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ABSTRACT: Understanding the structural as well as mechanistic basis of the conformational polymorphism
evident during amyloid protofibril and fibril formation by proteins is an important goal in the study of protein
aggregation. In this report, we compare two separate routes to amyloid protofibril formation by the small
protein barstar, one induced by the addition of trifluoroethanol (TFE) and the other by heat. The study
reveals that the TFE-induced aggregation of barstar leads to protofibrils that differ from heat-induced
protofibrils in their external dimensions and internal structures as well as in the mechanisms of their
formation. Atomic force microscopy reveals that the TFE-induced protofibrils have about half the thickness
of the heat-induced protofibrils. The thickness of the TFE-induced protofibrils (1.14 ( 0.24) suggests that
they form a β-sheet monolayer, while the thickness of the heat-induced protofibrils (2.56( 0.32) suggests that
they are built up from a pair (bilayer) of β-sheets. Fourier-transform infrared (FTIR) as well as circular
dichroism (CD) spectroscopy shows that the heat-induced protofibrils are not pure β-sheet structures but that
they also contain other structures (R-helix and/or random coil). In contrast, the TFE-induced protofibrils
contain more β-sheet structures and less of other structures, if any. The FTIR and CD spectra also reveal that
the two differently created protofibrils differ in the internal structures of their β-sheets. The TFE-induced
protofibrils differ from the heat-induced protofibrils also in the kinetics of their formation. For the heat-
induced reaction, the kinetics are monophasic without any lag phase, while the kinetics of the formation of
TFE-induced protofibrils are sigmoidal with an initial lag phase. It appears that the TFE-induced and the
heat-induced reactions involve distinct pathways for the formation of amyloid protofibrils. The existence of
alternative pathways leading to amyloid protofibrils of distinct structures has important implications in
understanding the kinetic origin of amyloid polymorphism.

Amyloid fibrils are long, relatively straight, unbranched na-
nostructures that nearly any protein can self-assemble into (1).
The cross-β motif (2, 3), in which the β-strands are oriented
perpendicular to and β-sheets are oriented parallel to the fibril
axis, appears to be a common feature of all amyloid fibrils,
suggesting that proteinsmay share a commonmechanism of fibril
formation (4). But the exact molecular structure of the cross-β
motif can showvariations (5). The sameprotein can formamyloid
fibrils of multiple distinct conformations, not only in response to
a change in the fibril growth conditions (6-8) or the primary
amino acid sequence of the protein (9) but even under a single
growth condition (10, 11). Multiple conformational variants may
differ in the number of protofilaments that comprise the mature
fibrils (11, 12) and in the helicity of their intertwining (10, 11), as
well as in their underlying molecular structures (6, 13).

The heterogeneity seen in amyloid fibril structure appears to

originate during the fibrillation process itself. For some proteins,

amyloid fibril formationappears tobenucleation-dependent (14):

the formation of a critical nucleus acts as the rate-determining

step in the overall process. In such cases, amyloid fibrils appear to

grow bymonomer addition, and no oligomeric and protofibrillar

intermediates appear to be formed (15, 16). For many other

proteins, however, spherical oligomers as well as elongated,

worm-like protofibrils are seen to form rapidly (17-25) and

are the predominant species early during amyloid fibril forma-

tion; mature amyloid fibrils appear only later during the process.

In such cases, amyloid fibril formation might nucleate by

conformational changes in the oligomeric and/or protofibrillar

intermediates, and many possible fibril nucleation and growth

mechanisms might exist. Alternative nucleation and growth

mechanisms may underlie the polymorphism seen in the amyloid

fibrils (8-10). The oligomeric as well as protofibrillar structures

are themselves heterogeneous (25); consequently, amyloid fibril

polymorphism may arise as a consequence of this heterogeneity.

Hence, it has become important to understand the structures of

protofibrils. But very little is known about the internal structures
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of protofibrils, although it appears that the β-sheet elements

comprising the amyloid fibril are already present in protofibrils,

at least in the case of the amyloid-β protein (26).
The necessity of understanding the conformational heterog-

eneity inherent in the aggregation process (27) is highlighted
by the phenomenon of prion strains (28), wherein infectious
particles formed from the same prion protein lead to phenot-
ypically distinct transmissible states. The same prion protein
can adopt a range of infectious conformations which differ
in their specificity and transmission barrier (29-31). Obtaining
an insight into the structural as well as mechanistic basis
of amyloid polymorphism has critical implications for under-
standing the phenomenon of prion strains. In this con-
text, investigating the effect of a change in the aggregation
conditions on amyloid fibril or protofibril formation becomes
important, because different subpopulations of the aggregation-
competent intermediates might accumulate under different
growth conditions and, thereby, might lead to different amyloid
structures.

Barstar is an 89-residue protein, which, like many other
proteins, forms soluble oligomers (A form) at low pH. The A
form has been extensively characterized. It is shown to be a
symmetrical aggregate of 16 monomeric units, and it is molten
globule-like in possessing partial secondary structure and a
strongly perturbed tertiary structure (32-34). The A form trans-
forms into amyloid protofibrils and fibrils in a slow process,
which is accelerated at higher temperatures (22, 23, 35). Time-
resolved fluorescence studies have suggested that the A form is
the direct precursor of the protofibrils (22). The protofibrils of
barstar appear to be elongated worm-like assemblies of the A
form oligomers (22, 23, 25). The transformation of the A form of
barstar into amyloid protofibrils, at higher temperatures, has
been shown to occur in a stepwise manner through progressively
larger aggregates and alternative pathways (23, 25).

Membranes are known to induce or facilitate protein aggrega-
tion reactions, and the mimetic nature of alcohols such as
trifluoroethanol (TFE)1 in this regard is well-known (36-40).
TFE is commonly used as a cosolvent to alter the conformations
of proteins and peptides (41, 42) because of its ability to
destabilize tertiary structure and induce secondary structure.
TFE decreases hydrophobic interactions and enhances polar
interactions, and the action of TFE in inducing amyloid fibril
formation appears to depend on how it affects the balance
between these interactions for any particular protein (40). Inter-
estingly, in the case of the amyloid-β protein, the protein
aggregates formed in the presence and absence of an organic
cosolvent differ in their stabilities as well as in their morpholo-
gies (43, 44). It can, therefore, be expected that an organic
cosolvent may affect the aggregation reaction by affecting a
change in the pathway of aggregation, thereby leading to the
production of an aggregate with a different morphology.

In this report, it is shown that the addition of TFE to the A
form of barstar leads to the formation of amyloid protofibrils
which differ from heat-induced protofibrils in their external
dimensions and internal structures as well as in the mechanisms
of their formation. Atomic force microscopy (AFM) shows that
the two differently created protofibrils have significantly different

heights and widths. Fourier-transform infrared spectroscopy
(FTIR) as well as far-UV circular dichroism (CD) reveal that
the heat-induced protofibrils are not pure β-sheet structures and
that they also possess other structures (R-helices and/or random
coils). In contrast, the TFE-induced protofibrils are seen to
contain relatively more β-structures and less of other structures,
if any. Furthermore, FTIR and far-UV CD spectra suggest that
the heat-induced and the TFE-induced protofibrils differ in the
internal structure of their β-sheets. The TFE-induced protofibrils
also differ from the heat-induced protofibrils in the kinetics of
their formation. The kinetics of the formation of heat-induced
protofibrils are single exponential without any lag phase. In
contrast, the kinetics of TFE-induced protofibril formation are
sigmoidal with an initial lag phase. It appears that the formation
of the structurally distinct protofibrils under these two different
growth conditions involves distinct pathways.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification. The expression and
purification of wild-type barstar have been described earlier (32).
The purity of the protein was judged by SDS-PAGE, and by
mass spectrometry using a Micromass Q-TOF Ultima spectro-
meter, to be>98% pure. The mass of the protein, as determined
by the mass spectrometry, was 10342 Da.
Buffers, Solutions, and Experimental Conditions. All of

the reagents used in this study were of the highest purity grade
available from Sigma. All of the buffers contained 1 mM DTT,
except those used for CDmeasurements, which contained 200 μM
DTT. The protein concentration was determined by the measure-
ment of absorbance at 280 nm, using ε280=23000M-1 cm-1. The
protein was first dissolved in 20 mM Tris buffer at pH 8 and then
was diluted 9-fold into 50 mM Gly buffer at pH 2.68. After an
incubation of 2 h at 25 �C, the process of protofibril formationwas
induced by adding TFE to a final concentration of 10%. The final
pH was 2.7. The protein solution was then incubated at 25 �C.
Aliquots at different times were withdrawn for the measurements
of ThT fluorescence. For the ellipticity at 216 nm (θ216nm) aswell as
dynamic light scattering measurements, the protein solution, after
addition of TFE, was transferred into a cuvette at 25 �C, and the
reactionwasmonitored at different times. Proper carewas taken to
avoid any variation in temperature, which could occur due to the
use of different temperature controlling units. In the case of
protofibril formation at 60 �C, the protein stock at pH 8 was
diluted 10-fold into 50 mMGly buffer at pH 2.7. After incubation
at 25 �C for 2 h, the solutionwas heated to 60 �C in a heating block.
At different time intervals, aliquots of the solutionwere withdrawn
for doing measurements using the various probes.

For collecting AFM images, FTIR as well as far-UV CD
spectra, and for the disaggregation experiments, TFE-induced
amyloid protofibrils were formed by incubating 20 μM protein
with 10% TFE at pH 2.7, 25 �C, for 45 min, when the process is
complete as measured by all of the probes. Heat-induced amyloid
protofibrils were formed by heating 20 μM protein at 60 �C, pH
2.7, for 3 h, when the process is complete asmeasured by all of the
probes used (23).
Thioflavin T Fluorescence Assay. A calculated amount of

protein was added to the thioflavin T-containing 50 mM Tris
buffer, such that the final concentrations of protein anddye in the
solution were 2 and 10 μM, respectively. The final pH of the
solution was 8. Thioflavin T fluorescence was measured on a
Fluoromax-3 spectrofluorometer (Jobin Yvon). For the kinetic

1Abbreviations: TFE, trifluoroethanol; AFM, atomic force micro-
scopy; FTIR, Fourier-transform infrared; CD, circular dichroism; ThT,
thioflavin T; θ216nm, ellipticity at 216 nm; RH, hydrodynamic radius; SI,
scattering intensity; HOI, higher order oligomeric intermediate.
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measurements, the sample was excited at 440 nm, and the
emission at 482 nm was monitored. The excitation and emission
bandwidths were set at 1 and 10 nm, respectively.
Circular Dichroism. Far-UV CD measurements were car-

ried out on a Jasco J-720 spectropolarimeter. The parameters
used for measurements of far-UV CD spectra were as follows:
step resolution, 1 nm; scan speed, 100 nm/min; and bandwidth,
1 nm. For the kinetic measurements, the ellipticity at 216 nm was
monitored.
Dynamic Light Scattering. The dynamic light scattering

measurements were carried out using a DynaPro-99 unit (Wyatt
Technology Corp.) using the procedure described earlier (23). In
brief, all of the buffers and the protein solution at pH 8 were
filtered using 0.02 μm filters (Whatman Anodisc 13). The
scattering intensity at 90� and its autocorrelation weremonitored
simultaneously after illumination of the sample using a laser at
wavelength 829.4 nm. For each kinetic data point, 15 acquisitions
were collected, which were resolved into a well-defined Gaussian
distribution using DynaLS (Wyatt Technology Corp.). The
results of DynaLS analysis were also verified using aRegularizat-
ion algorithm. The viscosities of the solutions used to calculate
the RH were determined from measurements of the refractive
indices. Cumulant analysis (Wyatt Technology Corp.) was used
to determine the total scattering intensity.
Atomic ForceMicroscopy (AFM). TheAFM imageswere

acquired on a PicoPlus AFM instrument (Molecular Imaging
Inc.) operating in the noncontact mode. An aliquot of the sample
at 20 μM protein concentration, after 25-fold dilution into
50 mM glycine buffer (pH 2.7), was applied onto a freshly
cleaved mica plate. After incubation for 1 min, the mica surface
was rinsed with 0.22 μm filtered water at pH 2.7. The mica was
dried under vacuum for 45 min and was then scanned.
The diameters (determined from the Z-heights in AFM images)
and widths of the protofibrils were determined using the profile
option in the program WSXM (45). The determination of
each height distribution involved measurements on 150-200
individual protofibrils. The height of each individual protofibril
was determined as the mean of the heights determined along its
length.
Fourier-Transform Infrared (FTIR) Spectroscopy.

FTIR measurements were carried out using a Thermo
Nicholet-6700 FT-IR spectrometer (Thermo Scientific) equipped
with a liquid nitrogen-cooled MCT detector. Buffers (see above)
made in H2O were used. The spectrometer was purged with
ultrapure nitrogen gas. The solutions of protofibrils were con-
centrated ∼50-fold using a Centricon (Millipore Corp.) of
10 kDa cutoff. The concentrated protofibrils were spun at
13000g for 10 min, the supernatant was applied onto a diamond
crystal, and spectra were recorded in attenuated total reflectance
(ATR) mode at a resolution of 4 cm-1. Before each of the
sample acquisitions, the buffer spectrum was recorded under the
identical conditions and was used as blank. For each sample,
1024 scans were averaged.

Protein was seen to precipitate during the process of concent-
ration in the case of the TFE-induced reaction. In the case of
heat-induced reaction, no precipitation was observed. It was
necessary to characterize the protein aggregates remaining in
solution after concentrating the protein as well to characterize the
protein precipitate formed during concentrating the TFE-in-
duced protofibrils. For both the TFE-induced and heat-induced
reactions, AFM imaging showed that the concentrated solutions,
which were used for the acquisition of FTIR spectra (see above),

contained protofibrils that were indistinguishable from the pro-
tofibrils before concentrating the solution (data not shown).
Furthermore, the far-UVCDspectra of the two solutions showed
the same difference in the positions of minima (data not shown)
as seen in Figure 2C. The AFM images of the protein precipitate
formed in the case of TFE-induced protofibrils showed only
amorphous-type aggregates, possibly clumps of protofibrils; no
further elongation was seen (data not shown).
Disaggregation of the Protofibrils at pH 8. Twenty

micromolar protein solution (after completion of the aggregation
reaction) was diluted 10-fold into ThT-containing 50 mM
Tris buffer, so that the final solution was at pH 8 and contained
2 μM protein and 10 μM ThT. The decrease in the ThT-binding
ability of the solution was then monitored continuously on a
Fluoromax-3 spectrofluorometer (Jobin Yvon). The instrumen-
tal settings were the same as for the ThT binding assay.
Data Analysis. For each of the kinetic traces, the value of the

signal at t=0 as well as the amplitude of the signal change was
determined by fitting the kinetic data points to the sigmoidal
equation:

S ¼ S0þ S¥ -S0

1þe-ððt-t50Þ=τÞ ð1Þ

whereS0 is the spectroscopic signal at t=0, S¥ is the final signal, t
is the time, t50 is the time at which the change in signal is 50%, and
τ is a characteristic time constant.

The value of the signal at t=0 and the amplitude of the change
in the signal determined from fitting the data to eq 1 were used to
calculate the fractional change at each time point using the
equation:

fractional change ¼ S-S0

S¥-S0
ð2Þ

The rate constant of elongation was then determined by fitting
the kinetic data points, excluding those contributing to the initial
e20% of the signal change, to the single exponential equation:

S ¼ S0þa½1-e-ðt=τelÞ� ð3Þ
whereS0 is the signal at t=0, t is the time, a is the amplitude of the
signal change, and τel represents the time constant of elongation.

RESULTS

TFE-Induced Protofibrils Differ from Heat-Induced
Protofibrils in Their Structures. When TFE is added to a
final concentration of 10% to the native state of barstar at pH 8,
the far-UV CD spectrum does not change, and there is no
increase in thioflavin T (ThT) binding ability (data not shown).
This indicates that the protein remains native and does not
aggregate upon the addition of TFE. In contrast, the addition of
TFE to a final concentration of 10% to the A form of barstar at
pH 2.7 alters the conformation of the A form (see below), which
culminates in the formation of elongated, worm-like amyloid
protofibrils (Figure 1A).

Figure 1 compares theAFM images of the amyloidprotofibrils
formed in the presence of 10% TFE at 25 �C (TFE-induced
protofibrils) with those formed at 60 �C in the absence of TFE
(heat-induced protofibrils). Both the TFE-induced and the heat-
induced protofibrils appear as beaded curly structures in the
AFM images (Figure 1A,B insets). Thewidth of theTFE-induced
protofibrils (20.5 ( 4.1 nm) appears to be significantly less than
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that of the heat-induced protofibrils (31.1 ( 3.6 nm). Although
absolute measurements of protofibril widths by AFM are prone
to substantial errors arising from the finite width of the cantilever
probe (which was the same for both measurements), the errors
were minimized by measuring each width as the full width at half
the maximum height. The measurement of height itself is more
reliable, and the height, determined from the Z-height in the
AFM images, is 1.14( 0.24 nm for the TFE-induced protofibrils,
while it is 2.56 ( 0.32 nm for the protofibrils formed at 60 �C
(Figure 1C). The heat-induced protofibrils formed at 40, 50, and
70 �C have the same heights and widths as those formed at 60 �C
(data not shown).

The TFE-induced and heat-induced protofibrils also differ in
their FTIR as well as far-UV CD spectra (Figure 2A-C). The
FTIR spectra of the TFE-induced and heat-induced protofibrils
(Figure 2A,B) are seen to differ in both the amide I (1600-
1700 cm-1) and the amide II (1500-1600 cm-1) regions. In the
amide I region, the TFE-induced protofibrils have a single peak
at 1616 cm-1. In contrast, the heat-induced protofibrils show two
peaks in this region, one at 1621 cm-1 and another at 1650 cm-1.
In the amide II region, the TFE-induced protofibrils show a peak
at ∼1527 cm-1, while the heat-induced protofibrils show a peak
at ∼1540 cm-1.

The far-UV CD spectrum of the TFE-induced protofibrils is
red shifted by ∼3 nm as compared to that of the heat-induced
protofibrils (Figure 2C).Moreover, the TFE-induced protofibrils
have a significantly higher value of ellipticity at 216 nm (θ216nm)
than the heat-induced protofibrils. Furthermore, the TFE-in-
duced protofibrils are much less stable than the heat-induced

protofibrils (Figure 2D). Upon transfer to pH 8, the ThT binding
ability disappears within 10 min for the TFE-induced protofi-
brils, while it takes∼60 h to disappear in the case of heat-induced
protofibrils (23).
TFE-Induced Formation of Protofibrils Shows Distinct

Kinetic Features. The observation that the TFE-induced and
heat-induced protofibrils are structurally distinct suggests that
the two growth conditions may result in different mechanisms of
aggregation. To test this, four different structural probes were
used to monitor the kinetics of protofibril formation under the
two growth conditions. The probes used to monitor the kinetics
included thioflavin T (ThT) fluorescence, ellipticity at 216 nm
(θ216nm), total scattering intensity (SI), and mean hydrodynamic
radius (mean RH). ThT fluorescence as well as θ216nm probes
conformational changes during aggregation, meanRH reports on
the growth (elongation) of the protein aggregates, and SI probes
both the size and amount of aggregated materials.

Figure 3 shows the kinetics of the formation of TFE-induced
as well as heat-induced protofibrils. In the case of the TFE-
induced reaction, the kinetics measured with each of the probes
are seen to be sigmoidal, with a lag phase, and are faster at 20 μM
than at 5 μM protein concentration. Additionally, the θ216nm-
monitored kinetics shows a very fast initial (burst phase) change
in the signal upon the addition of TFE to the A form (Figure 3B,
E); thereafter, the signal changes in a sigmoidal manner. In
contrast, the kinetics of heat-induced protofibril formation
(Figure 3A-C insets) are seen to be monophasic without any
lag phase, and single exponential fits to the kinetic data points
extrapolate at t = 0 to the signal expected for the A form,

FIGURE 1: AFM images of TFE-induced and heat-induced protofibrils. (A) TFE-induced protofibrils. (B) Heat-induced protofibrils. The insets
in panels A and B showmagnified amplitude images to illustrate the beaded appearance of the protofibrils. The scale bars in the insets represent
120 nm. (C) Height distributions of the TFE-induced (black bars) and heat-induced (gray bars) protofibrils. The solid lines represent fits to a
Gaussian equation.
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suggesting that the A form acts as the direct precursor for the
formation of protofibrils (23).

The high reproducibility of the experiments is evident from the
small error in measurement at each of the time points. Impor-
tantly, identical kinetics were seen whether or not the sample
aliquots were spun at 20000g for 2 min before the measurements
of ThT fluorescence (data not shown). As suggested earlier (25),
this observation indicates that no larger aggregates, which can
interfere with the spectroscopic measurements, are formed.

Figure 4A shows the probe dependence of the elongation rate
constant of TFE-induced protofibril formation. The elongation
rate constants were determined by fitting the exponential increase
phase (the data points corresponding to the initial 20% signal
change were excluded) of the TFE-induced reaction to a single
exponential equation. Figure 4B shows the probe dependence of
the rate constant of heat-induced protofibril formation. The rate
constants were determined from single exponential fits to the
kinetic data points. For both the TFE- and the heat-induced
reactions, the mean RH-monitored kinetics are faster (∼1.5-fold)
than the kineticsmonitoredwithThT fluorescence andθ216nm. For
the heat-induced reaction, the SI-monitored kinetics are signifi-
cantly (>2-fold) slower than the mean RH-monitored kinetics.
In contrast, the SI-monitored and mean RH-monitored rate
constants have similar values for the TFE-induced reaction.
Dependence of TFE-Induced Amyloid Protofibril For-

mation on Protein Concentration. The kinetics of TFE-
induced protofibril formation were monitored in a range of
protein concentrations. At each of the protein concentrations
studied, and with each of the probes, the kinetics are well
described as a sigmoidal process with an initial lag phase
(Figure 5A-C). The rate constant of protofibril formation

increases, and the lag time decreases with an increase in the
initial protein concentration. In the θ216nm-monitored kinetics,
the fractional change associated with the burst phase is observed
to be the same for all the protein concentrations studied
(Figure 5B).

The dependence on protein concentration of the elongation
rate constant, determined from the use of three probes, is shown
in Figure 5D. The rate constant first increases with an increase in
protein concentration and then saturates at a protein concentra-
tion of ∼5-10 μM. This indicates, as in the case of the heat-
induced reaction (23, 25), that the rate-determining step at lower
protein concentrations involves the association of protein mole-
cules, while at higher protein concentrations the rate is limited by
conformational change.

The lag time at each protein concentration was determined by
extrapolation of the single exponential fit (to the exponential
increase phase) to the time at which the change in the probe signal
is zero. The lag time decreases with an increase in the protein
concentration (Figure 5D inset), but its dependence on protein
concentration is weak: the slope of a log(lag time) versus log
(protein concentration) is only 0.34.

DISCUSSION

TFE-Induced and Heat-Induced Protofibrils Differ in
Their Structures. It has been suggested that a bilayer (pair) of
β-sheets, in which the side chains protruding from the two sheets
intercalate to form a steric zipper, is the basic structural motif of
amyloid fibrils (5). Such a bilayer is expected (3) to have a height
of about 2.3 nm. The height of 2.56( 0.32 nm seen for the heat-
induced protofibrils (Figure 1C) therefore suggests that they are
formed as a bilayer of β-sheets (Figure 6). On the other hand, the
height of 1.14 ( 0.24 nm observed for the TFE-induced proto-
fibrils suggests that they are formed as a β-sheet monolayer. A
β-sheet monolayer is expected to have a thickness between 1 and
1.7 nm, depending on the extent to which different side chains
protrude on either side of the main chain, and indeed, the single
β-sheet in native barstar has a thickness of 1.03 ( 0.24 nm. It
seems therefore that the TFE-induced protofibrils consist of a
monolayer β-sheet structure (Figure 6) formed by the alignment
of the β-strands contributed by different protein molecules and
which elongates in the direction of the axis of the protofibril. The
different widths observed for TFE-induced and heat-induced
protofibrils in theAFM images suggest that they differ also in the
lengths of the β-strands that align to form the β-sheet.

Several other results support the interpretation of the AFM
experiments that the TFE-induced protofibrils form a β-sheet
monolayer, while the heat-induced protofibrils form a β-sheet
bilayer. Multistranded protofibrils, as would be those built from
a bilayer β-sheet motif, are expected (46) to be much more stable
than single-stranded protofibrils, as would be those built from a
monolayer β-sheet motif. The observation that TFE-induced
protofibrils are far less stable than heat-induced protofibrils, to a
change in pH from 2.7 to 8 (Figure 2D), suggests that the former
is single stranded if the latter is double stranded. In the case of
heat-induced formation of protofibrils, the observation that the
mean RH-monitored kinetics are significantly faster than the
kinetics monitored by SI (Figure 4B) had suggested (23) that
elongated protofibrils associate laterally to form mature multi-
stranded protofibrils, because such lateral association would lead
to an increase in scattering intensity without an apparent increase
in the mean RH (47). On the other hand, in the case of TFE-
induced formation of protofibrils, the mean RH-monitored and

FIGURE 2: Structural characterization of TFE-induced and heat-
induced protofibrils. (A) FTIR spectrum of TFE-induced protofi-
brils. (B) FTIR spectrum of heat-induced protofibrils. (C) Far-UV
CD spectra of the TFE-induced (dashed line) and the heat-induced
(dotted line) protofibrils. The initial monomer concentration was
used to calculate the mean residual ellipticity, [θ]. (D) Kinetics of
disaggregation, at pH 8, of the TFE-induced (dashed line) and the
heat-induced (dotted line) protofibrils. The disaggregation kinetics
was obtained by monitoring the decrease in the thioflavin T (ThT)
fluorescence. The solid lines represent fits to a two-exponential
equation. For each kinetic trace, the signal obtained at t=0 by
extrapolation of the fit was taken as 1.
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SI-monitored rate constants are similar (Figure 4A), which
suggests that no lateral association of the elongated protofibrils
occurs and that the TFE-induced protofibrils are therefore single
stranded.
TFE-Induced and Heat-Induced Protofibrils Differ in

Their Internal Structures. The FTIR spectra of the TFE-
induced protofibrils differ significantly from those of the heat-
induced protofibrils (Figure 2A,B), suggesting that they also
differ in their secondary structures. The presence of a peak in the
1615-1643 cm-1 region (48, 49) suggests that both the TFE-
induced and the heat-induced protofibrils contain amyloid-like
β-sheet structures. The observation that the position of this peak
in the TFE-induced protofibrils (1616 cm-1) differs by 5 cm-1

from that in the heat-induced protofibrils (1621 cm-1) suggests
that the β-sheets in the two differently generated protofibrils
differ in their internal structures. Furthermore, the presence of a
peak at 1650 cm-1 in the case of heat-induced protofibrils
suggests that they are not pure β-sheet structures but that other
structures (48, 50) (helices and/or random coils) are also present.
In contrast, the peak at 1650 cm-1 is absent in the case of TFE-
induced protofibrils, suggesting that they contain relatively more
β-sheet structures and less of other structures, if any.

The far-UVCD spectra of the TFE-induced and heat-induced
protofibrils differ in the position of the minima as well as in the
values of mean residual ellipticity (Figure 2C). The far-UV CD
spectrum of the heat-induced protofibrils shows a minimum at
∼211 nm, while that of the TFE-induced protofibrils shows a
minimum at ∼214 nm and a higher value of mean residual
ellipticity. This suggests, as do the FTIR spectra, that the heat-
induced protofibrils are not pure β-sheets but that they also
possess other secondary structures, while the TFE-induced
protofibrils possess more β-sheet structures and less of other
secondary structures, if any. The non-β-sheet structures present
in the heat-induced protofibrils might be responsible for their
height being marginally more than that expected for a pure
β-sheet bilayer (see above).

Beingmultistranded, the heat-induced protofibrils scatter light
more than the apparently single-stranded TFE-induced proto-
fibrils (Figure 3C and inset). Light scattering by large protein
aggregates is known to cause a red shift in the far-UV CD
spectrum (51). The observation that the far-UV CD spectrum of
the heat-induced protofibrils shows a minimum that is, instead,
blue shifted by ∼3 nm compared to that seen for the TFE-
induced protofibrils (Figure 2C) suggests that the difference in
the far-UV CD spectra of the protofibrils formed under the two

FIGURE 3: Kinetics of TFE-induced and heat-induced amyloid protofibril formation at 5 and 20 μM protein concentrations. In the case of the
TFE-induced reaction, the protein was incubated with 10%TFE at pH 2.7, 25 �C. The heat-induced formation of protofibrils was carried out at
60 �C, pH 2.7, in the absence of TFE. Panels A-C show the kinetics monitored by thioflavin T (ThT) fluorescence, ellipticity at 216 nm (θ216nm),
and scattering intensity (SI), respectively, at 5 μM protein concentration. The data shown in the insets in panels A-C are representative kinetic
curves for the corresponding heat-induced reactions and are taken from ref (23). Panels D-F show the TFE-induced kinetic traces monitored by
ThT fluorescence, θ216nm, and SI, respectively, at 20 μM protein concentration. The inset in panel F shows the mean RH-monitored kinetics of
TFE-induced protofibril formation at 20 μMprotein concentration. In all of the panels, the filled symbols represent the signal of the A form, and
the open symbols represent the kinetic data points. The error bars represent either the standard deviations obtained from three independent
experiments or the spreads in the signals determined from two independent experiments. In panels A-F aswell as in the inset in panel F, the solid
lines are fits to a sigmoidal equation (eq 1). In the insets in panels A-C, the solid lines are fits to a single exponential equation (eq 3).

FIGURE 4: Probe dependence of the observed rate constants. Aggre-
gation reactions at 20 μM protein concentration were monitored
using mean hydrodynamic radius (RH), thioflavin T fluorescence
(ThT), ellipticity at 216 nm (θ216nm), and scattering intensity (SI) as
the probes. In the case of the TFE-induced reaction (A), the protein
was incubated with 10% TFE at pH 2.7, 25 �C. The heat-induced
formation of protofibrils (B) was carried out at 60 �C, pH 2.7. The
error bars represent either the standard deviations obtained from
three separate experiments or the spread in the values obtained from
two independent experiments.
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different growth conditions is not an artifact due to light
scattering. Instead, the difference points to structural differences
in the protofibrils formed under the two different growth
conditions.
Mechanism of Formation of TFE-Induced Protofibrils.

From previous studies (22, 23, 25) of heat-induced protofibril
formation, it is known that theA form first grows progressively in
size into higher oligomeric intermediates (HOIs). The HOIs
appear as spherical oligomers in AFM images, and they further
assemble into the beaded, worm-like protofibrils. No lag phase is
seen (23, 25), protofibril formation is the fastest at the start of the
reaction, and the extent of protofibril formation increases

exponentially with time to a finite limiting value. Heat-induced
protofibril formation appears therefore to follow the isodesmic
(linear)mechanism (52), inwhich the affinity of the protofibril for
its building blocks (the HOIs) is independent of protofibril
length. In contrast, TFE-induced protofibril formation appears
to be cooperative, with a lag phase followed by an elongation
phase.

TFE-induced protofibril formation shows two of the three
defining features of a nucleation-dependent polymerization
(NDP) mechanism (52, 53): a lag phase is seen (Figure 3), and
seeding reduces the lag time (Supporting Information Figure S1).
But the lag phase has a weak dependence on protein concentra-
tion (Figure 5D inset), and seeding has only a weak effect on the
aggregation kinetics (Supporting Information Figure S1). The
third defining criterion of the NDP mechanism, namely, the
observation of a critical concentration below which elongation
does not occur, is not at all met: a plot of either the amplitude
(data not shown) or the elongation rate constant (Figure 5D) of
the θ216nm-monitored aggregation reaction versus protein con-
centration does not intercept the x-axis at a nonzero value.
Hence, TFE-induced protofibril formation cannot be described
by an NDP mechanism. On the other hand, the lag phase
observed in TFE-induced protofibril formation can also be
explained on the basis of an isodesmicmechanism (53). It appears
that TFE-induced protofibril formation might have features of
both the NDP and isodesmic mechanisms. There could be
multiple steps, and the affinity of the protofibril for its building
blocks might change for each step.
The Pathways of Formation of TFE-Induced and Heat-

Induced Protofibrils Are Different. The kinetics of TFE-
induced protofibril formation, as monitored by four different
structural probes (Figure 3), do indeed indicate that the A form
transforms into protofibrils in multiple steps. The burst phase
evident in the θ216nm-monitored kinetics (Figure 3B,E) suggests
that, immediately upon the addition of TFE, the A form
equilibrates with an alternative conformation, the AR form,
which is much more R-helical than the A form (Supporting
Information Figure S2A). If the A andAR forms are both present
at equilibrium, either could be on the direct pathway of proto-
fibril formation. Alternatively, the A form could be completely
converted into the AR form, which, in turn, acts as the precursor
for the formation of protofibrils. In fact, the latter possibility
seemsmore likely, since the far-UVCD spectra, at∼2.5min after
the addition of TFE up to different final concentrations ranging
from 0 to 20%, do not show a clear isodichroic point (Supporting
InformationFigure S2B,C), which is expected if the A form exists
in a two-state equilibriumwith theAR form (54, 55). Importantly,
the observation that the fractional burst phase change is inde-
pendent of protein concentration (Figure 5B) suggests that, at
each protein concentration, the addition of TFE leads to the
conversion of all the protein molecules into the AR form. For
amyloid-β protein, too, accumulation of an R-helical species is
seen during the process of aggregation (56, 57). Moreover, the
kinetics of aggregation of the amyloid-β protein are seen to be
affected by the extent of R-helix stabilization by TFE (39).

Hence, unlike the heat-induced reaction, wherein the A form
acts as the direct precursor (22, 23) (see above), the TFE-induced
formation of amyloid protofibrils seems to commence from the
structurally distinct AR form (see above). TFE-induced forma-
tion of amyloid protofibrils therefore involves a pathway that is
different from that of heat-induced formation (23) of protofibrils.
The former pathway also does not appear to involve a lateral

FIGURE 5: Protein concentration dependence of the kinetics of TFE-
induced amyloid protofibril formation. The reaction was carried
out at 10%TFE concentration, at pH 2.7, 25 �C. The concentrations
of protein used were 1 μM (3), 2 μM (]), 5 μM (4), and 20 μM
(O). (A) Thioflavin T (ThT) fluorescence-monitored kinetics.
(B) Ellipticity at 216 nm- (θ216nm-) monitored kinetics. (C) Scattering
intensity- (SI-) monitored kinetics. In panels A-C, filled symbols
represent the signals of the A form, and the kinetic data points are
represented by the open symbols. In panels A and C, both the t=0
signal and the amplitude of the change in the signal, used to calculate
the fractional change, were obtained from a fit of the kinetic data
points to eq 1. In panel B, the signal of theA formwas taken as the t=
0 signal, and the amplitude of the signal change was obtained by
subtracting the signal of the A form from the final signal obtained
from the fit to the kinetic data points to eq 1. In panelsA-C, the solid
lines are fits to eq 1. (D) Dependence of the elongation rate constants
on protein concentration. The solid lines have been drawn by
inspection only. The inset in panel D is a plot of log(lag time) versus
log(protein concentration). The initial monomer concentration was
used. The solid line is a linear fit common to all of the data points
obtained from using the three probes. In panel D and the inset
therein, the values obtained fromThT fluorescence-, θ216nm-, and SI-
monitored kinetics are represented by[, 1, and b, respectively.

FIGURE 6: Models of amyloid protofibrils. (A) Cartoon representat-
ion of the TFE-induced protofibrils. (B) Cartoon representation of
the heat-induced protofibrils.
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association step, as does the latter pathway (see above). Not
surprisingly, the TFE-induced reaction leads to the formation of
protofibrils that are structurally distinct from the heat-induced
protofibrils (Figures 1 and 2).

At the end of the lag phase of TFE-induced protofibril
formation, dynamic light scattering data indicate that the
AR form has transformed into a larger but heterogeneous
intermediate, the IL oligomer (data not shown). The far-UV
CD spectrum of the IL oligomer indicates that it has slightlymore
secondary structure than that of theAR form, but the pronounced
minimum at 214 nm, characteristic of conversion to β-sheet
structure, is not seen (data not shown). The observation that the
probe dependence (when monitored with ThT fluorescence,
θ216nm, and mean RH) of the elongation rate constant of TFE-
induced protofibril formation is similar to that of the rate
constant of heat-induced protofibril formation (Figure 4) sug-
gests that, as in the case of the heat-induced reaction (23), the
conformational conversion to β-sheet structure during the trans-
formation of IL oligomers into protofibrils occurs either after or
concurrently with the elongation.
Pathway Heterogeneity Underlies the Structural Poly-

morphism of Amyloid Protofibrils. Previous studies on the
heat-induced formation of protofibrils by wild-type barstar (23)
as well as by a set of single cysteine-containing variants of the
protein (25) have suggested that there exist alternative pathways
for the formation of heat-induced amyloid protofibrils. Interest-
ingly, the amyloid protofibrils formed on the alternative path-
ways appeared to be structurally distinct. The oligomeric
intermediates, which preceded the formation of protofibrils on
the aggregation pathway, were also found to be structurally
distinct (25). This report on TFE-induced protofibril formation
shows that a change in the growth conditions can also lead to the
utilization of a separate aggregation pathway and, thereby, can
lead to the formation of amyloid protofibrils of distinct internal
structures and of distinct external dimensions (Figure 7).

The formation of structurally distinct mature amyloid fibrils
by the same protein, in response to a change in amino acid
sequence or growth conditions, has been reported earlier for
other proteins (6-10, 13). The results reported here for barstar
indicate that amyloid protofibrils formed by the same protein too
can show structural polymorphism and that the structural

polymorphs arise due to different pathways being followed for
their formation. The structural polymorphism seen in amyloid
protofibrils might explain the heterogeneity seen in mature
amyloid fibrils and thus may provide an insight into the origin
of prion strain diversity (58). The existence of alternative path-
ways for the formation of amyloid protofibrils, together with
information on switching among the available pathways, which
thereby generates different amyloid conformations, is of signifi-
cance for the formulation of therapies against amyloid-related
disorders (59), as well as for the development of amyloid-based
nanomaterials (60).
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