
When monitored by the change in the mean
apparent hydrodynamic radius (Figure 6(c)), it
appears that a similar final value of the mean
apparent hydrodynamic radius (~20 nm) is
obtained at all the protein concentrations, and that
the apparent rates determined are very similar. The
data in Figure 6(c) indicate that the starting species
for the formation of protofibrils at all the protein
concentrations is the A form, which has a mean
apparent hydrodynamic radius of 6 nm.

Figure 7(a) shows how the apparent rate constants
for protofibril formation vary with a change in
protein concentration. When monitored by the
thioflavin T fluorescence assays in the protein
concentration range of 1 uM to 50 uM, the apparent
rate constant increases at low protein concentrations
and then saturates at a protein concentration above
10 uM. When monitored by light scattering intensity
measurements assays in the protein concentration
range of 2.5 uM to 50 pM, a similar dependence of
the apparent rate constant on protein concentration
is observed. The minimum protein concentration
that could be used for the ellipticity (at 216 nm)
measurements was only 5 uM, and it seems that the
dependences of the ellipticity and the light scatter-
ing intensity-monitored rate constants on the pro-
tein concentration fall on each other. Thioflavin T
fluorescence, light scattering intensity and ellipticity
at 216 nm yield similar dependences of the apparent
rate constant on protein concentration in the range
of 1 pM to 50 uM, with the apparent rate constant

Figure 7. Dependence on protein concentration of the
apparent rate constants and amplitudes of signal change
associated with conversion of the A form to protofibrils.
(O) Thioflavin T fluorescence-monitored kinetics; (A)
ellipticity (at 216 nm)-monitored kinetics; (0) light scatter-
ing intensity-monitored kinetics. (a) The apparent rate
constants, obtained from Figure 6, are plotted against
protein concentration. The continuous lines through the
data are drawn by inspection only. (b) Plot of In k against
In ¢, where k represents the rate constant for the
transformation of the A form into protofibrils, monitored
by measurement of the change in thioflavin T fluores-
cence, and ¢ represents the concentration (in pM) of the A
form. The continuous line represents a linear fit to the data
points, and has a slope of 0.42. (c) The total amplitude of
the signal change obtained for each probe at each protein
concentration was determined as the difference in the
signals at t=0 and at ¢t =co. For each probe, the amplitudes
are normalized relative to the average amplitude observed
for that probe at 50 pM protein concentration. The broken
line is a common linear fit to all three sets of data. In all the
three panels, the error bars represent standard deviations
determined from three separate experiments.

becoming independent of protein concentration at
protein concentrations above 10 pM. It is also seen
that the apparent rate constants monitored by light
scattering intensity and ellipticity at 216 nm are
virtually identical at each protein concentration. On
the other hand, the apparent rate constant deter-
mined by measurement of the change in hydro-
dynamic radius has a very different dependence on
protein concentration from the other three probes: it
increases only marginally with an increase in the
protein concentration range from 2.5 uM to 50 uM,
and has an average value of 2.4(+0.5) h™'. It would
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appear that the hydrodynamic radius-monitored
apparent rate constant has reached its saturating
value at a lower concentration (~2.5 pM) than that at
which the apparent rate constants measured by the
other probes saturate.

All probes yield an apparent rate constant that is
only weakly dependent on protein concentration. To
better expose the weak dependence on protein
concentration of the rate constant of aggregation,
the logarithm of the apparent rate constant deter-
mined by the thioflavin T fluorescence assay, is
plotted against the logarithm of the protein con-
centration in Figure 7(b). The slope of a linear fit to
the data in such a plot, is determined to be only 0.42.

Figure 7(c) compares the dependence on protein
concentration of the amplitude of signal change
during the transition of the A form to protofibrils,
for the different structural probes. The changes in
thioflavin T fluorescence upon binding, ellipticity at
216 nm, and the light scattering intensity, appear to
show a similar linear dependence on protein
concentration. On the other hand, the amplitude of
change in the mean apparent hydrodynamic radius
seems to be independent of protein concentration
(Figure 6(c)): at all the protein concentrations,
protofibrils of similar mean apparent hydrodynamic
radius (~20 nm) are formed.

Disaggregation of amyloid protofibrils at pH 8

Figure 8 shows that on transferring protofibrils
(formed by heating protein at 60 °C for 3 h at pH 2.7)
from pH 2.7 to pH 8 at 25 °C, the protofibrils are no
longer stable and they disaggregate. The amount of
protofibrils, as determined by their ability to bind to
thioflavin T and enhance its fluorescence, reduces
with the time of incubation at 25 °C (Figure 8(a)).
After an incubation of the protofibrils at pH 8 for
60 h, there is virtually no thioflavin T binding
capacity left. The kinetics of decrease in the
thioflavin T fluorescence are well-described as
three-exponential, which suggests that the process
of disaggregation happens in three steps. When a
similar assay is used to monitor disaggregation of
the A form to native protein at pH 8, the weak
thioflavin T binding ability of the A form was found
to disappear much faster, within 3 min (Figure 8(a),
inset). The absence of a 3 min kinetic phase in the
disappearance of thioflavin binding ability during
the disaggregation of protofibrils (Figure 8(a), inset),
indicates that no A form is present after 3 h of
heating at 60 °C, pH 2.7. Even when protein was
heated at 60 °C, pH 2.7 for only 1 h, no A form could
be detected (data not shown).

To determine whether the protofibrils have
transformed to native protein after prolonged
incubation at pH 8, the intrinsic Trp fluorescence
spectrum, the far-UV CD spectrum and the gel
filtration chromatogram of the protein were deter-
mined at an incubation of 100 h at 25 °C after the pH
jump from pH2.7 to 8. Figure 8(b), (c) and (d) shows
that the intrinsic Trp fluorescence and far-UV CD
spectra, as well as the gel filtration chromatogram,

of the disaggregated protein are identical to those of
native protein that had first been heated at 60 °C for
3 h at pH 8, and then been incubated for 100 h at
25 °C, pH 8. Hence, it appears that the product of
protofibil disaggregation at pH 8 is native barstar.

Discussion

In this study, multiple structural probes of protein
conformation were used in an attempt to delineate the
steps involved in the formation of amyloid proto-
fibrils from a specific soluble oligomer (the A form) of
the small protein barstar, which is formed at low pH.
These probes include thioflavin T fluorescence,
ellipticity at 216 nm, apparent hydrodynamic radius,
and light scattering intensity. Multiple structural
probes are needed for proper characterization of any
protein aggregation process because of the high
heterogeneity inherent in it. It is expected that the
use of multiple structural probes will ultimately
provide as much insight into the nature of protein
aggregation, as it has in the study of protein folding,
another reaction where a polypeptide chain self-
assembles into a specific structure.”

How similar are protofibrils formed at different
temperatures?

It is seen that the changes in thioflavin T binding
capacity, ellipticity at 216 nm, and light scattering
intensity, upon protofibril formation, scale similarly
with the temperature at which protofibril formation
is induced (Figure 4(f)). This result might suggest
that different amounts of the same type of protofibril
are formed at the different temperatures. But this
would imply that at the lower temperatures, a
certain fraction of the protein is not competent to
form protofibril, because of an unknown kinetic
barrier, and this fraction decreases with increasing
temperature. It is clear that the fraction that has not
transformed to protofibrils at the time the observed
kinetic process has completed, has not remained as
the A form: the A form disappears relatively early
during the aggregation process (Figure 3(a)). More-
over, when the disaggregation assay (Figure 8) is
carried out at an early time of aggregation, it is not
possible to detect any species that can transform to
native protein at pH 8 at the same apparent rate with
which the A form transforms to native protein.
Thus, the fraction that has not transformed to
protofibrils does not appear to remain as the A
form or in an aggregate with the same size as that of
the A form, but would nevertheless have to be
present in a form whose secondary structure and
thioflavin T binding capacity are similar to those of
the A form.

An alternative explanation for the observation of
increasing signal change in thioflavin T binding
capacity, ellipticity at 216 nm and light scattering
intensity, during protofibril formation at increasing
temperature is that all the protein is transformed to
protofibrils at the different temperatures, but the
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Figure 8. Disaggregation of amyloid protofibrils at pH 8, 25 °C. Protofibrils obtained after 3 h of incubation of 10 uM
protein at pH 2.7, 60 °C were shifted into pH 8 buffer. (a) Kinetics of disaggregation. Thioflavin T fluorescence assays were
carried out at different times after the change in pH of the protofibril solution from pH 2.7 to 8. Open circles represent the
kinetic data points for the disaggregation. The filled circle shows the thioflavin T fluorescence before the pH jump to pHS,
and the crosses show the thioflavin T fluorescence for native protein at pH 8. The thioflavin T fluorescence is plotted
against the time of incubation at pH 8. The data are normalized relative to the thioflavin T fluorescence before the pH
jump to pHS8. The Contmuous hne through the data is a three-exponential fit which yields apparent rate constants for
disaggregation of 7.7 h !, 0.46 h ! and 0.03 h™'. The inset shows the kinetics of conversion of the A form to native protein
(@), monitored by the dlsappearance of thioflavin T binding ability of the A form after a jump in pH from pH 2.7 to 8. The
continuous line through the data (.) is a single exponential fit which yields an apparent rate constant for conversion of
the A form to native protein of 115 h™'. The dotted line in the inset is the kinetic trace of disaggregation of the protofibrils
at pH 8, which was determined by monitoring the decrease in fluorescence of thioflavin T, when disaggregation was
carried out in the presence of the dye. (b) Intrinsic Trp fluorescence spectrum of disaggregated protein at pH 8. (c) Far-UV
CD spectrum of disaggregated protein at pH 8. (d) Gel filtration profile of disaggregated protein at pH 8. In (b), (c), and
(d), broken lines represent the disaggregated sample at 100 h of incubation at pH 8, 25 °C, and the continuous lines
represent native protein that had also been heated at 10 uM for 3 h at pH 8, 60 °C.

protofibrils formed at the different temperatures
have different structures. For example, the extent of
secondary structure and the number of thioflavin T
binding sites present could be different in the
protofibrils formed at the different temperatures.
Nevertheless, the protofibrils formed at the different
temperatures have the same apparent hydrody-
namic radius (Figure 5(d)). Both theoretical and
experimental studies have shown that a twofold
increase in the diameter of a cylinder (rod) of a given
length leads to only an 1.3-fold increase in hydrody-
namic radius.’'** Since protofibrils are rod-like, it is
possible for protofibrils formed at the different tem-

peratures to have the same apparent hydrodynarmc
radius but have different diameters (widths)™ pro-
vided that they are not too long, as is the case here.
Protofibrils of the same apparent hydrodynamic
radius will have different widths if they occur in
multi-stranded forms. It is possible that proto-
fibrils formed at higher temperatures are multi-
stranded because of lateral association of linear
aggregates (see below). The presence of multi-
stranded protofibrils at the higher temperatures
would account for the higher light scattering in-
tensities seen for the protofibrils formed at the
higher temperatures.
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The A form transforms directly into protofibrils

The use of multiple structural probes in this study
suggests that the 16-mer A form transforms directly
into protofibrils. For each probe and at each
temperature, the kinetics appear to be well-described
as single exponential, and the exponential fit to the
kinetic data points extrapolates, at time =0, to the
value of the signal determined for the A form
(Figure 4(a)—(d)). Since the probes include mea-
sures of secondary structure (ellipticity at 216 nm),
size (apparent hydrodynamic radius), total aggre-
gated material (light scattering intensity), as well
as specific fibrillar structure (thioflavin T binding
capacity), this is strongly indicative of the A form
being a direct structural precursor of the proto-
fibrils. A previous study, based on mapping
residue-specific side-chain dynamics in the A
form and in the protofibrils, had in fact, suggested
that the A form of barstar transforms directly
into protofibrils."”” Even though the side-chain
dynamics were found to be dampened more in
the protofibrils than in the A form at all residue
positions, the pattern remained the same in both. It
seems quite unlikely that the A form would
dissociate, and the smaller oligomers would then
re-associate to form protofibrils with an internal
structure so similar to that of the A form.

Protofibril formation does not show the
characteristics of nucleation dependent
polymerization

It could be expected that the process of protofibril
formation, which involves aggregation of smaller
protein units, might occur though a nucleation
dependent polymerization mechanism,”*’ analo-
gous to the mecharusm involved in the crystal-
lization of proteins.”® But the transformation of the
A form to protofibrils, does not display any of the
charactenstlcs of nucleation dependent polyme-
rization.”” The kinetics of protofibril formation do
not display a weak start (lag phase) in the initial part
of the reaction, over a 50-fold range of protein
concentration (Figure 6). The time course of the
reaction, for each probe and at each protein
concentration, is well described as single exponen-
tial. The dependence of the amplitude of change in
the signal on protein concentration (Figure 7(c))
shows that there is apparently no critical concentra-
tion barrier for the process, as expected for nuclea-
tion dependent aggregation. Finally, the observed
rate of formation of protofibrils, monitored by either
of the four probes, has a very weak dependence
on protein concentration (Figure 7(a)). A plot of In
k wversus In ¢, for the thioflavin T fluorescence-
monitored kinetics, suggests that the aggregating
nucleus would have to be monomeric (the same
size as the A form) (Figure 7(b)). This could mean
that if a nucleation event does occur, it would
have to be a folding event, as it appears to be in
the case of poly(Gln) aggregation.” Given the
lack of a lag phase, and other prominent features

of nucleation-dependent polymerization, as dis-
cussed above, this is unlikely in the case of barstar
aggregation.

A protein concentration-independent transition
occurs during transformation of the A form into
protofibrils

The observation that the apparent rate constant
for protofibril formation does not keep increasing
with increasing protein concentration, but instead
becomes independent of protein concentration at
protein concentrations greater than 10 pM (Figure
7(a)), does suggest, however, that the process of
protofibril formation involves a structural transition
which is independent of protein concentration. Such
a protein concentration-independent transition
could, for example, be a conformational conversion
transition late during the aggregation process. For
example, if a slow conformational conversion were
to occur in critically sized aggregates consequent to
protein concentration-dependent association steps,
it could become the rate-limiting step at high protein
concentrations (>10 uM) where the association steps
become faster.

An alternative explanation for why the kinetics of
the conversion of the A form to protofibrils become
independent of protein concentration at high protein
concentrations could be that the 16-mer A form
dissociates into smaller A forms in the protein
concentrations of 1 uM to 10 uM. If only the 16-mer
A form were the aggregation competent form, as
appears to be the case (see above), in other words if
the smaller A forms were off-pathway, then the
concentration-dependence of the overall aggrega-
tion process could reflect the protein concentration-
dependence of the re-association of the smaller A
forms into the 16-mer A form. Such an explanation is
unlikely because (1) there is no evidence so far of the
A form dissociating at low protein concentration;
(2) the dependence on protein concentration of the
apparent rate of protofibril formation would be
expected to be much stronger than the weak
dependence, which is observed (Figure 7(a) and (b))
unless the smaller off-pathway A form were only an
8-mer, and not a monomer, dimer or tetramer; and
(3) the rate of aggregation would increase with
increasing protein concentration, and not saturate at
concentrations greater than that at which all protein
is associated in the 16-mer A form, as is observed.
Regardless of whether a conformational transition
becomes rate limiting at protein concentrations
greater than 10 pM, it is necessary to understand the
probe-dependent kinetics of protofibril formation.

Transformation of the A form into protofibrils
occurs in many steps

The different probes each yield a different
apparent rate of protofibril formation (Figures 4
and 7), although the apparent rates measured by
the change in ellipticity at 216 nm and by the
change in total scattering intensity being virtually
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identical (Figure 7(a)). The differences in rates
measured using different probes suggest multiple
steps in the aggregation process. In particular, the
difference in the dependence on protein concentra-
tion of the rate constant measured by change in
apparent hydrodynamic radius and by the change
in scattering intensity (Figure 7(a); see Results)
suggests strongly that the two probes are measur-
ing different steps in the process of protofibril
formation. The apparent hydrodynamic radius
grows the fastest. This measure is biased towards
the largest aggregates present at any time, and is
not proportional to the total amount of aggregate
that is present. Hence, it is not surprising that the
apparent rate measured by the change in apparent
hydrodynamic radius, does not change with protein
concentration. The increase in thioflavin T binding
capacity monitored by fluorescence, and the
increase in secondary structure monitored by far-
UV CD, both reflect specific conformation conver-
sion within the aggregates, and both measures are
proportional to the total amount of aggregate
present. It appears that the specific structural
changes leading to the formation of thioflavin T
binding sites, precedes the specific changes in
secondary structure. The increase in light scattering
intensity, which also depends on the amount of
aggregate, occurs at the same apparent rate as the
rate of the increase in R-sheet secondary structure
(Figure 7(a)). As expected, all three probes for
which the signal is proportional to the amount of
aggregate present, namely thioflavin T fluores-
cence, ellipticity at 216 nm, and light scattering
intensity, yield similar dependences of the apparent
rate constant of protofibril formation on protein
concentration.

Although the differences in apparent rates deter-
mined using different probes are larger at higher
temperatures, the activation energies determined for
the various steps are somewhat similar in value
(Figure 4). This is surprising because different steps
in the aggregation process would normally be
expected to have different activation energies. It is
possible that the different steps of the aggregation
process have similar activation energies because they
are all complex association events. There are other
possible explanations: each step in the aggregation
process could be tightly coupled to a conformational
change with an activation energy of ~100 kJ /mol, or
more likely, such a conformational change occurs
concomitantly with and independently of the aggre-
gation steps during protofibril formation.

What could such a conformational change be? The
large activation energy (~100 kJ/mol) associated
with the conversion of the A form into protofibrils
(Figure 4) might originate from the trans to cis
isomerization reaction of the Tyr47-Pro48 peptide
bond, assuming such an isomerization reaction
occurs during protofibril formation, as it does
during the folding of the protein to its native
state.? It is quite remarkable that the activation
energy for protofibril formation is so similar in value
to that measured earlier for the folding reaction. It

could mean that the overall rate of protofibril
formation by barstar might be limited by proline
isomerization, as is the overall rate of barstar
folding. Future experiments will be targeted
towards better understanding the contribution of
the proline isomerization reaction during the aggre-
gation process.

Lateral association of aggregates occurs
concurrently with conformational conversion

The intensity of light scattered by an aggregate in
solution is proportional to the second power of the
aggregate mass,” and also to the number of
aggregate particles. Hence, the slow change in
light scattering intensity, which occurs as the slow-
est step during protofibril formation, must indicate
an increase in either the mass of the aggregate or in
the number of aggregate particles. At high protein
concentration, the number of aggregating particles
cannot be increasing, because then the apparent rate,
measured by light scattering intensity, would
depend on protein concentration, which it is not.
Thus, the increase in light scattering intensity must
reflect an increase in the average mass per aggre-
gate. This increase in aggregate mass is not reflected
in an increase in the apparent hydrodynamic radius
(Figures 5 and 6), suggesting that the aggregate
mass does not increase by linear aggregation that is
by an increase in the length of the aggregate. The
only way that aggregate mass can increase, leading
to an increase in light scattering intensity, without a
concomitant increase in apparent hydrodynamic
radius, is if the mass increases by lateral association
of already formed aggregates (see above). For
example if two linear aggregates of equal mass
were to associate laterally, the number of aggregate
particles would halve, but the mass of each
aggregate would double, and the light scattering
intensity would be twice than that before lateral
association. During the process of protofibril forma-
tion by the Dutch variant of amyloid p, light
scattering intensity was observed to increase after
the apparent hydrodynamic radius had stopped
increasing. Such behavior had been attributed to
lateral association,® and is similar to that seen for
barstar (Figure 3(b) and (c)).

The apparent rate of lateral association of aggre-
gates would normally be expected to increase with
increasing protein concentration. But at high
protein concentrations (>10 uM), the apparent
rate measured by monitoring light scattering inten-
sity is seen to be independent of protein concen-
tration (Figure 7(a)). This can only be possible if
lateral association involves two steps: a fast step
that is the protein concentration-dependent en-
counter step, and a slower step involving a protein
concentration-independent conformational transi-
tion within the encounter complex. The observation
that the apparent rate constant of the change in
light scattering intensity occurs at the same rate as
that of the change in ellipticity at 216 nm, at all
protein concentrations (Figure 7(a)), suggests that
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the slow protein concentration-independent com-
ponent of lateral association is the slow step in
conformational conversion, namely the increase in
R-sheet structure (see above).

Multiple routes exist for the formation of
protofibrils

It is important to ask whether the different steps in
protofibril formation, which have been identified by
the use of the different structural probes, occur on
only one or on multiple pathways of aggregation.
The absence of a lag phase in the observed kinetics
of change in far-UV circular dichroism or in light
scattering intensity, which occur the slowest, sug-
gest that the changes in these parameters must be
occurring in parallel with and independent of, the
faster changes in thioflavin T binding capacity. In
other words, it appears that there must be multiple
pathways for aggregation from the A form to the
protofibrils. Given the heterogeneity in size of the A
form and the even greater heterogeneity in size of the
protofibrils (Figure 3(a)), as well as the seemingly
progressive nature of the transformation from
the former to the latter (Figure 3), it is not surprising
that the transformation occurs along multiple
routes. The observation that the same activation
energy for protofibril formation is measured by the
four different probes also suggests that each of the
probes reports on the activation energy averaged
over multiple pathways because a change in each
probe signal must necessarily occur along each
pathway:.

Protofibril formation appears to proceed via
association of higher oligomeric intermediates

One possible mechanism for the formation of
protofibrils from the A form is that growth of the
aggregate occurs through the sequential addition of
A form oligomers. Such a mechanism requires that
the A form be present throughout the aggregation
process. As discussed above, the A form cannot be
detected at early times of the aggregation process,
either in a study of the evolution of the distribution
of the apparent hydrodynamic radius with the time
of heating (Figure 3(a)), or in a study of the
disaggregation of aggregated forms at an early
time of aggregation (Figure 8, and data not shown).
It therefore appears that the A form assembles into
higher order aggregates early during the transfor-
mation process, and that these higher-order aggre-
gates then assemble further in a progressive manner.
At later stages of the aggregation process, once
aggregates of a critical size, with an apparent
hydrodynamic radius of ~20 nm, have developed,
it appears that further growth occurs through lateral
association of these critical aggregates, finally
leading to the formation of protofibrils. Specific
structural changes within the aggregates, reflected
in an increase in the number of thioflavin T binding
sites and an increase in p-sheet structure, appear to
occur only at the time of lateral association.

This model of progressive aggregation (Figure 9)
predicts that the distribution of sizes should
become unimodal at an early time of aggregation
and that it should then change in a continuous
manner thereafter. This is observed (Figure 3(a)).
The model predicts that the changes in thioflavin T
binding capacity and far-UV circular dichroism
will saturate only after the final size is reached
because the specific structure responsible for these
changes, manifests itself only after a particular
aggregate size (apparent hydrodynamic radius) is
attained. This too is observed (Figure 4). The
model predicts that these changes in specific
structure will occur along with the slow change
in light scattering intensity, which reports on the
lateral association of large critical aggregates in
which the specific structural changes have already
manifested themselves.

Such a model of progressive aggregation and late
association of large critical aggregates leading to
protofibril formation, which has been observed here
for barstar appears to be quite similar to processes of
cluster-cluster aggregation,®”®' where aggregates of
different sizes can associate with one another. The
mechanism appears to be shared by several proteins
including the yeast prion protein Sup35,'”%* amy-
loid p_protein,296364 yeast phosphoglycerate
kinase® and transthyretin.®® It therefore appears
that the processes of amyloid protofibril formation
from different proteins share the common feature of
having oligomeric intermediates as the units of
association. The conversion of single-stranded amy-
loid protofibrils to multi-stranded ones by lateral
association may be an important step in their
conversion to amyloid fibrils, because multi-
stranded filaments can grow to much longer lengths
than can single-stranded ones.”

Finally, it is useful to summarize the results
presented here on the process of protofibril forma-
tion by barstar, by alluding to the remarkable
similarity between the fibrillization of barstar and
that of amyloid B protein.®® In both cases, protofibril
formation commences from 4-6 nm spherical
aggregates, which might be micellar-like,**"*>
and which are molten globule-like.”>*** As in the
case of barstar, so also for amyloid  protein, no lag
phase is observed and protofibril formation occurs
non-cooperatively,** the activation energy for pro-
tofibril formation is around 23-25 kcal/mol,®’ and
the apparent rate of protofibril formation saturates
at higher protein concentrations.”” For amyloid p
protein too, there is some evidence for lateral
association in the growth of the protofibrils,®® and
the final protofibrils have the same apparent
hydrodynamic radius of 20 nm* as do those of
barstar. From this study, it appears that the
aggregation of barstar occurs via multiple steps
along multiple routes, and that lateral association of
critically sized aggregates is coupled to conforma-
tional conversion. It is likely that these results are
also true in the case of amyloid B protein. Not only
do amyloid protofibrils’® of different proteins share
common structural features, as do amyloid fibrils,”!
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Figure 9. Schematic model for the formation of amyloid protofibrils from the A form. Conversion occurs in multiple
steps. The A form, which is a micelle-like and molten globule-like 16-mer, is first converted into an amyloidogenic
aggregate. Extension into single-stranded aggregates of a critical size (up to 20 nm in apparent hydrodynamic radius) then
occurs. Finally, lateral association leading to the formation of multi-stranded protofibrils occurs, concurrently with
specific structural changes that lead to the formation of thioflavin T binding sites and specific secondary structure
indicative of B-sheet. Multiple kinetic routes operate from the A form to the protofibrils.

but it seems that the mechanism by which proto-
fibrils form may also be conserved.

Materials and Methods

Protein expression and purification

Wild-type barstar was expressed and purified using the
procedure described.”® The purity of the protein was
confirmed by SDS-PAGE and by mass spectrometry using
a Micromass Q-TOF Ultima spectrometer, and was found
to be more than 98% pure. The mass of the protein as
determined by mass spectrometry was 10,342 Da.

Buffers, solutions and experimental conditions

All reagents used to make buffers were of the highest
purity grade available from Sigma. The protein was
dissolved initially in 20 mM Tris buffer (pH 8). This was
diluted tenfold into 50 mM glycine buffer (pH 2.7). All

the buffers contained 1 mM DTT, except for the CD
measurements and the disaggregation study, where they
contained 200 uM DTT. The protein concentration used
for most of the experiments was 50 uM, except for the
concentration dependence studies where it was varied
between 1 pM and 50 uM and for the disaggregation
study where it was 10 pM. The protein concentration
was determined by measuring the absorbance at 280 nm,
using €50 =23,000 M!em L

Aggregation studies

The aggregation process was monitored by fluores-
cence, CD and dynamic light scattering (DLS) measure-
ments on three different instruments each with its own
temperature control system. In order to avoid any artifact
arising from the use of different temperature control
systems on these different instruments, as well as from the
use of different size cuvettes for these measurements, the
aggregation process at each elevated temperature was
carried out in a heating block. Samples were first
incubated for 6 h at pH 2.7, 25 °C, and then transferred
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to the heating block set at the desired final temperature
(40(x0.5) °C to 70(x0.5) °C). The same heating block was
used for all measurements with all probes. In all the cases,
the final temperature was reached within 5 min of the
transfer of the sample to the heating block. At different
times of incubation at the desired temperature, aliquots of
the samples were withdrawn for analysis by the thioflavin
T fluorescence assay, fluorescence or circular dichroism
spectroscopy, or by dynamic light scattering. All these
measurements were done after first cooling the with-
drawn aliquots to 25 °C within 4 min. All samples for all
measurements using the different probes were handled in
as similar a manner as possible.

Thioflavin T fluorescence assay

For the assay, a calculated amount of protein was
withdrawn from the heated sample, cooled to 25 °C, and
then added to the assay solution (containing thioflavin T),
so that the final protein and dye concentrations in the assay
solution were 1 uM and 5 uM, respectively. In the assay
solution, the pH was adjusted to pH 8, by appropriate
mixing of 50 mM Tris buffer (pH 8.65) and 50 mM glycine
buffer (pH 2.7) with the sample aliquot. When protofibril
formation was carried out using 1 pM protein, the protein
and dye concentrations in the assay solution were 0.5 pM
and 2.5 pM, respectively. The final pH of the assay solution
was 8. Thioflavin T fluorescence was measured within half
a minute of addition of the protein to the assay solution.
The dye fluorescence decreased less than 10% during this
time. The measurements were carried out on a Fluoromax-
3 spectrofluorimeter (Jobin Yvon) by exciting the sample at
440 nm and by monitoring the emission at 482 nm. The
excitation and emission slit widths were set at 1 nm and
10 nm, respectively. The emission spectra of 5 uM free
thioflavin T, and that with 1 pM protein were collected
with the excitation wavelengths at 342 nm and 440 nm,
respectively. The excitation and emission slit widths were
1 nm and 10 nm, respectively.

Spectroscopic measurements

Far and near-UV CD measurements were carried out
using a Jasco J-720 spectropolarimeter, and cuvettes of
0.5 mm and 10 mm path-length, respectively. Spectra were
collected in the 195 nm-250 nm and 250 nm-320 nm range,
with a step resolution of 1 nm, a scan speed of 100 nm/
min and a bandwidth of 1 nm. Each spectrum was
averaged over 50 scans. For the kinetic studies, the
ellipticity at 216 nm was monitored at regular intervals.

The intrinsic Trp fluorescence emission spectra were
recorded on a Fluoromax-3 spectrofluorimeter by exciting
the samples at 295 nm. The excitation and emission slit
widths were set at 0.5 nm and 10 nm, respectively. Each
spectrum was averaged over five scans.

Dynamic light scattering measurements

The DLS experiments were carried out using a DynaPro-
99 unit (Protein Solutions Ltd). All the buffers and the pH 8
protein solutions were filtered through a 0.02 um filter
(Whatman Anodisc 13), and were spun at 10,000 rpm for
20 min, before addition of protein. All the centrifuge tubes,
used in the experiments, were rinsed twice with 0.22 um
filtered buffer, and then twice with bulffer filtered through
a 0.02 pm filter. The pH jump was given into a 50 mM
glycine solution (pH 2.7) containing 1 mM DTT, with the

help of tips rinsed several times with the filtered glycine
buffer. The samples were incubated at 25 °C for 6 h before
the temperature jump. After the temperature jump in the
heating block, aliquots were withdrawn at regular inter-
vals and cooled to 25 °C. The cooled aliquot was put into a
45 pul cuvette, and then the cuvette was placed in the
sample chamber maintained at 25 °C. The sample was
illuminated with a laser of wavelength 829.4 nm. The
scattering intensity at 90°, and its autocorrelation function
were measured simultaneously. For each time point, 20
acquisitions were collected. The instrumental settings used
were as follows: acquisition time, 5 s; S/N, 2.5; sensitivity,
70%. All the fluctuations in scattering intensities greater
than 15% were marked as excluded, and were not used for
the data analysis. The DynaLS software (Protein Solutions
Ltd) was used to resolve the accepted acquisitions into
well-defined Gaussian distributions of hydrodynamic
radii. The regularization algorithm (Protein Solutions
Ltd) was also used to verify the results of the DynaLS
software. The viscosities of the solutions were determined
from the measured refractive indices. The total light
scattering intensity (cps) was determined from cumulants
analysis (Protein Solutions Ltd) as the mean of all accepted
acquisitions.

Atomic force microscopy

For the AFM study, 50 pM protein at pH 2.7 was heated
to 60 °C for 3 h. An aliquot of the sample (after a 100-fold
dilution in pH 2.7 buffer) was applied onto a freshly
cleaved mica plate. After an incubation of 1 min, the mica
surface was rinsed three times with 200 ul of water, and
dried under a mild stream of N, for 45 min before it was
scanned. The AFM image was obtained on a PicoPlus
AFM instrument (Molecular Imaging Inc., Arizona, USA)
operating in non-contact mode.

Disaggregation of the protofibrils at pH 8

Amyloid protofibrils were first formed by heating
10 uM protein at pH 2.7 for 3 h at 60 °C. The sample
was cooled to 25 °C, and then was diluted 1.25-fold into
500 mM Tris (pH 8.2) buffer containing 0.2 mM DTT. The
final pH, after the dilution, was 8. After different times of
incubation at pH 8, 25 °C, aliquots were withdrawn and
the amount of the protofibrils present was determined by
the thioflavin T fluorescence assay. After incubation for
100 h at 25 °C, the intrinsic Trp fluorescence spectrum, the
far-UV CD spectrum, and the gel filtration profile were
obtained. Gel filtration was done using a Superdex
peptide column (Amersham Bioscience), which had an
exclusion limit of 20 kDa.
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