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A major goal in the study of protein aggregation is to understand how the
conformational heterogeneity characteristic of the process leads to structu-
rally distinct amyloid fibrils. The small protein barstar is known to form
amyloid protofibrils in multiple steps at low pH: a small oligomer, the A-
form, first transforms into a larger spherical higher oligomeric intermediate
(HOI), which then self-associates to form the elongated protofibril. To
determine how the conformational conversion reaction during aggregation
is coupled to the process of protofibril formation, cysteine-scanning muta-
genesis was first used to identify specific residue positions in the protein
sequence, which are important in defining the nature of the aggregation
process. Two classes of mutant proteins, which are distinguished by their
kinetics of aggregation at high protein concentration, have been identified:
Class Imutant proteins undergo conformational conversion, asmeasured by
an increase in thioflavin T binding ability and an increase in circular
dichroism at 216 nm, significantly faster than Class II mutant proteins. At
low protein concentration, the rates of conformational conversion are, how-
ever, identical for both classes of mutant proteins. At high protein concen-
tration, the two classes of mutant proteins can be further distinguished on
the basis of their rates of protofibril growth, as determined from dynamic
light-scattering measurements. For Class I mutant proteins, protofibril
elongation occurs at the same, or slightly faster, rate than conformational
conversion. For Class II mutant proteins, protofibril elongation is signifi-
cantly slower than conformational conversion. Dynamic light scattering
measurements and atomic force microscopy imaging indicate that for the
Class I mutant proteins, conformational conversion occurs concurrently
with the self-association of prefibrillar HOIs into protofibrils. On the other
hand, for the Class II mutant proteins, the prefibrillar HOI first undergoes
conformational conversion, and the conformationally converted HOIs then
self-associate to form protofibrils. The two classes ofmutant proteins appear,
therefore, to use structurally distinct pathways to form amyloid protofibrils.
On one pathway, conformational conversion occurs along with, or after,
elongation of the oligomers; on the other pathway, conformational
conversion precedes elongation of the oligomers. Single mutations in the
protein can cause aggregation to switch from one pathway to the other.
Importantly, the protofibrils formed by the two classes of mutant proteins
have significantly different diameters and different internal structures.
© 2008 Elsevier Ltd. All rights reserved.
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Introduction
Virtually any protein can self-assemble into amy-
loid fibrils,1 and structural heterogeneity is the
hallmark of virtually all protein aggregation reac-
tions leading to the formation of amyloid fibrils.
Heterogeneity is evident in the different sizes of
oligomers that are populated transiently during fibril
formation and in the variety of structures (spherical,
annular, and worm-like) that these oligomers
adopt.2–12 Heterogeneity is evident in the structures
of amyloid fibrils themselves.2,13–17 While the cross-
βmotif is a feature common to all amyloid fibrils,18,19

its exact molecular structure can show variations. A
protein can form amyloid fibrils of multiple distinct
conformations, not only in response to a change in
either fibril growth conditions13,20,21 or the amino
acid sequence of the protein14 but also under a single
growth condition.2,15 Understanding the origin of
the conformational polymorphism seen in amyloid
fibril structures, in terms of the underlying mechan-
ism of self-assembly, is a major goal of protein
aggregation studies.
The roles of prefibrillar spherical oligomers in the

assembly of elongated worm-like protofibrils (whose
ends can sometimes close to form annular rings22), as
well as of long, straight fibrils, are still poorly under-
stood. An important question is whether the con-
formational conversion reaction leading to the
characteristic increase in β-sheet structure occurs in
prefibrillar spherical oligomers or in elongated
protofibrillar structures, both of which have been
implicated as toxic entities in diseases related to
amyloid fibril formation.1,23–25 Determining whether
fibrillation drives conformational conversion, or
whether conformational conversion drives fibrilla-
tion, will help in delineating the pathways of fibrilla-
tion5,7,21,26–28 and the possible roles of alternative
pathways in giving rise to alternative conformational
variants of amyloid protofibrils and fibrils.2,14,21,29

Understanding how alternative pathways of aggre-
gation originate, how they differ in intermediate
aggregate structures and in the sequence of steps
involved, and how aggregationmay switch from one
available pathway to another is necessary, for
example, for understanding strain diversity and
amyloidosis in the case of prion protein.30–32

Likemany other proteins, the small protein barstar
forms soluble oligomers (the A form), as well as
amyloid protofibrils and fibrils, at low pH. The A
form of barstar is a symmetrical aggregate formed by
the self-assembly of about 16 protein molecules.33,34

NMR characterization of the A form has shown that
the core of the aggregate is formed by the C-terminal
segments of the 16 self-assembled protein mole-
cules.35 The A form transforms into amyloid proto-
fibrils in a slow stepwise process that is accelerated at
higher temperatures.12,36 The amyloid protofibrils of
barstar are elongated worm-like fibrils, and atomic
force microscopy (AFM) studies suggest that they
are assemblies of the A form oligomers.11,12 Time-
resolved fluorescence studies have suggested that
the cores of the aggregates in the A form oligomers
and in the protofibrils are similar.11 This report pre-
sents the results of a cysteine-scanning mutagenesis
study that investigates the effects ofmutations on the
kinetics of protofibril formation from theA form. The
advantage of using cysteine, instead of proline or
alanine, in scanning mutagenesis is that the thiol
group of a cysteine can be easily modified. If a site-
specific effect on aggregation kinetics is observed
upon replacement of an amino acid residue by
cysteine, it then becomes easy to obtain further
structural information on the importance of the
residue position by suitable chemical modification of
the cysteine thiol.
The cysteine-scanning mutagenesis study shows

that the kinetics of formation of protofibrils from the
A form are highly dependent on the position of the
mutation. It is seen that single point mutations can
lead to the formation of amyloid protofibrils of dis-
tinct conformations. The use of multiple structural
probes to monitor the kinetics of protofibril forma-
tion by a few representative mutant proteins sug-
gests that the formation of distinct protofibril
conformations occurs via alternative pathways. The
sequence of events occurring and differentiating the
alternative pathways is described. It appears that
single mutations can cause the process of aggrega-
tion to switch between alternative pathways and can
thereby change the conformation of the amyloid
protofibrils formed.
Results

Effect of mutations on the kinetics of amyloid
protofibril formation

Figure 1a shows representative data for three
different mutant variants of barstar showing that the
kinetics of protofibril formation determined by the
thioflavin T (ThT) binding assay are monophasic,
with no lag phase, as seen previously for wild-type
(wt) barstar.12 Although similar amplitudes of
fluorescence change are observed, the observed
rate depends on the position of mutation when the
concentration of the aggregating protein is 20 μM,
but not when it is lower at 5 μM (Supporting
Information, Fig. S1; Fig. 1b). The high reproduci-
bility of the data is indicated by the small error in
measurement at each time point. Importantly, over-
lapping kinetic curves are obtained when samples
are spun at 20,000g for 2 min prior to the ThT assay,
and when they are not, indicating that there are no
large insoluble aggregates interfering with any of
the spectroscopic measurements (data not shown).
The kinetics of protofibril formation by 15 single

cysteine-containingmutant variants of barstar, when
determined at the higher protein concentration
(20 μM), are found to be monophasic, with no lag
phase (Fig. S2). The aggregation kinetics fit reaso-
nably well to a single-exponential equation, even
though the aggregation reaction is complex and not



Fig. 1. Dependence of the ob-
served rates of amyloid protofibril
formation at 60 °C (pH 2.7) on the
positions of the mutations. The
observed rates of amyloid protofibril
formation were determined by mon-
itoring the increase in ThT fluores-
cence. (a) Kinetics of amyloid
protofibril formation by DWDC (○),
Cys59 (Δ), and Cys62 (◊) at a protein
concentration of 20 μM. Filled sym-
bols represent the signals for the A
form, the species prior to heating.
Solid lines are single exponential fits
to kinetic data points.37 (b)Observed
rates of amyloid protofibril forma-
tion at protein concentrations of
20 μM (red bars) and 5 μM (dark
yellow bars) for four different
mutant proteins. (c) Observed rates
of amyloid protofibril formation by

different mutant variants of barstar at 20 μM. Dashed lines span the ±3 SD spread around the mean rate observed for
DWDC, determined from three independent experiments. 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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first-order. The observed rates are similar (Cys3,
Cys25, Cys28, Cys40, Cys67, and Cys82), faster
(Cys14, Cys42, Cys59, Cys64, Cys85, and Cys87), or
slower (Cys62 and Cys89) than that observed for
DWDC (the pseudo-wt parent sequence; see Mate-
rials and Methods) (Fig. 1c). The mutations affect
the β-sheet propensity, hydrophobicity, and stabi-
lity of the protein, but no correlations between these
physicochemical properties and the kinetics of
aggregation were found (Fig. S3). A possible reason
for the absence of an expected correlation38–40 is
that the different mutant proteins form protofibrils
through different pathways.

Mutant proteins can be categorized into
two classes

Four different structural probes were used to
study the kinetics of protofibril formation by DWDC
and four representative mutant forms of barstar at
the higher protein concentration (20 μM) (Fig. S4). In
Fig. 2. Probe dependences of the observed rates of a
representative mutant variants of barstar (b–e). Aggregation w
and 60 °C. Error bars represent either the standard deviations
the values obtained from two independent experiments.
addition to ThT fluorescence, changes in ellipticity at
216 nm (CD216), which, similar to ThT fluorescence,
probe the internal conformational change during
aggregation; the mean hydrodynamic radius (RH),
which reports on the growth (elongation) of aggre-
gates; and the total scattering intensity (SI), which
indicates both the size and the amount of aggre-
gates, were measured. For each of the mutant pro-
teins and for each of the probes, the kinetics were
found to be monophasic, with no lag phase, and
exponential fits to the kinetic data points were
extrapolated (at t=0) to the value of the signal
expected for the A form (Figs. S2 and S4), suggest-
ing, as it did in case of the wt protein,11,12 that the A
form acts as the direct precursor for protofibril
formation. Apparent rates obtained from single
exponential fits are shown in Fig. 2.
Figure 2 suggests two classes of mutant proteins.

For Class I mutant proteins (DWDC, Cys3, and
Cys59) (Fig. 2a–c), the RH-monitored kinetics are
similar to or faster (1.5-fold) than the kinetics
myloid protofibril formation by DWDC (a) and four
as carried out at a protein concentration of 20 μM at pH 2.7
obtained from three separate experiments or the spread in
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monitored by ThT fluorescence and CD216. In con-
trast, for Class II mutant proteins (Cys62 and Cys89)
(Fig. 2d and e), the ThT fluorescence- and CD216-
monitored kinetics are faster than the RH-monitored
kinetics. Within Class II, the ThT fluorescence- and
CD216-monitored kinetics are 1.5-fold and 3.5-fold
faster than the RH-monitored kinetics for Cys62 and
Cys89, respectively. The SI-monitored kinetics are
similar to the kinetics monitored by ThT fluores-
cence and CD216 for the Class I mutant proteins, but
are drastically (N5-fold) slower for the Class II
mutant proteins (Fig. 2).

Aggregates formed by the two classes of mutant
proteins are structurally distinct

For further studies, DWDC and Cys3 were chosen
as representative Class I mutant proteins, and Cys62
and Cys89 were chosen as representative Class II
mutant proteins. The aggregates formed by the two
classes of mutant proteins were characterized at a
time corresponding to three time constants of the
ThT fluorescence-monitored kinetics (3τcc), when
the internal conformational change (conformational
conversion) occurring during the process, as mon-
itored by both ThT fluorescence- and CD216-mon-
itored kinetics, is complete (Fig. 2). The observation
that the final ThT fluorescence signal is the same for
aggregates of both classes (Fig. 3a) indicates that
similar amounts of aggregate are formed by all
peak positions, obtained from percent scattering intensity di
respectively, for DWDC, Cys3, Cys62, and Cys89. (d) Distribu
mass. The peak positions are 15 nm, 13.5 nm, 9.8 nm, and 9 nm,
shows corresponding distributions in terms of percent scatte
scattering intensity distributions, are 21.1 nm, 19.6 nm, 27.1 n
Cys89. In (b), (c), and (d), the black, pink, blue, and green line
respectively. In (c), the dotted line represents the distribution o
proteins. Hence, the observation that the CD216
signal of Class II aggregates is significantly lower
than that of the Class I aggregates (Fig. 3b) at 3τcc
must mean that the aggregates formed in similar
amounts have dissimilar structures. In this context,
the observation that the CD216 signal, as well as the
shape, of the CD spectra of the aggregates of both
classes does not change upon further heating for a
time corresponding to 6τcc (Fig. 3b, inset) is impor-
tant. For all mutant proteins, the CD spectra of the
aggregates show a minimum at 212 nm, at 3τcc and
6τcc. It should also be noted that, for all the aggre-
gates, troughs in the CD spectra are quite broad,
indicating that the protein in the aggregates is not
pure β-sheet. For the aggregation of the Class II
proteins, the SI increases by about 2-fold from 3τcc to
6τcc (Fig. S4); hence, the observation that the CD
spectra remain the same indicates that the spectra
are not affected by light scattering. Consequently, it
is unlikely that the difference seen in the CD spectra
of the Class I and Class II aggregates at 3τcc is an
artifact due to light scattering.
Figure 3c shows that theRH distributions at 3τcc are

monomodal for both classes of mutant proteins.
Importantly, the distributions corresponding to
Class II aggregates show greater heterogeneity and
partially overlapwith theA formdistribution (Fig. 3c,
inset), which is indicative of the presence of smaller
aggregates. When the percent scattering intensity
distributions are converted into percent mass distri-
Fig. 3. Spectroscopic characteri-
zation of the aggregates formed
after completion of conformational
conversion. Aggregation was car-
ried out at a protein concentration
of 20 μM at pH 2.7 and 60 °C.
Measurements were performed at a
time corresponding to three time
constants (3τcc) (a–c) and six time
constants (6τcc) (d) of the ThT
fluorescence-monitored kinetics.
(a) Amplitude of the change in ThT
fluorescence. (b) Far-UV CD spectra
at 3τcc. The inset shows the far-UV
CD spectra at 6τcc. For the calcula-
tion of the mean residual ellipticity
[θ], the protein concentration taken
was the monomer concentration.
(c) Distributions of hydrodynamic
radii (at 3τcc) in terms of percent
mass. The peak positions are 15 nm,
13.5 nm, 9.8 nm, and 6.4 nm, respec-
tively, for DWDC, Cys3, Cys62, and
Cys89. The inset shows the corres-
ponding distributions in terms of
percent scattering intensity. The

stributions, are 21.1 nm, 18.1 nm, 18.1 nm, and 12.8 nm,
tions of hydrodynamic radii (at 6τcc) in terms of percent
respectively, for DWDC, Cys3, Cys62, andCys89. The inset
ring intensity. The peak positions, obtained from percent
m, and 20 nm, respectively, for DWDC, Cys3, Cys62, and
s represent the data for DWDC, Cys3, Cys62, and Cys89,
f the A form formed by Cys89.
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butions (Fig. 3c) to correct for the dominance of larger
aggregates, Class II aggregates are seen to have
smaller hydrodynamic radii than do Class I aggre-
gates. Upon further heating up to time 6τcc (Fig. 3d),
Fig. 4. AFM images of protein aggregates. Protein (20 μM)
row (a, d, g, j) represent the aggregates formed at a time corres
fluorescence-monitored kinetics (3τcc; i.e., upon completion o
elongated protofibrils represent approximately 76%, 76%, 33%
aggregates observed. The panels in the middle row (b, e, h, k)
green arrows showHOIs, elongated protofibrils, and longer fib
(j) show amplitude images of aggregates at higher resolution. T
heating (38 h for DWDC and Cys3; 130 h for Cys62 and Cys89)
obtained from height, are 2.0(±0.4) nm and 1.8(±0.3) nm for the
are 2.9(±0.5) nm and 3.0(±0.6) nm for the protofibrils formed by
like fibrils (rightmost) formed by DWDC, Cys3, Cys62, and
(±0.3) nm, 3(±0.4) nm, and 3(±0.4) nm, respectively. Note that t
3 μm×3 μm, while it is 6 μm×6 μm for the rightmost panels.
the distributions are found to be identical with those
at 3τcc for the Class I aggregates. For the Class II
aggregates, the peaks of the distributions have shifted
towards higher RH values, suggesting that some
was heated at 60 °C and pH 2.7. The panels in the leftmost
ponding to three time constants of the corresponding ThT
f conformational conversion). In (a), (d), (g), and (j), the
, and 11% (by number), respectively, of the total number of
show the aggregates formed at 6τcc. The white, blue, and
rillar structures, respectively. The insets to (a), (d), (g), and
he AFM images of the aggregates formed upon prolonged
are shown in the rightmost panels (c, f, i, l). The diameters,
protofibrils formed by DWDC and Cys3, respectively, and
Cys62 andCys89, respectively. The diameters of theworm-
Cys89, as determined from height, are 2.3(±0.5) nm, 2.5
he scanned area shown in the leftmost andmiddle panels is
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growth (elongation) of smaller aggregates into amy-
loid protofibrils has occurred, but the peaks are still at
considerably lowerRH values than those of the Class I
aggregates. In the case of Cys62, the distribution at
6τcc is seen to tail towards higher RH values, indica-
ting the presence of very large aggregates (Fig. 3d,
inset). However, the fraction of these very larger
aggregates is very small, as evident in the percent
mass distribution (Fig. 3d). It should be mentioned
that althoughCys59 aggregates faster thandoDWDC
and Cys3 (Fig. 1), the CD spectra and size distribu-
tions of its aggregates were similar to those of these
other Class I proteins (data not shown).
Figure 4 showsAFM images of aggregates obtained

at different times of the aggregation reaction. At short
times, spherical oligomers are seen for both Class I
and Class II proteins, which, in agreement with
dynamic light-scattering (DLS) experiments, show
that the A form is replaced by substantially larger
oligomers very early during aggregation (Fig. S5).
These spherical oligomers, which assemble progres-
sively into amyloid protofibrils,12 are referred to as
higher oligomeric intermediates (HOIs). At 3τcc, the
Class I aggregates (Fig. 4a and d) comprise predomi-
nantly of elongated protofibrils and very few HOIs,
and the aggregates look similar at 6τcc (Fig. 4b and e).
In contrast, Class II aggregates at 3τcc (Fig. 4g and j)
predominantly comprise HOIs, with relatively few
elongated protofibrils.Within this class, Cys62 shows
relatively more elongated protofibrils than does
Cys89 at 3τcc, and the amounts of elongated proto-
fibrils increase at 6τcc, forbothproteins (Fig. 4h andk);
these observations are consistent with the RH dis-
tributions (Fig. 3c andd).Cys62 also shows a few long
fibrillar structures at 6τcc (Fig. 4h, green arrow), an
observation consistent with the tailing observed at
high RH values in the distribution of hydrodynamic
radii (Fig. 3d, inset) (see above). At very long times of
aggregation, bothClass I andClass IImutant proteins
form long worm-like fibrils (Fig. 4c, f, i, and l).
The AFM images also indicate that Class II

protofibrils have a diameter that is about 1.5-fold
larger than that of Class I protofibrils (Fig. 5; legend
to Fig. 4). Hence, Class II protofibrils differ from
Class I protofibrils not only in their secondary
structural content (Fig. 3b) but also in their size.
Discussion

Formation of amyloid protofibrils by barstar
occurs via higher-order oligomeric
intermediates

An earlier study12 has shown that the A form of wt
barstar, a soluble oligomer comprising 16 mono-
meric units, transforms into amyloid protofibrils in
multiple steps. Early during the aggregation process,
the A form assembles into spherical HOIs, which
then assemble further into protofibrils in a progres-
sive manner, as shown previously for the wt pro-
tein12 and now for all mutant variants, from theDLS-
measured RH distributions (data not shown). At
early times (0.1τcc) of aggregation, spherical HOIs
are the predominant aggregates visible in the AFM
images, along with very few protofibrils (Fig. S5).
The protofibrils seen at 3τcc have a beaded appea-
rance, suggesting that they have assembled directly
from the HOIs (Fig. 4a, d, g, and j, insets). Hence,
the assembly of barstar protofibrils occurs via the
following stages of aggregate growth: native pro-
tein→A form→HOI→protofibril. Such a mecha-
nism of assembly via oligomeric intermediates,
where the growth of aggregates occurs by the asso-
ciation of oligomeric intermediates, appears to be a
common mechanism for amyloid protofibril and
fibril assembly.5,6,8–10

Stepwise formation of amyloid protofibrils

The formation of amyloid protofibrils involves not
only aggregate growth and elongation but also
conformational change. An increase in β-sheet struc-
ture was seen for the wt protein12 and is seen for the
mutant proteins studied here (Fig. 3). The protein
does not, however, convert completely into a β-sheet
structure during the conformational conversion reac-
tion: the broad minima in the CD spectra (Fig. 3b) of
the aggregate at 3τcc and 6τcc indicate that other
secondary structures are still present. In the case of
wt barstar, it appeared that conformational conver-
sion, the internal conformational change measured
by the increase in ThT-binding ability and in the
Fig. 5. Distributions of the dia-
meters of protofibrils formed by the
Class I (DWDC and Cys3) and
Class II (Cys62 and Cys89) mutant
proteins. The solid lines are fits to a
Gaussian equation.
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increase in CD-monitored β-sheet structure, occurs
during and after the elongation of the aggregates.12

Here, a cysteine-scanningmutagenesis approach has
been followed to identify residue positions that are
important in determining the kinetics of aggregation.
Two classes of mutant proteins, which differ in their
aggregation rates, have been identified. At high pro-
tein concentrations, the majority of mutant proteins
(Class I) aggregate at rates similar to or slightly faster
than those of the pseudo-wt parent protein, while
two mutant proteins (Class II) aggregate at signifi-
cantly slower rates (Fig. 1c). The observation that the
differences in rates disappear when aggregation is
carried out at low protein concentrations (Fig. 1b)
validates the results of an earlier study12 indicating
that the rate-determining step at low protein con-
centrations is the association of protein molecules,
while the overall rate is limited by an internal con-
formational change at higher protein concentrations.
More importantly, the observation suggests that the
Class II mutations perturb the rate of conformational
conversion significantly, and hence might uncouple
conformational conversion and elongation steps
during protofibril formation.

Mechanism of protofibril formation by Class I
mutant proteins

The formation of protofibrils by the Class I mutant
proteins is complete at the time (3τcc) the conforma-
tional conversion reaction is complete. The RH
distribution does not change from times 3τcc to 6τcc
(Fig. 3c and d), and the AFM images indicate that no
further elongation occurs from times 3τcc to 6τcc (Fig.
4). These results suggest that conformation conver-
sion accompanied protofibril elongation and may
have even followed protofibril elongation. The latter
possibility is, in fact, suggested by the observation
that the RH-monitored kinetics are 1.5-fold faster
than the kinetics monitored by ThT fluorescence and
CD216 (Fig. 2a–c), but because theRHmeasurement is
biased towards the largest aggregate present at the
time ofmeasurement and is not directly proportional
to the total amount of aggregated material, the data
cannot preclude the possibility that conformational
conversion occurs, instead, concurrently with elon-
gation. Hence, protofibril formation by the Class I
mutant proteins is similar to that by wt barstar,12 in
which conformational conversion occurs during or
after elongation.
For other proteins, too,5,8,41 similar observations

that the kinetics of elongation are similar to those of
conformational conversion have led to the conclusion
that conformational conversion occurs concurrently
with, and indeed may be driven by, fibrillation.
However, in the case of other proteins and barstar, it is
possible that conformational conversion occurs
within the prefibrillar spherical oligomers (HOIs),
which then equilibrate very rapidly with fibrillar
aggregates. It would then mistakenly appear that
conformational conversion occurs simultaneously
with assembly into fibrillar structureswhen, in reality,
it precedes it. The possibility appears, however,
unlikely in the case of barstar because although the
AFM images indicate that the diameter of the HOIs
increases by about 2-fold from time 0.1τcc (when they
are first seen) to time 3τcc, the DLS-measured RH
distributions indicate that the mean RH, and hence
length, increases progressively during this time (data
not shown). Consequently, it appears that conforma-
tional conversion either accompanies or follows
protofibril assembly.

Mechanism of protofibril formation by Class II
mutant proteins

For the Class II mutant proteins, the HOIs are the
predominant aggregates at the time (3τcc) the
conformational conversion is complete. Few elon-
gated protofibrils are seen to have formed at time
3τcc (Fig. 4g and j), and although their number has
increased at time 6τcc, as seen in the AFM images
(Fig. 4h and k) and in the shift in RH distributions
(Fig. 3c and d), they remain relatively sparsely
populated. These results suggest that conforma-
tional conversion had already occurred in the HOIs
before they assembled into protofibrils. Importantly,
the extent of conformational conversion at time 3τcc,
as determined from the amplitudes of change in ThT
fluorescence (Fig. 3a), is the same as that seen at 3τcc
for the Class I proteins. Not surprisingly then, the
RH- and SI-monitored kinetics are significantly
slower than those monitored by ThT fluorescence
and CD216 (Fig. 2d and e). At the time 3τcc, Cys89
shows relatively fewer elongated protofibrils than
Cys62 (Fig. 4g and j), an observation consistent with
the differences in growth rates (RH-monitored
kinetics) and conformational conversion rates
(ThT fluorescence- and CD216-monitored kinetics)
observed between the two mutant proteins (Fig. 2d
and e).
The sparse accumulation of protofibrils at all times

during the aggregation process suggests not only
that the transformation of HOIs into protofibrils is
slow, as indicated by the slowness of the RH- and SI-
monitored kinetics, but also that the final equili-
brium established between the two species favors
the HOIs. In contrast, the equilibrium established
between the HOIs and protofibrils of the Class I
mutant proteins strongly favors the protofibrils.
For both Class I and Class II, the SI-monitored

kinetics are slower than the kinetics monitored by
mean RH (Fig. 2). As in the case of wt barstar,12 this
might be suggestive of a lateral association of the
elongated protofibrils to form mature amyloid
protofibrils. Such lateral association would lead to
an increase in scattering intensity without an
apparent increase in mean hydrodynamic radius.42

Alternative pathways for protofibril formation

There are two distinct ways by which fibrillar
aggregates can elongate. In aggregation processes
showing the characteristics of classical nucleated
polymerization,3,26 elongation seems to occur by
the sequential addition of monomeric intermediates
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onto the template formed initially in the reaction.
When elongation occurs via the assembly of oligo-
meric intermediates,7–12 the associating unit is the
oligomeric intermediate. In both cases, it has been
suggested that the associating units first add onto
the ends of growing aggregates and then undergo
β-sheet conformational change.5,8,41,43

In the case of barstar, this study, as well as a pre-
vious study,12 has suggested that the associating unit
is the spherical HOI, which itself is assembled from
the A form oligomer. The observation that the
patterns of site-specific side-chain dynamics in the
A form and in the protofibrils11 are similar suggests
that structures (e.g., monomers) formed by the
dissociation of the A form are unlikely to be involved
in the formation of protofibrils. It has, however, been
difficult to distinguish between two assembly
scenarios at the microscopic level: one scenario in
which protofibril growth occurs by assembly of
HOIs, and another scenario in which the A form
oligomers (in equilibrium with the HOI) add onto a
protofibril growth site.
This report suggests that there are two funda-

mentally different routes to assembly via oligo-
meric intermediates (Fig. 6). The Class I mutant
proteins are like many other proteins5,8,41,43 for
which conformational conversion accompanies or
Fig. 6. Multi-pathway mechanism for amyloid proto-
fibril formation. (a) Pathway I: The A form is first conver-
ted into HOIs, which then grow in size to form elongated
protofibrils. The conformational conversion leading to the
formation of ThT binding sites and an increase in β-sheet
content seems to occur in these elongated protofibrils. The
inset brings out the possibility that conformational con-
versionmay also occur alongwith growth (elongation). (b)
Pathway II [assembly via conformationally converted
oligomers (ACCO)]: The A form is first converted into
HOIs, which undergo conformational conversion to form
conformationally converted HOIs (CC-HOIs), which then
assemble to form the elongated protofibrils. On both
pathways, the elongated protofibrils then seem to associate
laterally to formmature amyloid protofibrils. The amyloid
protofibrils formed on these alternative pathways differ in
their structures.
follows assembly of HOIs into protofibrils (Fig. 6a,
Pathway I). On the other hand, in the case of the
Class II mutant proteins, conformational conversion
occurs in the HOIs themselves, and the confor-
mationally converted HOIs assemble into protofi-
brils (Fig. 6b, Pathway II). Very recently, it has been
shown in the case of the amyloid β protein that the
assembly of fibrils, too, may involve conforma-
tionally converted soluble oligomers,44 as has been
shown for protofibrils in this study.
It is expected that alternative pathways, which

differ in the structures of the oligomeric inter-
mediates that assemble into protofibrils, will lead to
protofibrils that differ in structure. At the gross
level, this appears to be true for protofibril forma-
tion by barstar: the protofibrils formed on Pathway
II not only have larger diameters (Fig. 5) but also
have significantly different far-UV CD spectra (Fig.
3b). This result needs, however, to be confirmed by
higher-resolution structural characterization, and,
currently, a hydrogen exchange methodology
coupled with mass spectrometry is being used to
determine whether the structures are different at
even finer detail.
The kinetic measurements used to delineate the

two pathways are ensemble measurements, and it is
possible, especially given the heterogeneity that is
clearly evident in the aggregation reaction, that a
fraction of Class I oligomers might use Pathway II to
form protofibrils, and that a fraction of Class II
oligomers might use Pathway I. But the two path-
ways lead to fibrils of different sizes, and very few of
the protofibrils formed by Class I oligomers have the
diameter of protofibrils formed by Class II oligo-
mers, and vice versa (Fig. 5). Hence, it appears that
Pathway I is the predominant pathway for Class I
oligomers, and that Pathway II is the predominant
pathway for Class II oligomers.
In this study, the demonstration of alternative

pathways for aggregation involving structurally
distinct oligomeric intermediates has important
implications. Their existence would explain the
structural heterogeneity inherent in the process of
amyloid protofibril formation and might represent
the origin of prion strain diversity.45 Their existence,
together with the observation that single point
mutations can change the preference of a protein
for the available pathways, is of significance for the
formulation of therapies against amyloid-related
diseases.46 Finally, precise control on switching
between available pathways that generate different
amyloid conformations will be necessary for the
formulation of amyloid-based nanomaterials.47
Materials and Methods

Protein expression and purification

Wild-type barstar has three tryptophan (at positions 38,
44, and 53) and two cysteine (at positions 40 and 82)
residues. The DWDC mutant form of barstar has only one
tryptophan residue at position 53 and has no cysteine
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residue. The single cysteine-containing mutant variants of
barstar used in the present study are derived from DWDC
and have only one cysteine residue introduced at the
position indicated in their names. All the proteins were
expressed and purified using the procedure described
earlier.33 The purity of each protein was confirmed to be
more than 98% by SDS-PAGE and mass spectrometry
using a Micromass Q-TOF Ultima spectrometer. The
mutant proteins investigated in this study are as follows:
A3C (Cys3), S14C (Cys14), A25C (Cys25), E28C (Cys28),
A40C (Cys40), T42C (Cys42), S59C (Cys59), L62C (Cys62),
E64C (Cys64), A67C (Cys67), A82C (Cys82), T85C (Cys85),
I87C (Cys87), and S89C (Cys89).
Buffers, solutions, and experimental conditions

All reagents used in the study were of the highest purity
grade available from Sigma. The protein was first dis-
solved in 20mMTris buffer (pH 8) and then diluted 10-fold
into 50 mM glycine buffer (pH 2.7). All the buffers
contained 1 mM DTT, except those for the CD measure-
ments, which contained 200 μM DTT. The protein con-
centration was determined by measuring absorbance
at 280 nm using ɛ280=10,000 M−1 cm−1.
The aggregation process was monitored at 60 °C by ThT

fluorescence, ellipticity at 216 nm (CD216), and DLS mea-
surements. Samples were first incubated for 2 h at pH 2.7
and 25 °C, and then transferred to a heating block set at
60 °C. In all cases, the sample reached the temperature of
60 °C within 3 min of transfer to the heating block. At
different times of incubation at 60 °C, aliquots of the
sampleswerewithdrawn for spectroscopicmeasurements.
ThT fluorescence assay

A predetermined amount of aggregating protein was
withdrawn, cooled to 25 °C, and then added to the ThT-
containing assay solution, so that the final concentrations
of protein and dye in the assay solutions were 1 μM and
5 μM, respectively. In the assay solution, the pH was
adjusted to 8 bymixing the sample aliquotwith 50mMTris
buffer. Fluorescence measurements were carried out on a
Fluoromax-3 spectrofluorimeter (Jobin Yvon). The sample
was excited at 440 nm, and emission at 482 nm was moni-
tored. The excitation and emission bandwidths were set at
1 nm and 10 nm, respectively.
Determining change in the physicochemical
properties of protein upon mutation

The change in hydrophobicity (ΔHydr) upon mutation
was calculated using ΔHydr=(HydrDWDC)− (HydrMut).
HydrDWDC and HydrMut are the hydrophobicities of the
parent and mutant residues, respectively. The hydro-
phobicity value (free energy of transfer from water to n-
octanol) for each amino acid was taken from White and
Wimley.48 The change in β-sheet propensity resulting
from mutation was calculated using Δβ-sheet pro-
pensity=PDWDC

β −PMut
β . PDWDC

β and PMut
β are the β-sheet

propensities of the parent and mutant residues, respec-
tively. The β-sheet propensity value for each amino acid
was taken from Street and Mayo.49 Cm represents the
midpoint of a urea-induced equilibrium unfolding transi-
tion and is a measure of the stability of the protein. The
Cm values for Cys3, Cys14, Cys25, Cys40, Cys42, Cys67,
Cys82, and Cys89 were taken from Jha and Udgaonkar.50
Circular dichroism

Far-UV CD measurements were carried out on a Jasco
J-720 spectropolarimeter. The spectra were collected using
a step resolution of 1 nm, a scan speed of 100 nm/min,
and a bandwidth of 1 nm. Each spectrum was averaged
over 20 scans. Ellipticity at 216 nm was monitored at
different time points for kinetic measurements.

DLS measurements

The DLS experiments were carried out on a DynaPro-99
unit (Protein Solutions Ltd.). All the buffers and pH 8
protein solutions were filtered through a 0.02-μm filter
(WhatmanAnodisc 13). A laser of 829.4 nmwavelengthwas
used to illuminate the sample. The scattering intensity at 90°
and its autocorrelation function were measured simulta-
neously. For each time point 20 acquisitions were collected,
which were then resolved into Gaussian distributions of
hydrodynamic radii by using the regularization algorithm
(Protein Solutions Ltd.). Results of the regularization
algorithm were also verified by the DynaLS software
(Protein Solutions Ltd.). The viscosities of the solutions,
used to calculate RH, were determined from the measure-
ments of refractive indices. Total light scattering intensity
was determined using cumulants analysis (Protein Solu-
tions Ltd.). Distributions of scattering intensity were
converted into distributions of mass using the equation:

kmass =
A1

R3
1
=

X Ai

R3
i

� �

where Ai and Ri represent the areas and hydrodynamic
radii in the distributions of scattering intensity, respectively.

Atomic force microscopy

AFM imaging was performed using a PicoPlus AFM
instrument (Molecular Imaging, Inc.) operating in non-
contact mode. An aliquot of the sample, after a 25-fold
dilution into the pH 2.7 buffer, was applied onto a freshly
cleaved mica plate and incubated for 1 min. Then the mica
surface was rinsed with water filtered with a 0.22-μm filter
(pH 2.7) and dried under vacuum for 45 min before
scanning. The diameters of aggregates were determined
from the Z-heights in AFM images, using the profile
option of the program WSXM.51 For each mutant protein,
90–120 individual protofibrils were monitored. The height
of each individual protofibril was determined as the mean
of the heights determined along its length.

5,5′-Dithiobis (2-nitrobenzoic acid) assay

It was important to confirm that no disulphide bond
formed during the protofibril formation process, even
thoughDTTwas always present. Cys3 (pH 2.7) was heated
at 60 °C for 4 h, in the presence of 1 mM DTT, as it was
heated during the measurement of the kinetics of proto-
fibril formation. The protein was then passed through a
HiTrap G-25 desalting column (GE) and equilibrated with
buffer not containing DTT. The 5,5′-dithiobis (2-nitroben-
zoic acid) assay, as described previously,52 was then
carried out to confirm that there remained the expected
one thiol group per protein molecule, as there was in the
protein before conversion to protofibrils (data not shown).
Clearly, no disulphide bond forms during the process of
protofibril formation.
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Analysis of kinetic data

The kinetic curves measured by any of the four probes
were fitted to a single exponential equation to obtain the
apparent rate constants. For each protein, the time cons-
tant measured from the kinetics of change in ThT
fluorescence was defined as τcc, the time constant for
conformational change (conversion).
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