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ABSTRACT: Proteins possessing very different structures, or
even no structure, form amyloid fibrils that are very similar in
internal structure. This suggests that the mechanisms by which
amyloid fibrils form might be very similar, irrespective of
whether the fibrils are associated with disease or with normal
cellular function, or even if they have no physiological
importance. In this context, it is important to have a model
protein system whose amyloid fibril formation is robust in its
reproducibility, which can reveal the fundamentals of the
amyloid fibril reaction that may be applicable to all proteins. In
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this study, the aggregation mechanism of amyloid fibril formation by chain B of the heterodimeric protein monellin has been
elucidated in detail. It is shown that the aggregation reaction meets all the stringent kinetic criteria of a homogeneous nucleation-
dependent polymerization mechanism, which is valid over a wide range of protein concentrations. Quantitative analyses of the
kinetic data using one approach based on features of the entire kinetic curve, and another based on only the initial rate of
aggregation, indicate that the thermodynamic nucleus is a dimer. Spherical oligomers are observed by atomic force microscopy to
form transiently early during fibril formation but are off-pathway to the direct fibril formation pathway. It is shown that amyloid
fibril formation can be prevented by the addition of chain A of monellin at early stages of chain B aggregation: the two free chains
combine to form native monellin, which leads to the dissociation of early aggregates.

myloid fibrils are composed of protein molecules that have
self-assembled into polymeric structures possessing a
characteristic cross-f spine, not into their functional native
structures.' It appears that any protein is capable of forming
amyloid fibrils under suitable conditions, which are usually
destabilizing in the case of globular proteins and mildly
stabilizing in the case of intrinsically disordered proteins.” The
structures of amyloid fibrils appear to be strikingly similar,
whether they are formed from purely @ proteins,®*
predominantly f proteins,” a+B proteins,”” or natively
unstructured proteins.® In fact, the structural homogeneity
between the fibrils of different proteins is sufficient in some
cases to allow cross seeding of fibril formation, even though the
original native structures are vastly different.”'® Recent X-ray
crystallographic studies have, however, brought out the
complexity and heterogeneity in amyloid fibril structures,'""
particularly at the level of the bilayer f-sheet motif, which
extends to form the characteristic cross-f spine.'>~"®
Originally, amyloid fibrils gained prominence as protein
aggregates associated with certain human diseases, including
Alzheimer’s disease, associated with the aggregation of Af, and
Parkinson’s disease, linked to the aggregation of a-synu-
clein."®'” More recently, it has been observed that many living
systems use amyloid fibrils for various structural and regulatory
functions.'®"? In these cases, amyloid fibril formation would be
a desirable process occurring in competition with protein
folding. Amyloid fibrils have also evoked interest as nano-
biomaterial with potential biotechnological application.*® Not
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surprisingly, the mechanism of formation of amyloid fibrils is
the focus of much intense study.

Amyloid fibril formation reactions commonly display
sigmoidal kinetics characteristic of nucleation-dependent
polymerization (NDP),>'~>* but such kinetics may also be
observed® for isodesmic (linear) polymerization.”*>” While
there are stringent criteria for distinguishing between isodesmic
polymerization and NDP,”” it is difficult in practice to
distinguish between them for two reasons. First, aggregation
reactions are inherently complex*®* ' and often characterized
by the transient appearance of multiple oligomeric intermedi-
ates®” that could be spherical, rodlike, or curvilinear.*” Such
oligomeric intermediates are often assumed to be on-path-
way,>>** but some proteins have been shown to be off-
pathway.>> Second, fibril formation reactions are not easy to
reproduce,®®*” making it difficult to study the dependence of
aggregation kinetics on protein concentration, which is so
necessary for determining the mechanism. Not surprisingly,
only a few amyloid fibril formation reactions®* ** have been
explicitly shown to meet all the defining criteria®*’ of a NDP
reaction. In this context, the utility of a model protein system,
whose amyloid fibril formation reaction is robust in its

Received: October 29, 2013
Revised:  January 27, 2014
Published: February 4, 2014

dx.doi.org/10.1021/bi401467p | Biochemistry 2014, 53, 1206—1217


pubs.acs.org/biochemistry

Biochemistry

reproducibility, is that it can reveal principles of the amyloid
fibril reaction that may be applicable to all proteins.

Monellin is an intensely sweet heterodimeric protein isolated
from the berries of an African plant, Dioscoreophyllum
cuminsii.*' 1t is a dimeric protein made of two polypeptide
chains, A and B. It is a member of the f-grasp family of
proteins, several of whose members form amyloid fibrils that
are associated with human disease.*>*> Monellin is an attractive
model system for the study of protein aggregation because
much is known about its folding and unfolding pathways.**~*’
In particular, much is known about how it unfolds in multiple
stages,">*’ making it potentially valuable for identifying the
partially unfolded monomeric intermediate from which
aggregation commences. Aggregation studies so far have
shown that monellin can form amyloid fibrils,”*° but only
after the protein has dissociated into its constituent chains. It
appears that it is chain B and not chain A that forms the
amyloid fibrils, but there has so far been no quantitative study
of the aggregation mechanism.

In this study, the kinetics of fibril formation by chain B
derived from double-chain monellin (dcMN) has been studied
extensively over a wide range of protein concentrations. The
aggregation reaction has been shown to meet all the defining
criteria. of a NDP reaction: the existence of a lag phase
dependent on protein concentration, the elimination of this lag
phase upon addition of preformed fibrils (seed), and the
existence of a critical concentration below which aggregation
does not occur. Phenomenological scaling was used to show
that the same mechanism describes fibril formation over the
entire range of protein concentrations studied. The aggregation
kinetics were analyzed quantitatively using two different
approaches, one based on analysis of the entire kinetic curve
and the other based on analysis of the commencement of the
aggregation reaction. Both approaches show that the critical
aggregation nucleus is a dimer. Although the transient
formation of spherical oligomers is seen, it is shown to be
off-pathway to the direct fibril formation reaction.

B MATERIALS AND METHODS

Protein Expression, Purification, and Characteriza-
tion. dcMN was expressed and purified using a previously
described method.>! The individual subunits, chain A and chain
B, were purified from dcMN using reverse phase chromatog-
raphy, as described previously.>' Before the start of each
aggregation experiment, to remove any preformed aggregates,
the chains were incubated in 6 M guanidine hydrochloride for 2
h, after which the solutions were desalted using a HiTrap
desalting column (GE). Freshly processed chains, at a maximal
stock concentration of 250 uM, were used for all the
experiments. The same protocol was followed to ensure
consistency and reproducibility in all the aggregation experi-
ments.

The purity of dcMN as well as of the individual chains was
determined using electrospray ionization mass spectrometry
and sodium dodecyl sulfate—polyacrylamide gel electropho-
resis. Circular dichroism (CD) and fluorescence spectra of
dcMN and of both chains were acquired to confirm the
spectroscopic signatures of the proteins.

Buffers, Solutions, and Experimental Conditions. All
reagents used were of the highest-purity grade from Sigma,
unless otherwise specified. At the start of each experiment,
proteins were in either 10 mM phosphate buffer (pH 7.0) (for
dcMN) or pH-adjusted (pH 6.0) Milli-Q water (for chains).
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The proteins were diluted into aggregation buffer. The final
aggregation reaction took place in 10 mM glycine-HCl (pH
3.0), 200 mM NaCl, and 1 mM DTT (250 uM for CD
experiments) at 25 °C. The time of addition of protein to the
aggregation buffer was considered as time zero of aggregation.
The variability in the kinetics was reduced by using the same
heating block and pipetting all aliquots thrice, thoroughly and
precisely using the same 200 uL pipet.

Thioflavin T Fluorescence Assay. Thioflavin T (ThT)
fluorescence was measured at pH 8.0 in 10 mM Tris-HCI
buffer. Final concentrations of 1 yM protein and 10 4M ThT
were used. For every measurement, a calculated volume of
protein, according to the concentration used for the experi-
ment, was taken from the sample and added to the ThT assay
solution. Fluorescence readings were taken within 20 s of the
addition of protein to the ThT solution using a Fluoromax-3
spectrofluorimeter (Jobin Yvon) with the following parameters:
excitation wavelength, 440 nm; emission wavelength, 482 nm;
excitation bandwidth, 1 nm; emission bandwidth, 10 nm. The
signal was averaged for 30 s with a response time of 2 s.

Static Light Scattering Assay. Static light scattering
measurements were taken using the Fluoromax-3 spectro-
fluorimeter (Jobin Yvon); 100 uL of the aggregating protein
sample was removed at different time points, and the scattering
intensity was measured using a 10 mm path length cuvette, with
the following parameters: excitation and emission wavelengths,
800 nm; excitation bandwidth, 1 nm; emission bandwidth, 10
nm. Data were averaged for 120 s.

Sedimentation Assay for Fibril Formation. At different
time points during aggregation, a 100 uL aliquot was
transferred into an Amicon Ultra 0.5 mL centricon filter unit
with an Ultracel-3 membrane with a cutoff of 3 kDa (Millipore
Inc.). The centricon filters were centrifuged at 20000g for 15
min at 25 °C. When free monomeric chain B was subjected to
the same treatment, all of it was found to be present in the
filtrate. The amount of protein present in the filtrate was
measured using the tryptophan fluorescence at 357 nm, upon
excitation at 295 nm. The amount of protein present in the
aggregates was calculated by subtracting the filtrate protein
concentration from the starting monomer concentration.

Seeding Experiments. For experiments with sonicated and
unsonicated seeds, S yM B chain aggregates [aggregates
obtained at 37 (120 h) of the ThT-monitored kinetics] were
used as the seed. For seeding experiments with unsonicated
seed, the seed was used directly. The volume of seed
suspension replaced an equal volume of the reaction mixture,
so that the desired percentage (v/v) of seed concentration was
obtained. For experiments with sonicated seed, the seed
suspension was kept on ice and sonicated using a micro
probe with the following parameters: amplitude, 25%; pulse, S s
on and 4 s off; total time, 5 min. Across seeding experiments,
there was a variation in the final ThT fluorescence value,
because of inherent problems associated with sonication, but
fractional change plots rectified this difference and were
therefore used for comparison with unseeded reactions. The
initial rate of polymerization was determined from the slope of
a linear fit to the initial part (until 20% of aggregation finishes)
of the aggregation curve monitored using ThT fluorescence.

Circular Dichroism Measurements. A Jasco J-815 CD
spectrometer was used for the far-UV CD measurements, with
a cuvette with a path length of 1 mm. The instrument settings
were as follows: digital integration time, 1 s; bandwidth, 1 nm;
wavelength, 222 or 216 nm; scan averaging time, 120 s. A
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sample from the desired concentration of the aggregation
reaction mixture was used directly for all the final amplitude
measurements. In case of the spectral measurements, a protein
concentration of 20 yM was used with a wavelength scan of
200—250 nm.

Atomic Force Microscopy (AFM). For the AFM studies,
100 uL of the sample was withdrawn at different time points
from a 25 uM aggregation reaction mixture. The samples were
applied on freshly cleaved mica and incubated for S min, and
the mica surface was then rinsed twice with double-filtered
Milli-Q water (pH adjusted to 3.0). Samples were dried under
vacuum for 1 h, before being scanned. The AFM images were
obtained using a PicoPlus AFM instrument (Molecular Imaging
Inc.) in the noncontact mode. The height and length of the
aggregates were determined using the profile option of
WSXM.*

Effect of Chain A on Chain B Aggregation Kinetics.
The effect of addition of chain A on the aggregation of chain B
was studied using the 25 uM chain B aggregation reaction
mixture. At defined time points during the aggregation of 25
UM chain B, a desired volume of aggregation suspension was
removed and replaced with a stock solution of chain A, in the
same aggregation buffer, to yield a final chain A concentration
of 25 uM (chain B concentration will come down to 23 uM).
The reaction mixture was mixed well using a 200 uL pipet
before each measurement.

Data Analysis and Curve Fitting. The kinetic curves
measured by monitoring either ThT fluorescence or light
scattering were fit to the equation

Soo_SO

§= SO + 1+ e_[(f_tso)/‘l']

(1)
where S is the spectroscopic signal at time zero, S, is the final
signal, ¢ is the time, t5, is the time at which the change in signal
is 50%, and 7 is a characteristic time constant. The lag time
(tiag) was calculated with the equation t,, = ts — 27 as
described previously.”® A similar value for tiag Was obtained by
determining the time taken to complete 10% of the reaction.
The value of the signal at time zero and the final amplitude of
the change in the signal determined from fitting the data to eq 1
were used to calculate the fractional change (f) at each time
point using the equation
=75
Seo = So (2)
The apparent elongation rate constant was determined by
fitting the kinetic data points, excluding the initial 10% of
points, to the single-exponential equation

S =8+ a[l — e /™) 3)

where a is the amplitude of the signal and 7, is the time
constant of elongation. The values obtained for 7 and 7, do not
differ by more than 10%.

To determine whether the kinetic curves of aggregation at
different protein concentrations collapse upon phenomeno-
logical scaling as observed for tubulin polymerization,>* the
signal changes and times of a kinetic curve were normalized to
Se and tgg, respectively.

The kinetic data for the aggregation of chain B were analyzed
using nucleation-dependent polymerization (NDP) models
based on two different approaches: (a) analysis of the entire
kinetic curve® and (b) linear perturbation analysis of only the
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initial part of the kinetic curve.”*® Both analyses are based on

the premise that an equilibrium (defined by equilibrium
constant K,+) is established between a high-energy oligomeric
nucleus (containing #n* monomers) and the monomer.

The consequence of the first analysis is that ,, (for a 10%
change) and tg, are related to the total protein monomer
concentration, [X],y, by the equation
—(n*
log t5 = (ﬂ—+1) log[ X,

or

—(n*+1)

log t]ag = log[X]tot

(4)

It should be noted that both equations are valid regardless of
whether off-pathway aggregates are formed during the course of
fibril formation.®

In the second analysis, based on examination of the early part
of the kinetic curve of aggregation,22 it is also assumed, as in the
first analysis, that the concentration of prenuclear oligomers is
much smaller than either the free monomer concentration c(t)
or the concentration of polymerized monomers A(t). There-
fore

A(t) = ¢y — c(t) (8

where c, is the total monomer concentration. A(t) changes by
monomer addition or loss at polymer ends, and this process is
assumed to be length-independent for long polymers. There-
fore

dA

— = (ke — k_)c

dt P (6)

where k, and k_ are the polymerization and depolymerization
rates, respectively, and ¢, is the concentration of polymers. k,
and k_ are related by the critical concentration ¢, as k_ = k,c,.

The rate of homogeneous polymer formation can be
described as

de,

—_— = +CC(n*) - k*_ C(n*+1) (7)
The polymer size is n* + 1 or larger; k, and k*_ are the rate
constants for monomer addition and loss from the nucleus,
respectively. k, is the same for the addition of the monomer to
both the nucleus and the polymer. Equation 7 then becomes

de, .
; = KiCyx = k+Kn*C (8)

The initial (up to $%) amplitude of the kinetic curve of
aggregation was analyzed using the following equation for
homogeneous nucleation:*>*®

A = A[1 — cos(Bt)]

41

©)

where A is a parameter that directs the apparent shape of the
kinetic curve and B is an effective rate constant for nucleation.
Only the initial 5% of the kinetic data was used because of the
oscillatory behavior of the cos function.

A plot of log B*A/[cy(cy — ¢,)] versus log ¢, gives n*:

B*A

= log kK« + n * log ¢,
CO(CO - Cs)

lo
8 (10)
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Figure 1. Amyloid fibril formation by chain B at pH 3 and 25 °C. The aggregation of 25 yM chain B was monitored by the ThT fluorescence assay
(A), by direct measurement of the fraction of the total protein in aggregates, as determined by a centrifugation assay (B), and by measurement of the
intensity of light scattered at 800 nm (C). The fractional progress of the aggregation reaction is plotted in panel D, where the data from panels A—C
have been normalized between values of 0 and 1 using eq 2: ThT fluorescence (O), fibril concentration (A), and light scattering intensity (<). In
panels A—D, the solid lines through the data are nonlinear least-squares fits to eq 1, and the error bars represent the standard deviations from three
independent experiments using three different batches of protein preparations. Panel E shows an AFM image of the amyloid fibrils formed by 25 uM
chain B at the 37 (12 h) time point of the aggregation kinetics. The inset in panel E shows the fibrils at a higher magnification.

The value of ¢, was determined experimentally to be 4 uM (see
Results).

For experiments conducted in the presence of preformed
fibrils (seed) at fixed concentration ¢y eqs 5 and 6 can be
combined to give the first-order equation

dA

dt (11)
At time zero, the initial rate of fibril extension from the seeds
is given by
dA

— = kyeoe,

(kyco — k_)c, — kyc,A

P

(12)

When ¢, is constant, the initial rate of fibril extension is
proportional to c,, and when ¢, is constant, the initial rate is
proportional to ¢,.

All fits were performed using the regression wizard option of
SigmaPlot 12, which uses the Levenberg—Marquardt algorithm
to find the best fit between the data and the equation.

B RESULTS

Previous studies of amyloid fibril formation of dcMN had
indicated that aggregation proceeded only after dissociation of
dcMN into its constituent chains, and only chain B was shown
to be capable of forming amyloid fibrils.”*® In that study, the
mechanism of aggregation was not established quantitatively.
Here, the mechanism of amyloid fibril formation by chain B, at
pH 3 and 25 °C in the absence of any agitation, has been
characterized in detail in a quantitative manner.

Amyloid Fibril Formation by Chain B Was Monitored
Using Multiple Probes. Figure 1A shows that the kinetics of
amyloid fibril formation are sigmoidal in nature when
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determined using the ThT assay, which is a standard assay
for the f-sheet conformational change accompanying amyloid
fibril formation. When the amount of insoluble material at any
time during aggregation was assayed by a sedimentation assay
(see Materials and Methods), similar sigmoidal kinetics were
again observed (Figure 1B). Visible precipitation was observed
only after the reaction is more than 50% complete. Amyloid
fibril formation was also monitored by measurement of the
intensity of scattering at 90° of 800 nm light. It should be noted
that measurements of the scattering intensity, which is
proportional to the number of particles and to the square of
their mass, are biased toward the measurement of large
particles. This probe also showed sigmoidal kinetics (Figure
1C), but two features of the signal change it reports distinguish
it from the other two probes. First, the scattering intensity
shows an initial increase immediately upon transfer of chain B
to the aggregation buffer, and second, the kinetics appears to be
slightly faster than that measured by the other two probes. The
latter feature is more apparent in Figure 1D, where the kinetic
curves measured by the three probes are compared. Very
importantly, for quantitative analysis of the amyloid fibril
formation reaction, the kinetic curves are highly reproducible
for all probes used, as reflected in the small errors in
measurement. Figure 1E shows a representative AFM image
of the aggregate formed at a time corresponding to 3 times the
time constant of the elongation phase of the sigmoidal kinetic
curve, determined using eq 1. Only fibrils are seen, and no
amorphous aggregates are seen in any AFM image. The fibrils
are invariably seen to clump together. The fibrils at the borders
of clumps have a height of 7 + 2 nm, as determined from
Gaussian fits to the distributions of their measured heights. The
height of each fibril was found to vary by +0.6 nm with a
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periodicity of ~50 nm all along its length (not shown). This
regular repetitive variation in height gives the fibrils the
appearance of being composed of a pair of helical filaments
tightly wound around each other and may be similar to that
seen in the case of fibrils formed by tau.>>*’

The Kinetics of Aggregation Can Be Explained by a
Single Mechanism at All Protein Concentrations. The
kinetics of amyloid fibril formation was studied over a range of
protein concentrations, from 10 to 100 yM (Figure 2). At all
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Figure 2. Phenomenological scaling of the kinetic curves of
aggregation. Panels A and B show kinetic curves of aggregation
obtained for three different concentrations of chain B, monitored by
ThT fluorescence and scattering intensity at 800 nm, respectively. A
logarithmic time axis is used to show widely different chain B
concentrations. Panels C and D show the entire data set of kinetic
curves obtained at different chain B concentrations, monitored by ThT
fluorescence and light scattering intensity, respectively, in which the
progress of each reaction is shown relative to a value of 1 at
completion and the time scale for each reaction is normalized to the
value of t;, for that reaction. The data are for the following protein
concentrations: 10 (red), 25 (green), SO (pink), 75 (cyan), and 100
uM (gray). In each panel, the solid line through each kinetic curve is a
nonlinear least-squares fit to eq 1. Error bars represent the standard
deviations determined from three independent experiments using
three different batches of chain B.

protein concentrations, the reproducibility of the aggregation
kinetics was confirmed by using three different preparations of
chain B. Panels A and B of Figure 2 show the aggregation
kinetics at three different concentrations, i.e., 10, 25, and 100
#M, as monitored using ThT fluorescence and light scattering
at 800 nm, respectively. The aggregation kinetics remains
sigmoidal at all protein concentrations, with the lag time
decreasing and the elongation rate increasing with an increase
in protein concentration. In aggregation studies, it is important
to show that the mechanism of aggregation does not change
over the range of protein concentrations used. All the kinetic
curves obtained at chain B concentrations in the range of 10—
100 uM, with either of the two probes, were found to collapse
into a single kinetic curve (Figure 2C,D), upon phenomeno-
logical scaling,** when the signal from the spectroscopic probe
of each kinetic curve was normalized to the final signal and the
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time scale for each curve was normalized to the time at which
the signal had reached 50% of the final signal (see Materials and
Methods). This result suggests that the same mechanism must
describe aggregation over the entire range of protein
concentrations studied.

Amyloid Fibril Formation Does Not Occur below a
Critical Concentration of ~4 uM. Panels A and B of Figure 3
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Figure 3. Dependence of aggregation kinetics on chain B
concentration. The kinetics of fibril formation was monitored by
measurement of ThT fluorescence (O) and light scattering at 800 nm
(<). Panels A and B show the dependencies of the elongation rate
and final amplitude of the reaction, respectively, on chain B
concentration. Linear fits through the data extrapolate to intercept
the x-axis at a critical concentration of 4 + 0.5 yM. Panels C and D
show the dependencies of the lag time (thg) and t;, on chain B
concentration, respectively. The solid lines through the data are least-
squares fits to a single-exponential equation. In each panel, the error
bars represent the standard deviations determined from three
independent experiments using three different batches of protein.

show how the apparent rate constant of elongation as well as
the amplitude of the aggregation reaction, corresponding to the
formation of mature fibrils, depends upon protein concen-
tration. ThT fluorescence and scattering intensity measure-
ments were used to monitor the reaction. The intercepts on the
abscissa, of the straight line fits to both the ThT fluorescence
and scattering data, suggest that a critical concentration of ~4
UM exists for the formation of mature fibrils. The dependence
of the apparent rate constant measured by ThT fluorescence on
protein concentration becomes nonlinear at protein concen-
trations of >50 uM, although the relative amplitude retains a
linear dependence on protein concentration (Figure 3B).

If there indeed exists a critical concentration below which the
protein does not aggregate, then it is expected that when the
aggregation reaction has reached equilibrium, the monomer
should still be present at a concentration corresponding to the
critical concentration. The final monomer concentration
present at equilibrium for aggregation reactions conducted at
different protein concentrations was found to be 5§ + 1.0 uM
(data not shown). It was also found that no amyloid fibril
formation could be detected for a long time, when the
monomer concentration was 2 uM (data not shown). These

dx.doi.org/10.1021/bi401467p | Biochemistry 2014, 53, 1206—1217



Biochemistry

observations confirmed the existence of a critical concentration
of ~4 uM.

Establishment of a NDP Mechanism and Character-
ization of the Size of the Nucleus. The observation of
sigmoidal aggregation kinetics and a critical protein concen-
tration only above which fibril formation occurs suggests that
the fibrils form via a NDP mechanism. Figure 3C shows that
the lag time, f,,,, decreases exponentially with an increase in
protein concentration, which is another characteristic feature of
a NDP mechanism.*®

The strong dependence of the rate of fibril formation on
protein concentration can be expressed in terms of ts, the time
at which fibril formation is 50% complete (Figure 3D). Figure
4A is a log—log plot of #,, versus protein concentration. The
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Figure 4. Estimation of nucleus size. The kinetics of fibril formation
was monitored by measurement of ThT fluorescence (O) and light
scattering at 800 nm (<). Panels A and B are log—log plots of the
dependencies of #,, and t5, respectively, on chain B concentration.
The straight lines through the data in each panel are linear fits, with
slopes of 1.6 (A) and 1.5 (B). In each panel, the error bars represent
the standard deviations determined from three independent experi-
ments using three different batches of protein.

slope of this plot was used to calculate the size of the nucleus,
n* (see eq 4), according to a simple NDP mechanism.**>> n*
was found to have a value of 2. A log—log plot of ts5, versus
protein concentration (Figure 4B) also yields a value of 2 for n*
(see eq 4). Hence, the critical nucleus for amyloid fibril
formation is a dimer, which is always in equilibrium with the
monomer. It should be noted that in the analyses used in this
study””*>*° the nucleus has been considered to be the least
stable oligomer on the aggre%ation pathway. In other analyses
of homogeneous nucleation,”*® the nucleus was considered to
be the first stable oligomer that is on-pathway to the fibril
formation.”>*” If the latter definition of the nucleus is used to
analyze our data, its size is found to be one monomer unit more
than when the former definition of the nucleus is used.
Chain B Aggregation Follows a Monomer Addition
Polymerization Mechanism. A critical test of the NDP
mechanism is that the lag phase can be abolished by the
addition of preformed fibrils (seed). Panels A and B of Figure S
show that the addition of 3 and 10% seed, respectively, either
sonicated or unsonicated, completely abolishes the lag phase of
aggregation of 5 yM chain B. At either seed concentration,
sonicated and unsonicated seeds had exactly the same effect
(Figure SA,B). At either seed concentration, for unsonicated
and for sonicated seed, the initial rate of aggregation is found to
be linearly dependent on the monomeric chain B concentration
(Figure SC). This result suggests that monomeric chain B
directly adds to the seed during its growth into a fibril. Figure
5D shows that the elongation rate is directly proportional to
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Figure S. Effect of seeding on aggregation kinetics. Panels A and B
show the ThT fluorescence-monitored kinetics of amyloid fibril
formation by S M chain B in the presence of 3 and 10% unsonicated
seeds (O) and sonicated seeds (A\), respectively, and in the absence of
seed (). Panel C shows the dependence of the initial rate of the
reaction on starting chain B concentration in the presence of 3% (<)
and 10% (O) unsonicated seeds. The inset shows the same plot with
sonicated seeds. Linear fits through the data extrapolate to intersect
the x axis at a critical concentration of 2.5 + 0.5 #M. The slopes of the
two lines are 0.0139 (10% seed) and 0.0037 (3% seed) uM ™ h™". In
panels A and B, the solid lines through the data are least-squares fits to
eq 1 (for unseeded reactions) or eq 3 (for seeded reactions). Panel D
shows the dependence of the elongation rate of the reaction on the
starting seed concentration. In panels C and D, the straight lines
through the data in each panel are linear fits. For all the plots, the error
bars represent the spread in data determined from two or more
independent experiments using two different batches of protein.

seed concentration even at the highest seed concentrations
used. It appears that if an oligomeric conformation and not the
monomer were the form to add onto the fibril ends, then there
would be the need for a rapid equilibrium between it and
monomeric chain B. It should be noted that AFM images of
both sonicated and unsonicated fibrils show the former to be
shorter in length but similar in diameter (Figure S1 of the
Supporting Information). Figure S2 of the Supporting
Information compares the length distributions of unsonicated
and sonicated fibrils. Because both unsonicated and sonicated
fibrils tend to be found in clumps, separate length distributions
were determined for fibrils inside and outside clumps. In both
cases, the sonicated fibrils were found to be shorter in length.
Importantly, the length distributions of the sonicated fibrils,
inside as well as outside clumps, were found not to change over
a 24 h incubation under aggregation conditions. Hence, it
appears that the fragments of chain B fibrils formed upon
sonication cannot rejoin like fragments of fibrils formed by
other proteins can.”®

Quantitative Analysis of the Commencement of the
Aggregation Reaction. Linear perturbation analysis*>*® of a
homogeneous nucleation-dependent polymerization reaction
suggests that the initial part of the kinetic curve of aggregation
should be able to be described by a £ function or a cos t
function. Figure 6A shows that the initial 5% of the aggregation
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reaction at any protein concentration fits well to a cos t
function (eq 9). A ¢ function works equally well (fits not
shown).
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Figure 6. Initial rates of amyloid fibril formation. Panel A shows the
initial 5% of the kinetic curves of aggregation, monitored by ThT
fluorescence, of S (black), 15 (blue), S0 (red), and 100 uM (green)
chain B. The black solid lines are least-squares fits to eq 9. Panel B
shows data plotted in accordance with eq 10. The straight line through
the data points is a least-squares fit. The slope of line that represents
the nucleus size, n*, is 2.13 + 0.15. Error bars represent the standard
deviations from three independent experiments using three different
batches of protein preparations.

Because the initial 5% of the kinetic curves of aggregation at
all protein concentrations fit well to eq 9, the values of
parameters A and B in eq 9 could be determined at each
protein concentration. This in turn allowed the use of eq 10,
obtained from perturbation analysis, to determine the size of
the nucleus, n* (Figure 6B). A value of 2 is obtained for n*, in
agreement with the value obtained from the dependence of t,
or f,, on protein concentration (Figure 4). Hence, the dimer is
the largest on-pathway oligomer that remains in equilibrium
with the monomer.

AFM Reveals the Presence of Off-Pathway Oligomers
during the Course of Aggregation. The observation that
the kinetics of aggregation appeared to be marginally faster
when measured by light scattering intensity than when
measured by ThT fluorescence (Figure 1) suggested off-
pathway oligomers might form transiently during the course of
fibril formation. AFM was therefore used to follow the
aggregation reaction. AFM images of aggregating protein
were collected at t5, ty, t, and t;qy, the times at which the
aggregation reaction was S5, 20, 50, and 100% complete,
respectively, as monitored by the ThT signal. At f;, no
oligomers were observed (Figure 7A); the mica surface coated
with the 5% aggregation sample looked no different from the
mica surface coated either with buffer or with a monomeric
protein solution (not shown). Hence, no oligomers appear to
form during the initial 5% of the reaction, for which the linear
perturbation analysis was conducted (see above). At t,,, which
is the end of the lag phase, only spherical oligomers are
observed by AFM (Figure 7B). The diameter of the oligomers
as determined from Gaussian fits to the distributions of their
measured heights (not shown) is 2.0 + 0.5 nm. No fibrillar
structures are seen at this time. At t;,, no oligomers were
observed, and only very few fibrils were observed (data not
shown). At ts, fibrils could be observed, and again no spherical
oligomers were seen (Figure 7C). Mostly, the fibrils were found
to occur individually and not in clumps and had a height of 5 +
2 nm, as determined from Gaussian fits to the distributions of
their measured heights (not shown), and lengths of 300—400
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Figure 7. Structural characterization of the amyloid fibril formation
reaction of 25 uM chain B. AFM images were obtained at 1 (A), 3 (B),
5 (C), and 24 h (D) of the aggregation reaction. The images are
shown in the topography mode. In panels C and D, the insets show a
magnified part of the main image.

nm. At #,y, fibrils were observed to be 1-2 um in length and to
have a height of 7 + 2 nm (Figure 7D).

Hence, the AFM images suggest that oligomers form during
the initial phase of the aggregation reaction and disappear
before the time the reaction is 30% complete. During the
second half of the aggregation reaction, fibrils grow
progressively in size. It appears that this growth must occur
by monomer addition because no oligomers are seen during the
growth phase. The observation that spherical oligomers
disappear well before fibril growth occurs indicates that they
are not on-pathway intermediates in fibril growth, because in
that case the kinetics of their disappearance would have
matched the kinetics of fibril growth. It appears, instead, that
the spherical oligomers are off-pathway with respect to the
pathway of fibril growth.

Addition of Chain A to Aggregating Chain B Halts or
Modulates Fibril Growth. At the temperature (25 °C) at
which chain B forms amyloid fibrils within 6 h, 25 uM dcMN
does not form amyloid fibrils even over a period of 600 h
(Figure 8A). dcMN does, however, form amyloid fibrils within
6 h at 60 °C (under otherwise identical aggregation
conditions), which is the midpoint of the thermally induced
unfolding—dissociation transition of the protein. Hence, it is
likely that the amyloid fibrils formed by dcMN are actually
fibrils formed by chain B after it dissociates from dcMN. To
confirm this, fibrils were pelleted down by centrifugation at
14000 rpm for 45 min, and both the pellet and the supernatant
were analyzed by mass spectrometery and tryptophan
fluorescence (only chain B, not chain A, contains a tryptophan
residue). It was found that the supernatant contained only
chain A, while the pellet contained predominantly (>85%)
chain B (data not shown). When 25 uM chain A was incubated
in aggregation buffer, it was found to form amorphous insoluble
aggregates, not ThT fluorescence-positive amyloid fibrils (data
not shown). When, however, 25 yM chain A was added to
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Figure 8. Effect of chain A on chain B aggregation. Panel A shows the
ThT fluorescence-monitored aggregation of 25 yuM dcMN under the
same aggregation conditions that were used to study the aggregation of
chain B. No increase in ThT fluorescence is seen. The inset shows the
ThT fluorescence-monitored kinetic curve of aggregation of 25 uM
dcMN at pH 3.0 and 60 °C. Panel B shows the ThT fluorescence-
monitored kinetic trace of aggregation of 25 yM chain B chain
aggregation kinetics in the absence of any added chain A (O), along
with the kinetic traces obtained when chain A was added to a final
concentration of 25 uM, after aggregation for 0 min (@) and 3 (O), S
(A), and 12 h (). The solid line through the data is a least-squares
fit to eq 1. Error bars represent standard deviations determined from
three independent experiments using three different batches of protein
preparations.

aggregation buffer containing 25 uM chain B, the chains
complemented fully to form dcMN,* as judged by far-UV CD
spectroscopy (data not shown).

Hence, to determine the time at which the amyloid fibril
reaction becomes irreversible, 25 M chain A was added to 25
UM aggregating chain B at different times (t5, t,0, tso, and o)
during the fibril formation reaction, monitored by ThT
fluorescence (Figure 8B). When chain A was added at t;, no
further increase in ThT fluorescence was observed. When chain
A was added at t,y, the ThT fluorescence decreased within 8 h
to the value observed at the start of the reaction. In both cases,
the far-UV CD spectrum of the solution at 24 h indicated the
presence of 23 uM dcMN. When chain A was added at ¢, the
ThT fluorescence increased to a value that is 20% lower than
the value observed at ¢, in the absence of chain A. When chain
A was added at t,y, the ThT fluorescence was not found to
change even after 48 h.

It appears therefore that at a stage (t,,) when only the
monomer and off-pathway oligomers of chain B are present, the
addition of chain A leads to dissociation of any aggregate
present via a thermodynamic coupling mechanism whereby
chain A binds to chain B, thereby pulling the equilibrium
between free chain B and its off-pathway aggregate in the
direction of the former. In future experiments, it will be
important to test such a thermodynamic coupling mechanism.
At the other two time points, 5 and ¢y, fibrils were present.
Therefore, at these two time points, the addition of chain A
does not decrease the ThT fluorescence; rather, it increases at
tso- The increase in ThT fluorescence at 5, can be due to either
the conformational rearrangement in the fibrils or the
association of fibrils.

B DISCUSSION

Previous studies had suggested that the amyloid fibrils formed
by dcMN at elevated temperatures are not composed of both of
its constituent chains A and B, but only of chain B released by
the unfolding of this heterodimeric protein.’® In this respect,
monellin is similar to other multimeric proteins, including
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transthyretin® and superoxide dismutase-1,°> which are also
known to form amyloid fibrils only after they are dissociated
into their constituent subunits. For such multimeric proteins,
including monellin, it becomes difficult to determine whether
fibril formation commences from the folded, partially unfolded,
or completely unfolded subunit. In the case of monellin,
because its two constituent chains are different, it is possible to
study the aggregation of each chain by itself in the absence of
any competitive reaction leading to the formation of the native
multimer. In this study, amyloid fibril formation by chain B has
been studied at pH 3 and 25 °C. Under these conditions, the
CD spectrum of chain B, before it starts aggregating, is identical
to that at pH 7, where it has been shown not to be fully
unfolded but to possess partial residual structure.”® Hence, it
appears that the aggregation of monellin commences from a
partially folded conformation, just like it appears to do in the
case of intrinsically disordered proteins,”® including a-
synuclein.**

Mechanism of Formation of Fibrils. Fibril formation by
chain B appears to occur with all three characteristic features of
a NDP reaction.”"***” An initial lag phase is seen during fibril
formation, during which mature fibrils have yet to form
(Figures 1 and 2). Fibril formation does not appear to occur
below a critical concentration of ~4 uM (Figure 3). Seeding
abolishes the lag phase (Figure ). A NDP mechanism for fibril
formation is supported by the observation that at the end of the
fibril formation reaction, mature fibrils and monomers are the
two predominant forms of the protein present and that the
concentration of monomeric protein is approximately the same
as the critical concentration for fibril formation. Moreover, the
lag time decreases exponentially with an increase in protein
concentration, and the initial rate of fibril formation can be
described as a cos t or £ function (Figure 6) as expected for a
NDP mechanism. It should be noted that although the NDP
model has been applied to the study of the amyloid fibril
reactions of many proteins,37’38’65_72 very few ag;regating
systems meet all the criteria of homogeneous NDP.

The observation that two different analyses based on the
mechanism being described as homogeneous NDP indicate that
the nucleus is a dimer (Figure 4) suggests that the NDP
description of fibril formation by chain B is a robust one. One
analysis is based on treatment of the entire kinetic curve of
aggregation,® while the other is based on analysis of the initial
rate of aggregation;56 however, both analyses require the same
assumptions. The assumption that the nucleus remains in
equilibrium with the monomer seems reasonable given that the
nucleus is a dimer. The assumption that the nucleus size
remains a dimer even at high protein concentrations seems to
be valid given that the kinetic curves at all protein
concentrations collapse into a single curve upon phenomeno-
logical scaling (Figure 2), which suggests that the mechanism
does not change over the range of protein concentrations
studied. Previous studies using monellin and its subunit chain B
had suggested that a prenucleus might be formed during the
aggregation.”® However, no prenucleus formation during chain
B aggregation was observed under the conditions used in this
study. The assumption that fibril growth occurs by monomer
addition is reasonable because it is unlikely that multistranded
fibrils such as those of chain B grow either by annealing of large
aggregates because the translational and rotational diffusion of
large aggregates would be very slow or by annealing of short
fragments because the concentration of short polymers would
be much lower than that of monomers.
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Fibril Growth Appears To Occur by Monomer
Addition. In both methods of analysis of the aggregation
curves, utilized in this study, whether of the entire kinetic
curve® or of only the initial part of the kinetic curve,*>*® it was
assumed that fibrils grow by addition of the monomer. This
assumption is supported by the observation that the initial rate
of fibril formation has a linear dependence on starting
monomer concentration, when aggregation is conducted in
the presence of a fixed concentration of seed, as well as by the
observation of a linear dependence on seed concentration when
aggregation is conducted in the presence of a fixed initial
concentration of monomeric chain B.”*> Certainly, at the times
at which fibril growth occurs, at times between t3, and to, of
fibril growth (Figure 7), no oligomers can be observed either by
AFM imaging (Figure 7) or by sedimentation assays (data not
shown). Nevertheless, it is difficult to rule out the possibility
that monomeric chain B is in rapid equilibrium with a very low
concentration of the aggregation-competent oligomer, and that
it is this oligomer that adds to the growing fibril ends.

Seeding Experiments Rule Out the Presence of
Secondary Pathways for Fibril Formation. When secon-
dary pathways of fibril formation are operative because of the
fragmentation of fibrils formed on the primary pathway, the
addition of sonicated seeds leads to an acceleration of the
polymerization rate greater than that caused by addition of
unsonicated seed.””*® The observation in this study that
sonicated and unsonicated seeds accelerate fibril formation to
the same extent suggests therefore that secondary pathways are
not operative for chain B aggregation. Such a conclusion is
supported by the observation that the basic mechanism of fibril
formation does not change over the entire range of protein
concentration. The observation that sonicated seeds have the
same effect as unsonicated seeds suggests that while sonication
does lead to the creation of more fibril ends by causing existing
fibrils to fragment, this fragmentation occurs in a manner that
does not allow newly created fibril ends to act as fibril growth
centers. It would appear that sonication leads to new fibril ends
that are structurally distinct from the ends of the original fibrils.

The Thermodynamic Nucleus Is a Dimer. The
estimation of nucleus size is always challenging and
controversial in protein aggregation studies.”* The early
application of NDP models to the self-assembly of some
proteins suggested that the thermodynamic nuclei are large
oligomers because of the observation of a very large
dependence of aggregation kinetics on protein concentra-
tion.>"”>"7” In contrast, amyloid fibril reactions appear to be
characterized by small nuclei, from as small as a monomer”" to
dimers, trimers, and other very small
oligomers.>>>*>>7L7278783 1t js possible that the nucleus size
for amyloid fibril formation may be underestimated either
because of the presence of prenuclear aggregates®* or because
of the common usage of continuous mechanical agitation to
accelerate fibril growth,53’84 but in our study, the aggregating
protein solution was not continuously agitated.

It is important to note that, in this study, the theoretical
treatment based on features of the entire kinetic curve yields
the same equation (eq 4) relating nucleus size to g, regardless
of whether off-pathway aggregates are present.>> The observed
aggregation kinetics possesses a characteristic feature of simple
NDP reactions: an increasing protein concentration causes the
reaction to reach completion faster (Figure 2). For NDP
reactions accompanied by off-pathway aggregation, it is
expected that the reaction will reach completion more slowly
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when the protein concentration becomes very high.>> Such
behavior, which would manifest itself in ty, values first
decreasing with an increasing protein concentration and then
increasing at very high protein concentrations, is not observed
in this study: t5, values are seen only to decrease with an
increasing protein concentration (Figure 4), as expected for a
simple NDP mechanism. It should be noted that although off-
pathway aggregates are seen to form, they form only during the
initial part of the aggregation curve, between t; and t,, (see
Results). In this time frame, the fibril formation reaction cannot
be observed (see above): the first fibrils are seen only at t;, a
time at which off-pathway aggregates have disappeared
completely. In this study, to confirm that the formation of
off-pathway aggregates does not affect the determination of the
nucleus size, the data were also analyzed in a completely
different manner. In the perturbation analysis method,”* only
the initial 5% of the aggregation curve was analyzed until £
when off-pathway oligomers cannot be observed (see Results).
Again a dimeric size for the nucleus was obtained. Hence,
although in other cases the presence of off-pathway aggregates
could affect the determination of the size of the critical nucleus,
this is not the case in our study.

It should also be noted that both methods used in this study
for the analysis of the fibril formation reaction according to a
NDP mechanism*>*° consider the fibril formation reaction to
be irreversible. In this study, the reversibility of aggregation
kinetics was checked by adding chain A at different times
during the aggregation process. It was found that when chain A
was added before fibril formation can be detected (before t,),
the aggregation reaction leading to the formation of off-
pathway aggregates was completely reversible (Figure 8), but
once fibril formation commences to a detectable extent (at
approximately ty,), it appears to be irreversible. Thus, when
chain A was added at fy, when fibril formation was well
underway, no disaggregation of fibrils occurred: the ThT
fluorescence signal did not decrease. When chain A was added
at t;op, when the fibril formation reaction was complete, the
ThT fluorescence signal did not decrease even over 24 h
(Figure 8). Hence, the fibril formation reaction itself appears to
be completely irreversible, and only the off-pathway aggregates
that form before the fibril formation reaction commences can
revert back to the monomer.

Oligomer Formation and Amyloid Fibril Formation.
AFM imaging clearly shows that spherical oligomers, ~2 nm in
diameter, are populated transiently very early during the fibril
formation reaction (Figure 7). It is likely that it is the formation
of these oligomers that results in the change in light scattering
intensity preceding that in ThT fluorescence (Figure 1).
Spherical oligomers and curvilinear protofibrils have been
observed to form early during amyloid fibril formation by other
proteins, too,>**>*® and in some cases, it has been suggested
that mature fibrils are assembled from such soluble
aggregates.>>**” In the study presented here, the observation
that the oligomers disappear before significant fibril growth has
occurred (Figure 7) indicates, however, that these spherical
oligomers are not on-pathway but are instead off the direct
pathway to fibril formation. Such off-pathway aggregates have
also been observed during the aggregation of tau protein.*®
Understanding the transformation of prefibrillar oligomers and
protofibrils into mature fibrils® has become important because
of the realization that oligomers and/or protofibrils, and not
mature fibrils, may be the toxic species in amyloid-linked
diseases,***¥™° and hence, the transformation of spherical
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oligomers and protofibrils into insoluble fibrils may be a
mechanism employed to sequester the toxic material. In the
case of monellin, it appears that the off-pathway oligomers
dissociate to free chain B, which then becomes available for
fibril formation. At present, the fraction of the protein that
forms the off-pathway oligomers is not known. If this fraction is
significant, then the oligomeric pool of protein may act as a
buffering system to maintain the concentration of monomers at
a constant level up to the start of the elongation phase. The
ease of dissociation of the off-pathway oligomers is indicated by
the observation that complete dissociation of all oligomers
present to free chain B is effected upon the addition of chain A
at t,: free chains A and B then bind to each other and refold to
form monellin (Figure 8).

In conclusion, amyloid fibril formation by the chain B of
monellin has been shown to meet all the criteria of a NDP
mechanism. The nucleus has been shown to be a dimer by two
different analyses, one of the entire aggregation curve and the
other of only the initial part of the aggregation curve. Although
spherical oligomers are also observed during the course of the
aggregation reaction, they are shown to disappear well before
fibril formation occurs to any appreciable extent; hence, their
formation appears to be off-pathway to the main pathway for
fibril formation.
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