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ABSTRACT: The aggregation of proteins has been hypothesized to be an underlying cause of many
neurological disorders including Alzheimer’s, Parkinson’s, and Huntington’s diseases; protein aggregation
is also important to normal life function in cases such as G to F-actin, glutamate dehydrogenase, and
tubulin and flagella formation. For this reason, the underlying mechanism of protein aggregation, and
accompanying kinetic models for protein nucleation and growth (growth also being called elongation,
polymerization, or fibrillation in the literature), have been investigated for more than 50 years. As a way
to concisely present the key prior literature in the protein aggregation area, Table 1 in the main text
summarizes 23 papers by 10 groups of authors that provide 5 basic classes of mechanisms for protein
aggregation over the period from 1959 to 2007. However, and despite this major prior effort, still lacking
are both (i) anything approaching a consensus mechanism (or mechanisms), and (ii) a generally useful,
and thus widely used, simplest/“Ockham’s razor” kinetic model and associated equations that can be
routinely employed to analyze a broader range of protein aggregation kinetic data. Herein we demonstrate
that the 1997 Finke-Watzky (F-W) 2-step mechanism of slow continuous nucleation, Af B (rate
constantk1), followed by typically fast, autocatalytic surface growth, A+ B f 2B (rate constantk2), is
able to quantitatively account for the kinetic curves from all 14 representative data sets of neurological
protein aggregation found by a literature search (the prion literature was largely excluded for the purposes
of this study in order provide some limit to the resultant literature that was covered). The F-W model is
able to deconvolute the desired nucleation,k1, and growth,k2, rate constants from those 14 data sets
obtained by four different physical methods, for three different proteins, and in nine different labs. The
fits are generally good, and in many cases excellent, withR2 valuesg0.98 in all cases. As such, this
contribution is the current record of the widest set of protein aggregation data best fit by what is also the
simplest model offered to date. Also provided is the mathematical connection between the 1997 F-W
2-step mechanism and the 2000 3-step mechanism proposed by Saitoˆ and co-workers. In particular, the
kinetic equation for Saitoˆ’s 3-step mechanism is shown to be mathematically identical to the earlier, 1997
2-step F-W mechanism under the 3 simplifying assumptions Saitoˆ and co-workers used to derive their
kinetic equation. A list of the 3 main caveats/limitations of the F-W kinetic model is provided, followed
by the main conclusions from this study as well as some needed future experiments.

Protein aggregation is known to be intimately associated
with many different types of neurological disorders, including
Alzheimer’s, Parkinson’s and Huntington’s diseases (1-3).
Understanding the underlying mechanism(s) of protein
aggregation is, therefore, central to controlling and otherwise
rationally dealing with this important aspect of the etiology
of these neurological disorders. Indeed, protein aggregation

has been postulated to be the underlying cause of such
diseases (4-14), although cause and effect are still not
unequivocally demonstrated and, therefore, remain contro-
versial. Naturally occurring, non-disease state protein ag-
gregation is also a part of normal life function in cases such
as G to F-actin conversion (15-18), glutamate dehydroge-
nase (19-22), and tubulin (16, 18) and flagella (18)
formation. Hence, understanding especially the simplest
description of the mechanism(s) of protein aggregation is
critically important for both the aforementioned disease as
well as non-disease states. For the above reasons, the basic
mechanism(s) of protein aggregation has been the focus of
considerable prior effort in at least 30 laboratories over a
period of approximately 50 years (23).
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Protein aggregation studies are generally acknowledged
(16, 18, 24-27) to have begun in earnest with Oosawa’s
1959 and 1962 studies of the G-actin to F-actin polymeri-
zation where G stands for the globular and F the fibril form
of actin (15, 16). In order to proceed rationally and in as
best informed a mode as possible, we have recently
constructed a critical review of the prior protein aggregation
literature (23). We find that there are 5 basic classes of
mechanisms for protein aggregation over the period from
1959 to 2007 (23). Those studies are listed in Table 1, Table
1 being the first of two key tables of prior work that is
discussed in our forthcoming critical review (23). The
essence of Table 1 directly relevant to the present contribu-
tion is as follows: (i) the most cited, “complete” mechanism
is the subsequent monomer addition mechanism, Scheme 1
(16, 17, 28, 29); and (ii) the resulting mathematics and kinetic
equations corresponding to the complete mechanism are,
however, not routinely used to fit experimental data (25, 26,
28, 29). Alternatively, when fits are possible (following
numerous assumptions and approximations (16, 18, 27)), the
resultant equation obfuscates verification (or refutation) of
whether nucleation and then growth are present and decon-
volutable (growth also being called polymerization, elonga-
tion, or “heterogeneous nucleation” in some treatments1). The
deconvolution of nucleation from growth is key since these
are central concepts in the broader literature of aggregation
phenomenon in Nature (23, 30-33). In addition our review
of the literature (23) reveals that (iii) nothing approaching a
consensus mechanismsor even an accepted primary model
for fitting datashas emerged; and especially important for
the present work (iv) a simplest possible, “Ockham’s razor”
model (34) that can be used to fit experimental data has not
appeared, even though mechanistic scientists know that an
Ockham’s razor approach to mechanism is an essential part
of rigorous mechanistic science. Finally, also sorely lacking
is (v) a minimal model that can routinely and successfully
be used for the badly needed deconvolution of nucleation
from growth1 for a broad range of kinetic data, even if that
minimal model is, by necessity, phenomenological and
unsophisticated relative to a more “complete” mechanism.

Herein we report the following results and insights: (i)
that the 1997 Finke-Watzky (hereafter F-W)2 2-step
mechanism (31) of slow, continuous nucleation followed by

typically fast autocatalytic surface growth,3 Scheme 2 and
Figure 1 with its associated rate law, eq 1, and analytic
equation, eq 2, is able to fit all of the 14 representative protein
aggregation data sets we have been able to mine out of the
(non-prion) neurological protein aggregation and related
literature; (ii) that those in general excellent, often seemingly
best-to-date fits demonstrate the broad applicability of the
F-W mechanism to amyloid,R-synuclein, and poly-
glutamine disease proteins; and (iii) that the F-W mecha-
nism is both the simplest (“Ockham’s razor” (34)) model
yet reported and perhaps the simplest conceivable model (see
Scheme 2), for protein aggregation that is also able to fit a
wide body of protein aggregation data. In addition, we report
(iv) that the F-W mechanism achieves the key result of
deconvoluting the crucial nucleation step from the growth
step,1 and we also show herein (v) that the 3-step mechanism
proposed in 2000 by Saitoˆ and co-workers (35) (entry 10 of
Table 1) yields, after the necessary simplification and
assumptions those authors made to make the mathematics
manageable, a kinetic equation that we demonstrate herein
is mathematically identical to the simpler, 2-step F-W
mechanism published 3 years earlier (31).

Finally, eq 3 will prove to be the most convenient form
for analyzing all but one of the literature data sets reexamined

1 The nomenclature in the protein aggregation literature is varied
and can be confusing, with multiple terms being used for (we infer)
more or less the same intended meaning. Specifically, for growth or
agglomeration one also sees the terms “elongation”, “aggregation”,
“fibrillation”, and “polymerization”. For the nucleation period one sees
the phenomenological terms of “induction period” or “lag phase”.
Adding considerable confusion is the term “heterogeneous nucleation”
used, we surmise, in the dictionary definition/meaning of heterogeneous
as nucleation of “different” species, for example, new protein polymers
on the surface of existing polymers. We would simply call this seeded
autocatalytic growth. The confusion here arises since, traditionallyin
the nucleation literature, “heterogeneous nucleation” means nucleation
occurring within a different phase (such as nucleation on a solid surface
despite the reactants being soluble in solution). Herein we will use the
terms (homogeneous) nucleation and (autocatalytic surface) growth as
defined rigorously before and also herein by the kinetic equations and
respectivek1 andk2 rate constants in Scheme 2. One exception is in
Table 1 where we retain the terms used by the original authors so as
to properly represent and reproduce that literature.

2 Abbreviations: CD, circular dichroism; DLS, dynamic light
scattering; “f”) fraction of reaction completed; F-W ) Finke-
Watzky; ThT) TfT ) Thioflavin T.

3 Noteworthy is that the A+ B f 2B step is the kinetic definition
of autocatalysis, that is, a reaction in which a product (B) is also a
reactant; this is why the curves “turn on” with almost step-function-
like appearance in some cases with the middle part of the reaction going
faster and faster (i.e., and until the reaction runs out of A, after which
the reaction then slows down).

Scheme 1: The Subsequent Monomer Addition Mechanism
for the Aggregation of Proteins

Scheme 2: The F-W Mechanism (31) for Nucleation and
Growth Phenomenona

a This mechanism was first worked out for transition-metal nano-
cluster nucleation and growth (31, 32) (for a more expanded list of
references on nanoclusters, please refer to the Supporting Information),
but this work as well as another in progress (33) shows that it also
applies to other larger particle and aggregate formation phenomenon
in Nature. Note that (i) the resultant kinetic curves are generally
sigmoidal (see Figure 1); (ii) the Af B and A + B f 2B steps are
typically composites of what may be hundreds to even thousands of
actual elementary steps (31, 32) (e.g., those back in Scheme 1). Hence,
the resultant rate constants,k1 andk2, are necessarily average values
of all the underlying steps.
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Table 1: Key Lead References from the Prior (Primarily Non-Prion) Literature of Protein Aggregation Mechanisms
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herein. Equation 3 is readily derivable from eq 2 in the case
where one has a clean reaction, Af B, with associated clean
mass balance, [A]t ) [A] 0 - [B] t. Substitution for [A]t into
eq 2 and solving for [B]t yield eq 3.

MATERIALS AND METHODS

Selection of Data Sets for Analysis.The literature was
searched, using both SciFinder Scholar and the Web of
Science, for the protein aggregation studies relevant to the
neurodegenerative disorders, Alzheimer’s, Parkinson’s, and
Huntington’s diseases; for this first study prion related
diseases were deliberately, albeit arbitrarily, omitted from
the literature search in order to keep the number of papers
examined toe100. (We are constructing a separate review
and kinetic analysis of the prion protein aggregation literature
and will report on that separately in due course.) The searches
were then narrowed to articles containing usable protein
aggregation versus time kinetic data resulting in a representa-
tive 14 data sets are presented below.

Data Analysis and CurVe Fitting. Data were extracted
(digitized) from published kinetic curves using Engauge
Digitizer 2.12. In 13 of the 14 data sets, the data were
displayed as the formation of product (B) versus time (t),
and these digitized data sets were fit by the analytical
equation shown in eq 3 using the nonlinear least-squares
curve-fitting program in OriginLab Corporation’s Origin
version 7.0. In one case (see Figure 6a), the kinetic data were
reported as the loss of monomeric protein (A) versus time
(t); in this case, the kinetic data were fit using eq 2 and,
again, Origin version 7.0. The derivation of the analytical
eq 3 is given in the Supporting Information.

In the fits presented in Figures 2-12 and summarized in
Table 2, we have by necessity assumed that all forms of
kinetic measurement used previously in the literatureare
directly proportional to the percent of aggregated protein.
This is the same assumption underlying virtually all the
protein agglomeration kinetic studies to date, but is an
assumption that we note merits reinvestigation in future
studies. For example, changes in protein conformation,
without aggregation, may also influence fluorescence, cir-
cular dichroism (CD), absorption, and dynamic light scat-
tering (DLS), even though many papers in the relevant
literature do not account for these contributions. Furthermore,
for these first studies we have again by necessity assumed
that the data measured by fluorescence, CD, and absorption
are ideal: that is, it is assumed that there is no absorption
for the monomer at the wavelength measured, and no
deviation from Beer’s law, so that the absorption present is
due to the aggregated protein. This appears to be true for
the cases where the spectra are shown (4, 6, 7, 13), but in
some cases the monomer-alone spectrum is not provided to
the reader (5, 8-10), so that we were unable to verify (or
refute) this, again at present necessary, assumption. The
resultant signal intensity vs time may, therefore, not neces-
sarily be a direct measure of the aggregated protein4 (36,
37), but for the purposes of the initial treatments herein we
assume that it is. It should also be noted that in the literature
cases presented herein, the protein generally begins in an
unfolded or misfoldedstate, either natively or by denatur-
ation, prior to measurements of the kinetics of protein
aggregation.

RESULTS AND DISCUSSION

To start, the literature was searched for protein aggregation
kinetic data sets as detailed in the Materials and Methods.
Both Scifinder Scholar and Web of Science were employed
to search for kinetic aggregation data relevant to the
neurodegenerative disorders Parkinson’s disease, Alzheimer’s
disease, and Huntington’s disease. A total of 14 representa-
tive kinetic data sets were found (4-14) encompassing four
main categories of proteins: (i) amyloid-â, the peptide that
is hypothesized to be central to Alzheimer’s disease (1), (ii)
R-synuclein, the peptide hypothesized to be key in Parkin-
son’s disease (2), (iii) polyglutamine, the peptide hypoth-
esized to be crucial in the etiology of Huntington’s disease

4 In the case of dynamic light scattering, there is not a simple
correlation between the observed light scattering and the amount of
aggregated protein; instead, the relationship is more complex. Assuming
particles all of identical size, the following equation shows that the
scattering intensity,R(Q), is dependent upon the particle concentration,
Cp (g/L), the molar mass of the particles,Mp (g/mol), the particle form
factor,P(Q), and the structure factor of the dispersion,S(Q,Cp),that is:
R(Q) = KCpMpP(Q) S(Q,Cp) (whereK is a constant dependent upon
the instrumentation and difference in refractive index of particles and
solvent). This can also be thought of in a more simplified way: dynamic
light scattering measurements depend upon Brownian motion and the
speed at which particles move (the diffusion of the molecules), and
therefore the molecular weight of the polymer species can be determined
by the Einstein-Stokes relation:M ) 4πr3NA/3υ, whereM is the
molecular weight of the polymer,r is the radius,NA is Avogadro’s
number, andυ is the partial specific volume of the polymer molecule.
This implies that diffusion is inversely proportional to the cubic root
of the molecular weight rather than the concentration in solution. This
in turn means that light scattering measurements are not directly
proportional to the concentration of the solution being measured.

FIGURE 1: A typical kinetic curve seen for the F-W, 2-step
mechanism in Scheme 1 with representative rate constants ofk1 )
1 × 10-5 h-1, k2 ) 1 × 10-3 mM-1 h-1 (i.e., rate constants chosen
for the sake of illustration but which are also within the range of
values we will find for the protein agglomeration examples which
follow). Two useful facts about this example sigmoidal curve is,
as shown in the curve,k1 (units of h-1) is proportional to the inverse
of the induction period time,tinduction(units h1); that is,k1 ∝ 1/tinduction
and gives quantitative information about the nucleation period (also
called the induction period or lag phase1). In addition,k2[A] 0 (units
h-1) is proportional to the normalized slope of the line following
the induction period,+d[B]/dt × 1/[A]0 (units h-1) (31, 54).

[B] t ) [A] 0 -

k1

k2
+ [A] 0
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k1
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exp(k1 + k2[A] 0)t
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(3), and (iv) other amyloidogenic proteins not belonging to
the previous three categories.

Each kinetic data set was in turn analyzed by the F-W
2-step mechanism given in Scheme 1. The results are
presented in Figures 2-4, 5a-c, 6a,b, and 7-12, with Table
2 summarizing the nucleation,k1, and growth,k2, rate
constants obtained from the kinetic analyses. The fit shown
in Figure 12 overestimates the second half of the data; for
this reason the data was also analyzed by the 3- and 4-step,
expanded versions of the F-W mechanism which include
bimolecular agglomerative growth, B+ B f C (rate constant
k3) and a novel, only recently discovered autocatalytic
agglomeration step, B+ C f 1.5C (rate constant,k4) (32).
For further information on these fits the interested reader is
referred to the Supporting Information (see Figure S7 and
the section titled Alternative Mechanisms Considered: the
3- and 4-Step Mechanisms). Interestingly, the 2-, 3-, and
4-step fits all give similar residual values. On the basis of
Ockham’s razor, the fit to the simpler 2-step mechanism was
chosen for presentation in Figure 12 and sinceat present
there is no compelling evidence to expand the mechanism
to the 3- or 4-step variants of the original, 1997 F-W
mechanism.

Fitting Amyloid â Aggregation Literature Data to the
2-Step F-W Mechanism. The aggregation of proteins to form
â-sheet rich amyloid fibrils has been hypothesized to be
intimately involved in more than 20 human diseases (13,
38). One very important amyloidogenic protein is amyloid
â, which forms plaques hypothesized to be a crucial
component of Alzheimer’s disease (39). Shown in Figures
2-6 are the digitized data from the literature on aggregation
of amyloid â protein along with the curve-fits to the F-W
2-step mechanism (31) of slow, continuous nucleation plus
subsequent autocatalytic surface growth. In all cases the fits
are very good if not excellent.

Fitting R-Synuclein Aggregation Literature Data to the
2-Step F-W Mechanism. The aggregation ofR-synuclein
has been hypothesized to be a crucial component in Parkin-
son’s disease (2). Figures 7 and 8 illustrate the fits of the
F-W mechanism to the aggregation ofR-synuclein. Figure
7 in particular is a striking demonstration of how well the
simple 2-step F-W mechanism fits theR-synuclein aggrega-
tionsthat is, the nucleation and autocatalytic growthskinetic
data.

There is also some kinetic data in the literature that looks
at the aggregation ofR-synuclein as a function of added seed
protein. The interested reader is referred to Figures S9 and
S10 of the Supporting Information for the digitized data and
corresponding fits.

Fitting Polyglutamine Aggregation Literature Data to the
2-Step F-W Mechanism.Aggregation of polyglutamine has
been hypothesized to be intimately involved in the neuro-
degenerative disorder Huntington’s disease (3). Figures 9 and
10 show the correlation between the aggregation of poly-
glutamine data and the fit to the F-W 2-step mechanism
demonstrating a third example of protein aggregation kinetic
data that can also be fit and deconvoluted into its nucleation
(k1) and autocatalytic surface growth (k2) components by the
2-step F-W mechanism.

Wetzel has also examined the aggregation kinetics of
polyglutamine in the presence of a 5% (w/w) seed (12). This

digitized and fit data set is contained in Figure S8 of the
Supporting Information for the interested reader.

FIGURE 2: Digitized data of Kelly and co-workers’ (4) amyloidâ
peptide aggregation measured (and normalized by the authors) by
TfT fluorescence and fit to the F-W 2-step mechanism. Amyloid
â peptide aggregation has been hypothesized to be central in the
pathology of Alzheimer’s disease (1). The fit values for this dataset
arek1 ) 8(3) × 10-6 h-1 andk2 ) 3.4(1)× 10-2 µM-1‚h-1.

FIGURE 3: Digitized data of Vestergaard and co-workers’ (5)
aggregation of amyloidâ (Aâ-42) peptide measured by ThT
fluorescence and fit to the F-W 2-step mechanism. Again aggrega-
tion of this peptide is believed to be key in Alzheimer’s disease
(39). Although there is considerably less sigmoidal character to this
data set (e.g., vs Figure 1), the fit is still quite good. The resultant
k1 ) 6(2) × 10-3 min-1 andk2 ) 3.8(8)× 10-2 µM-1‚min-1.

FIGURE 4: Data of Lynn and co-workers’ (6) amyloid â peptide
aggregation measured by circular dichroism (CD) digitized, and fit
to the F-W 2-step mechanism. This data set and fit provide a third
example of the excellent fit by the F-W mechanism to protein
aggregation related to the etiology of Alzheimer’s disease (39). The
observedk1 ) 6(7) × 10-7 h-1 andk2 ) 2.2(2)× 10-6 mM-1‚h-1.

2420 Biochemistry, Vol. 47, No. 8, 2008 Morris et al.



Fitting Other Amyloidogenic Proteins Aggregation Lit-
erature Data to the 2-Step F-W Mechanism.Figures 11 and
12 show, respectively, the fits of the F-W mechanism to
the aggregation ofâ2-microglobulin and human lysozyme
proteins.

In summation to this point, all 14 data sets found by our
literature search fit the F-W 2-step mechanism with anR2

valueg0.98 (Table 2). This includes data obtained by four
different methods, for three different proteins, by nine
different labs and spanning over four publication years. The
fits are generally good, and in many cases excellent (e.g.,
Figures 2, 4, 6, 7, 9, and 11).As such, this contribution is
the current record of the widest set of protein aggregation
data best fit by the also simplest kinetic model to date. The
implied conclusion is, therefore, that at least phenomenologi-

cally speaking, the F-W 2-step mechanism of nucleation
and autocatalytic growth is a previously unrecognized,
“Ockham’s razor” (34)/minimalistic modelfor deconvoluting
protein agglomeration nucleation,k1, from (autocatalytic)
growth,k2.

The Relationship between a Generalized Form of the 1997
F-W Mechanism and the 2000 Saitoˆ and Co-workers (35)
Mechanism.Upon studying the protein aggregation literature
and constructing Table 1 (vide supra), we encountered Saitoˆ
and co-workers’ 2000 paper and 3-step mechanism, Scheme
3 (35). After some reflection, we in turn wondered if the
2-step F-W mechanism (Scheme 2) and Saitoˆ and co-
workers’ 3-step mechanism might not be more closely similar
than initially meets the eye (i.e., and after the three
assumptions and simplification made by Saitoˆ and co-

FIGURE 5: Digitized data of Lynn and co-workers’ (7) amyloidâ peptide measured as a function of added Zn2+ and fit to the F-W 2-step
mechanism. The authors speculate that Zn2+ binding sites exist along theâ sheets of amyloidâ peptides; therefore, they measured the
aggregation as a function of added [Zn2+] and observed a reduced nucleation time with increased [Zn2+]. The data in this figure are corrected
for the negative values of ellipticity that were reported in the original reference by normalizing the data to have a minimum value of zero
(7). By making the assumption that the negative ellipticity values, resulting from the difference in absorption of left vs right circularly
polarized, would remain constant throughout a blank sample, a constant value was added to each data point shown so as to render positive
all the corrected values. (For the raw, uncorrected data and fits please see Figure S1 of the Supporting Information.) Part (a) is for 1 mM
of the peptide alone withk1 ) 1.0(5)× 10-4 h-1 andk2 ) 5.1(5)× 10-3 mM-1‚h-1, (b) is for [Zn2+]:[peptide] of 0.2 withk1 ) 8.3(3)×
10-4 h-1 andk2 ) 6.55(9)× 10-3 mM-1‚h-1, and (c) represents a [Zn2+]:[peptide] of 0.4 withk1 ) 1.6(4)× 10-4 h-1 andk2 ) 7.1(4)×
10-3 mM-1‚h-1. A plot of the resultantk1 andk2 values vs [Zn2+], provided as Figure S2 of the Supporting Information, shows little to no
effect of the [Zn2+] on thek1 andk2 values in this specific case.

FIGURE 6: Digitized data of Rebuffat and co-workers’ (8) amyloidâ peptide aggregation measured by reversed-phase HPLC with absorbance
detection plus the fits to the F-W 2-step mechanism. Part (a) is for Aâ1-16, the first 16 peptides of amyloidâ (k1 ) 7(1) × 10-3 day-1,
k2 ) 9(4) × 10-4 mM-1‚day-1) and (b) Aâ5-16, peptides 5-16 of amyloid â, (k1 ) 2.1(5) × 10-3 day-1 and k2 ) 3.1(2) × 10-3

mM-1‚day-1).

Protein Aggregation Analysis Using the F-W Mechanism Biochemistry, Vol. 47, No. 8, 20082421



workers, listed in Table 1, modifications those authors found
necessary to simplify the mathematics into an equation usable
for fitting experimental data). Indeed, in the Supporting
Informationwe demonstrate the mathematical identity of the
F-W and Saitoˆ analytic equations. This means that the
3-step mechanism proposed by Saitoˆ and co-workers in 2000
reduces to the 2-step, 1997 F-W mechanism.

In addition, one can also see intuitively how the two
mechanisms shown in Schemes 2 and 3 can lead to the same
overall kinetic expression. For the case of a fast prior
equilibrium that lies predominantly back to the left (toward
A) in the Saitô et al. mechanism, theirkobs′′ will equal
k1′′Keq′′[A] n-1 which in turn will equal k1 of the F-W
mechanism, that is,kobs′′ ) k1′′Keq′′[A] n-1 ) k1 (where we
have substituted a simple “n” for Saitô’s “n0” (35)). That is,
Saitô and co-worker’s postulated pre-equilibrium ofnA
monomers to an An micellular-like aggregateswhich others
would just call soluble protein oligomers (40, 41)scan be
hidden within thek1 of the F-W mechanism.

The mathematical identity of the F-W 2-step mechanism
with the Saitoˆ et al. 3-step mechanism (i.e., and post the
assumptions Saitoˆ et al. necessarily made to yield an equation
that would allow them to analyze their protein aggregation
kinetic data) means that, therefore, the Saitoˆ et al. 3-step
mechanism is, in the final analysis, a reinvention of the 2-step
mechanism. It should, therefore, be replaced by the 2-step
F-W mechanism. This comment is not intended to down-
grade in any way the independent derivation and contribution
by Professor Saitoˆ and his co-workers; indeed, the fractional
conversion (“f”) form of the equation given back in Table 1
is a convenient form for analyzing data (with units of
reciprocal time). Moreover, it is entirely possible that the
3-step mechanism in Scheme 3 may well eventually prove
to be a more accurate description of the underlying, true
protein aggregation process in at least some cases.

Relevant here is a brief discussion of the original Af B,
A + B f 2B and more generalized form,nA f Bn, A + Bn

f Bn+1 (Scheme 4), of the F-W 2-step mechanism. In
Schemes S2 and S3 of the Supporting Information we show
the mathematical relationship between these two. At the first
level of approximation, they are equivalent with the general-
ized form of the equation introducing a statistical factor into
k1′ andk2′; that is,k1 andk2 of the original F-W mechanism
are proportional, respectively, to (n + 1)k1′[A] n-1 and (n +

FIGURE 7: Digitized data of Fink’s (9) R-synuclein aggregation,
in the presence of macromolecular crowding induced by 100
mg/mL poly(ethylene glycol)-3350 and monitored by ThT fluo-
rescence, and curve-fit to the F-W 2-step mechanism,k1 ) 4.0(8)
× 10-5 h-1, k2 ) 2.77(7) × 10-3 µM-1‚h-1. Fink notes about
R-synuclein aggregation, “The in vitro kinetic studies ofR-synuclein
fibril formation show an initial lag phase followed by an exponential
growth phase and a final plateau...” (9). These are, again, the kinetic
signatures of the F-W 2-step mechanism.

FIGURE 8: Digitized data of Sode and co-workers’ (10) R-synuclein
aggregation measured by TfT fluorescence assay analysis and fit
to the F-W 2-step mechanism. The resultantk1 )1(1) × 10-3 h-1

andk2 ) 2.2(6)× 10-3 µmol-1‚h-1.

FIGURE 9: Digitized data of Wetzel and co-workers’ (11) aggrega-
tion of polyglutamine monitored by light scattering and fit to the
F-W 2-step mechanism with resultant rate constants,k1 ) 2.6(3)
× 10-3 h-1 andk2 ) 2.3(2)× 10-4 µM-1‚h-1.

FIGURE 10: Digitized data of Wetzel’s (12) polyglutamine ag-
gregation without seeding monitored by light scattering and fit to
the F-W 2-step mechanism. The fit values arek1 ) 1.0(4)× 10-3

h-1 andk2 ) 1.9(2)× 10-3 µM-1‚h-1.
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1)k2′ of the generalized F-W mechanism under the condi-
tions and assumptions of the derivation in the Supporting
Information. In bothk2 and k2′ there is also a previously
introduced (31) “scaling factor” of (1 + øgrowth)/2 for
spherical growth, as further defined and discussed elsewhere
(31) due to the increasing surface area of B onto which
aggregation is taken to be increasingly likely as the aggregate
grows. More recent (42) and upcoming (43) papers discuss
a treatment of the scaling factor that is continuous with time
and, therefore, allows a continuous correction to the changing
fraction of B on the particle or aggregates’s surface, although
the specific treatment given is for the case of transition-metal
nanoparticles (42, 43)sone, however, that should be readily
extendable by analogy to protein aggregation.

Does the F-W 2-Step Mechanism Make Physical Sense
for Protein Aggregation?The good to excellent fits obtained
for a wide range of protein aggregation data (Figures 2-12)
argue that the F-W mechanism must be portraying at least
some of the key features of the more complete, elementary
step process of protein agglomeration. Nevertheless, the good
fits still beg the question of “does the F-W mechanism make
physical sense for protein aggregation?” A closely related
question is what is a deeper physical description of “A” and
“B” in the 2-step mechanism, Af B, A + B f 2B?

In their simplest forms, A is just the predominant form of
the unfolded or misfolded, ready-to-aggregate protein in
solution while B is more complex, B representing the protein
aggregates, with all different sizes of B at a given time,t,
being lumped into one average “B”. Physically, B appears
to be (growing)surface areaof the aggregated protein, that
is, the surface area that is primarily involved in, and leads
to, aggregation as A+ Bn f Bn+1 grows to highern. This
is consistent with the description by Fink et al. in the case
of R-synuclein where he describes “a partially folded
intermediate is anticipated to have contiguous hydrophobic
patches on its surface, which are likely to foster self-
association and hence potentially fibrillation” (44)san apt
description of our “B”. The broad descriptor “B” therefore
covers a range anywhere from a hypothesizedtoxic inter-
mediate species(45-52) all the way up to the hypothesized
nontoxic fibril (45). This makes it rather apparent that much
more effort needs to go into demonstrating by direct
spectroscopic means what “B” is more preciselyand as a
function of time.

The Emerging Case for Protofibrils as the Toxic Inter-
mediate(s). A consensus appears to be developing in the
literature that intermediate protofibrils and/or soluble oligo-
mers are the toxic species in neurodegenerative diseases
(45-52). (For more references on intermediate protofibril
and soluble oligomer species, please refer to the Supporting
Information.) A very important implication of the fits to the
F-W 2-step mechanism provided herein is that thesoluble
monomer-to-protofibril-to-final fibril sizeVs time is in
principle obtainable from the deconVoluted k1 and k2 and
knowledge of the beginning protein concentration, A0, so long
as a final fibril geometry and final size are also known.The
treatment is expected to be directly analogous to that we
have developed for nanocluster size vs time (53), but with
the caveat that the shape and geometry treatment will of
course be different than the treatment used for spherical
nanoparticles (53). The needed equations are under develop-
ment (54). In short, an implication of the fits herein
deconvoluting nucleation,k1, from surface autocatalytic
growth,k2, is that protofibril size vs time will be predictable
(again, if the final geometry and average size can be firmly
established). This in turn promises to greatly expedite the
rational synthesis of fibrils of known size and, hence, their
detailed study and all the insights those studies promise to
provide.

AdVantages and Especially CaVeats/Limitations of the
F-W 2-Step Kinetic Model.The F-W 2-step mechanism
appears to fit a broad range of neurological protein aggrega-
tion data. The simplicity and quality of the fits, the
deconvolution of the nucleation,k1, from the growth,k2, and
the implications for fibril size vs time studies are all
extremely valuable components of theF-W kinetic model.

FIGURE 11: Digitized data of Goto and co-workers’ (13) ultrasoni-
fication-induced aggregation ofâ2-microglobulin monitored by ThT
fluorescence and fit (solid line) to the F-W 2-step mechanism.
â2-Microglobulin is an amyloid protein that causes amyloidosis
resulting in the deposition of amyloid fibrils in the synovia of the
carpal tunnel in patients who have been receiving dialysis for more
than 10 years (67). Note the generally excellent fit to this highly
sigmoidal, approaching step-function-like kinetic curve. The fit
values arek1 ) 1(3) × 10-11 min-1 and k2 ) 6(1) × 10-4

min-1‚µM-1.

FIGURE 12: Digitized data of Dobson and co-workers’ (14) in vitro
D67H human lysozyme variant used to study the folding and
misfolding of the protein, the latter leading to aggregate formation
and amyloid disease, again with fits to the F-W 2-step mechanism.
In 1993 the D67H lysozyme variant was discovered to be associated
with a hereditary form of nonneuropathic systemic amyloidosis that
causes amyloid deposits to form in various organs of the body (68).
The aggregation data was measured by dynamic light scattering
and normalized by the authors. The resultantk1 ) 1.1(1)× 10-1

h-1, k2 ) 1.9(1) µM-1‚h-1.
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Another significant advantage is that the use of the 2-step
F-W mechanism allows kinetic fits en route to the correct
deduction of mechanism in cases where fewer data of lower
precision are available (55). The above positives noted, the
limitationsof the F-W model also need to be clearly noted.
Some main limitations apparent at present are as follows:

(1) The F-W 2-step mechanism is obviously a highly
condensed, oversimplified, phenomenologicalmodelof the
real protein agglomeration that often consists of probably
hundreds if not thousands of steps. The ability of such a
2-step model to account in at least an average way for the
multistep reaction is, in that sense, remarkable even if a
significant oversimplification.

(2) The resultantk1 andk2 values are, therefore,aVerages
over all of the true underlying steps. As such, important
kinetic and mechanistic information must be hidden in the
“average” pseudo-elementary steps (31) of A f B, A + B
f 2B or even the more generalizednA f Bn, A + Bn f
Bn+1. Put another way, the F-W model assumes thatk1 and
k2 are independent of aggregate size (i.e., that for thenth
step a givenkn ) kn+1 ∝ kn+2 and so on). This is probably
never exactly true, and in some cases may hide a very
important increase or decrease in the rate of, for example,
growth with aggregate particle size. Another issue here, as
the kinetic equations in Scheme S2 (or just thinking about
the following) make apparent, is that, during the nucleation
process, [A] is approximately constant. Therefore, a higher

kinetic order in [A], that is, k1′[A] n, is easily hidden
kinetically and can appear as an apparentk1(apparent)[A] 1

dependence, where in factk1 ∝ k1′[A] n-1. This situation is
something we already have experimental evidence for in the
case of transition-metal nanocluster nucleation and growth
(43), and is something that we expect will be more common.
This is actually an advantage when working up kinetic data,
as fits to the simple, apparently first-order nucleation step,
A f B, are seensan advantage so long as the user is aware
that further plotting of the pseudo-first-orderk1(apparent)vs [A]
is needed to test for a higher ordernA f Bn component to
the reaction.

(3) The fact that all sizes of the growing aggregate are
hidden behind the general descriptor “B” is a significant
weakness, given the growing evidence that smaller, inter-
mediate size fibrils may be the more toxic species (45-52).
This weakness is mitigated against somewhat by the fact that
k1 andk2 can be used, along with a knowledge of the final
geometry and final (average) size of the aggregates to obtain
an (average) size vs time of the aggregates (53) or fibrils.
Nevertheless, a better experimental handle on the sizes of
“B” vs time is a very important avenue of future research.

The above are the main caveats and limitations of the
F-W 2-step model that are apparent to us, at least at present.
Other disadvantages (as well as other possible advantages?)
will undoubtedly become apparent with time. The situation
is perhaps best stated by Eigen in his analysis of prion disease
kinetics (59): “The model chosen must be simple enough
to yield lucid results. On the other hand, it must be complex
enough to comprise the essential influences that characterize
nucleated aggregation.”

SUMMARY AND CONCLUSIONS

The main insights from this contribution are the following:
(i) Fourteen protein aggregation data sets for primarily

three different proteins (amyloidâ, R-synuclein, and poly-
glutamine) obtained by four different monitoring methods
and nine individual research labs were fit to the F-W 2-step
mechanism/model. The resultant fits separate and quantitate
for the first time the nucleation and growth quantitative rate
constants for the representative 14 data sets and under the

Table 2: Rate Constants and Coefficient of Determination (R2) Values from Fitting 14 Literature Protein Aggregation Kinetic Data Sets to the
F-W 2-Step Mechanism, Scheme 2, Vide Supra (The Plots of Those Fits Are Shown in Figures 2-12)a

entry reference system
distinguishing

experimental details
data collection

method k1
a k2

a,b R2 c

1 Kelly (4) amyloidâ fluorescence 8(3)× 10-6 h-1 2.3(1)× 10-3 µM-1 h-1 0.9989
2 Vestergaard (5) amyloidâ fluorescence 6(2)× 10-3 min-1 7(2)× 10-4 µM-1 min-1 0.9830
3 Lynn (6) amyloidâ CD 6(7)× 10-7 h-1 3.0(3)× 10-1 mM-1 h-1 0.9971
4 Lynn (7) amyloidâ 1 mM peptided CD 1.0(5)× 10-4 h-1 5.7(6)× 10-2 mM-1 h-1 0.9973
5 [Zn]:[peptide]) 0.2d 8.3(3)× 10-4 h-1 6.29(9)× 10-2 mM-1 h-1 1.0000
6 [Zn]:[peptide]) 0.4d 1.6(4)× 10-4 h-1 6.7(4)× 10-2 mM-1 h-1 0.9988
7 Rebuffat (8) amyloidâ Aâ1-16 absorbance 7(1)× 10-3 days-1 1.8(8)× 10-3 mM-1 days-1 0.9904
8 Aâ5-16 2.1(5)× 10-3 days-1 3.5(2)× 10-3 mM-1 days-1 0.9964
9 Fink (9) R-synuclein fluorescence 4.0(8)× 10-5 h-1 4.0(1)× 10-3 µM-1 h-1 0.9986
10 Sode (10) R-synuclein fluorescence 1(1)× 10-3 h-1 1.1(3)µM-1 h-1 0.9778
11 Wetzel (11) polyglutamine DLS 2.6(3)× 10-3 h-1 2.3(2)× 10-4 µM-1 h-1 0.9941
12 Wetzel (12) polyglutamine DLS 1.0(4)× 10-3 h-1 1.3(1)× 10-2 µM-1 h-1 0.9877
13 Goto (13) â-microglobulin fluorescence 1(3)× 10-11 min-1 9(1)× 10-3 µM-1 min-1 0.9968
14 Dobson (14) D67H lysozyme DLS 1.1(1)× 10-1 h-1 1.41(7)× 10-1 µM-1 h-1 0.9846

a The error bars are determined by the square root of the reducedø2 based on a modified Levenberg-Marquardt algorithm.1 b The concentration
units onk2 were determined by multiplying by the maximum intensity and dividing by the initial starting concentration of the respective protein
being measured.c R2 is the coefficient of determination that gives information about the goodness of fit of the model applied (the closer this value
is to 1.0, the more precise the fit is to the data).d These data points were corrected for the negative ellipticity values that were reported (vide infra).

Scheme 3: Saitoˆ and Co-workers’ (35) Mechanism for the
Aggregation of Human Calcitonin

Scheme 4: The Generalized Form of the F-W Mechanism
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assumptions noted in Materials and Methods (e.g., assuming
as in the prior literature that the signal intensity is directly
proportional to the amount of aggregated protein).

(ii) The F-W 2-step mechanism of Af B and A+ B f
2B with the generalized form,nA f Bn and A+ Bn f Bn+1,
appears, therefore, to provide the simplest possible, “Ock-
ham’s razor” model for protein aggregation across a fairly
wide body of data. Its most important feature is its ability to
separate and quantitate nucleation from growth in a clear,
well-defined, easily applied way.

(iii) The main limitations of the F-W kinetic model that
are apparent at present were also noted, specifically the fact
that it is an oversimplified, phenomenological model of the
true, multistep process, that it provides averagek1 and k2

values that may hide important changes ink1 and k2 with
growing aggregate size, and that B is a catch-all for the
growing aggregate which, again, will hide any important
differences in the growing aggregate and protofibrils as a
function of their size.

(iv) Even given its limitations, since the F-W mechanism
gives separate rate constants for nucleation and growth,
therapeutic opportunities are apparent. For instance, quantita-
tive studies aimed at understanding what factors start vs stop
nucleation (k1) should in turn yield opportunities for better
treatmentssnamely inhibiting the nucleation step and thus
stopping aggregation from even beginning. The importance
of mechanistic understanding to therapeutic approaches
should not be underestimated; a interesting historical case
backing this assertion is sickle cell hemoglobin polymeri-
zation where Eaton and Hofrichter noted: “Finally, kinetic
studies have played a central role in understanding the
pathophysiology of sickle cell disease and the design of
strategies for therapy” (56).

(v) The deconvolution herein of protein aggregation into
its nucleation,k1, and autocatalytic growth,k2, components
also promises to allow more detailed studies and insights
into established phenomenological linear-free-energy rela-
tionships correlating protein aggregation rates (typically after
the “lag” phase; i.e., really during thek2 growth phase) with
calculated indices for hydrophobicity, charge, and intrinsic
propensity to formâ-sheets orR-helices (57) as well as
extrinsic factors such as pH, ionic strength, and protein
concentration (57). As Dobson, Chiti, and Vendruscolo (57)
have noted, correlations for the crucial “lag” (really nucle-
ation,k1) phase need to be done,and that now is possibles
that is, more rigorous correlations ofboth k1 andk2 values
with the above intrinsic as well as extrinsic properties are
now also possible.

(vi) In addition, a host of other, more detailed and more
quantitative studies of protein agglomerationsthat is, nucle-
ation (k1) and growth (k2)snow become possible, specifically
any and all desired studies looking at the factors that
influencek1 vs those that influencek2.

(vii) Finally, an interesting hypothesis resulting from this
and our other (31-33) worksindeed, the most far-reaching
hypothesis to result from this work in combination with our
prior work on the F-W mechanism in other areas of science
(31-33)sis that the F-W mechanism appears to be a (if
not the) more general, simplest/Ockham’s razor, phenom-
enological kinetic model for first-order phase transitions in
solution (first-order phase transitions being defined as “a
change in state of aggregation of a system accompanied by

a discontinuous change in enthalpy, entropy, and volume at
a single temperature and pressure” (58)). We have shown
previously that this mechanism fits nanocluster agglomeration
(31, 32) (see the Supporting Information for a more expanded
list of nanocluster references), we have shown herein that
the 2-step mechanism fits the completely different case of
protein aggregation, and in other studies in progress we show
that the F-W model can account for at least some solid-
state kinetic data as well (33). The evidence to date suggests,
then, that the F-W 2-step mechanism is the more general,
Ockham’s razor kinetic model or “mechanism” for first-order
phase transitions in solution. We view and offer this as a
hypothesis, one able to connect a broad spectrum of
previously largely unconnected literature (23, 31-33).
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SUPPORTING INFORMATION AVAILABLE

Derivation of the analytic equation of the F-W 2-step
mechanism; derivation of Saitoˆ and co-workers’ 2-step
mechanism for the aggregation of calcitonin and its equiva-
lence to the F-W 2-step mechanism; comparison of the
original and generalized form of the F-W 2-step mechanism;
examination of the scaling factors for the rate constants,k1

andk2; additional references for nanocluster formation data
accounted for with the F-W mechanism; additional refer-
ences for fibril intermediate species; numerical integration
of kinetic data using MacKinetics; effect of added [Zn2+]
on the rate constants of amyloidâ aggregation; alternative
mechanisms considered: the 3- and 4-step mechanisms; fits
of amyloid â aggregation data to the 3- and 4-step mecha-
nisms; comparison of rate constants obtained from the 2-,
3-, and 4-step mechanisms, derivation of analytic equations
for autocatalysis alone and the 2-step mechanism when [B]0

* 0; fits of polyglutamine seeded data for autocatalysis alone,
the 2-step mechanism, and the 2-step mechanism with [B]0

* 0, along with a table of resultant rate constants; fits of
R-synuclein seeded data for the 2-step and 2-step with [B]0

* 0 mechanisms with a table of resultant rate constants;
correlations of thek1 and k2 rate constants with the [B]0.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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