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is believed to be intimately connected to many neurodegenerative disorders. We
recently reported an “Ockham's razor”/minimalistic approach to analyze the kinetic data of protein
aggregation using the Finke–Watzky (F–W) 2-step model of nucleation (A→B, rate constant k1) and
autocatalytic growth (A+B→2B, rate constant k2). With that kinetic model we have analyzed 41
representative protein aggregation data sets in two recent publications, including amyloid β, α-synuclein,
polyglutamine, and prion proteins (Morris, A. M., et al. (2008) Biochemistry 47, 2413-2427; Watzky, M. A.,
et al. (2008) Biochemistry 47, 10790–10800). Herein we use the F–W model to reanalyze protein aggregation
kinetic data obtained under the experimental conditions of variable temperature or pH 2.0 to 8.5. We provide
the average nucleation (k1) and growth (k2) rate constants and correlations with variable temperature or
varying pH for the protein α-synuclein. From the variable temperature data, activation parameters ΔG‡, ΔH‡,
and ΔS‡ are provided for nucleation and growth, and those values are compared to the available parameters
reported in the previous literature determined using an empirical method. Our activation parameters suggest
that nucleation and growth are energetically similar for α-synuclein aggregation (ΔG‡

nucleation=23(3) kcal/
mol; ΔG‡

growth=22(1) kcal/mol at 37 °C). From the variable pH data, the F–W analyses show a maximal k1
value at pH ~3, as well as minimal k1 near the isoelectric point (pI) of α-synuclein. Since solubility and net
charge are minimized at the pI, either or both of these factors may be important in determining the kinetics
of the nucleation step. On the other hand, the k2 values increase with decreasing pH (i.e., do not appear to
have a minimum or maximum near the pI) which, when combined with the k1 vs. pH (and pI) data, suggest
that solubility and charge are less important factors for growth, and that charge is important in the k1,
nucleation step of α-synuclein. The chemically well-defined nucleation (k1) rate constants obtained from the
F–W analysis are, as expected, different than the 1/lag-time empirical constants previously obtained. However,
k2×[A]0 (where k2 is the rate constant for autocatalytic growth and [A]0 is the initial protein concentration) is
related to the empirical constant, kapp obtained previously. Overall, the average nucleation and average
growth rate constants for α-synuclein aggregation as a function of pH and variable temperature have been
quantitated. Those values support the previously suggested formation of a partially folded intermediate that
promotes aggregation under high temperature or acidic conditions.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
The processes of nucleation and growth are of central importance
to many different neurological disorders since the aggregation of
certain proteins is hypothesized in the literature to be intimately
linked to the cause of numerous neurodegenerative diseases [1–6]. For
instance, the aggregation of α-synuclein has been hypothesized to be
the underlying cause of Parkinson's disease [5]. The ability to monitor
and detect protein aggregation is, therefore, of importance and may
lead to possible therapeutic treatments.
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Recently, we reviewed the literature relevant to themechanism(s) of
protein aggregation and found five classes of proposed kinetic
mechanisms for the aggregation of proteins [7]. Experimentally, we
found that the “Ockham's razor” [8]/minimalistic, Finke–Watzky (F–W)
2-step model, Scheme 1, is able to fit a wide variety of kinetic data and
Scheme 1. The minimalistic, “Ockham's razor” Finke–Watzky (F–W) 2-step kinetic
model of nucleation followed by autocatalytic growth [11].
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2 The prior work refers to kapp as an apparent first order rate constant. However,
since kapp is not defined in the usual way by a well-defined and balanced chemical
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provide quantitative rate constants corresponding to the nucleation and
growth of protein aggregates [9,10].

The F–W 2-step model was originally developed for transition-
metal nanocluster nucleation and growth [11] but has recently been
applied to a wider range of natural growth phenomena [12] including,
protein aggregation [9,10] kinetics. In protein aggregation, A is the
monomeric form of the protein, B is the polymeric form of the protein
aggregate, and k1 and k2 correspond to the average rate constants for
nucleation and growth, respectively, rigorously defined kinetically by
the F–W 2-step kinetic model in Scheme 1.

Recently we reported that the F–W model is able to fit the kinetic
data in 14 different data sets of protein aggregation relevant to
Alzheimer's, Parkinson's, and Huntington's diseases [9], as well as 27
data sets for yeast andmammalian prion aggregation kinetic data [10].
The F–W fits to these protein aggregation data sets yielded the first
quantitative rate constants for both nucleation (k1) and growth (k2) in
these systems [9,10]. Those individual rate constants in turn yielded
insights into factors such as the N-terminal portion and Gln/Asn rich
regions that affect nucleation more than growth, while other factors
such as the C-terminal portion affects growth and not nucleation in
model yeast prion systems relevant to prion diseases [10].

Herein we examine α-synuclein (140 amino acids; ~14,000 MW)
aggregation variable temperature and variable pH kinetic data from a
classic study from A. L. Fink's laboratories1 using the F–W model. This
protein systemwas previously analyzed using onemethod available at
the time, namely an empirical approach [13] (see the Results and
Discussion section, vide infra). Specifically, herein we address the
following questions: (i) Is there any correlation between the k1 and k2
values for nucleation and growth and the empirical constants
determined previously, 1/lag-time and kapp [13]? (ii) Do the activation
parameters obtained from the variable temperature analysis using the
F–W model correspond to the activation parameters reported using
empirical methods? (iii) What is the correlation between the pH value
and the nucleation and growth rate constants obtained from the F–W
analysis? (iv) How do any correlations observed and resultant insights
compare to those observed from empirical treatments of the variable
pH data? (v) Are our kinetic analyses consistent with the prior finding
[13] that acidic pH or increased temperature causes the formation of a
partially folded intermediate that promotes α-synuclein aggregation?
And lastly, (vi) what physical/biochemical insights canwe derive from
the deconvoluted, well-defined nucleation (k1) and autocatalytic
growth (k2) rate constants?

2. Experimental

2.1. Selection of data sets for analysis

The data fit in the Results and Discussion section were selected from
searches of the literature (using Scifinder Scholar) that displayed variable
temperature or variable pH kinetic data for α-synuclein aggregation and
also provided the original raw data (i.e., the temperature or pH kinetic
curves). The system chosen was Fink and co-workers' scholarly, expert
biophysical studies of α-synuclein aggregation [13].

2.2. Data analysis and curve fitting

Data were extracted (digitized) from published kinetic curves
using Engauge Digitizer 2.12 and fit by the analytical equation shown
1 We were unaware until after we completed this project that Professor A. L. Fink
had passed away. We originally picked his laboratory's data set and paper because of
the high quality of data and science in that paper; indeed, we had hoped to initiate a
collaboration by sending him a copy of this paper and sharing co-authorship with him.
We dedicate this paper to Professor Fink's highly productive career and superb science.
We wish we'd had the chance to know him personally and collaborate with him and
his research group. We thank Professor G. Millhauser as UC Santa Cruz for his help and
advice in constructing this dedication to Professor Fink.
in Eq. (1) corresponding to the F–W model (Scheme 1) using Origin
7.0, all as previously described [9]. The resultant rate constants for
each data set were then plotted using Excel 11.3.3 and the activation
parameters were calculated using the Eyring equation, Eq. ((2), where
k is the rate constant, T is temperature, R is the universal gas constant,
kB is Boltzmann's constant, and h is Planck's constant.
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3. Results and discussion

3.1. Previous α-synuclein aggregation kinetic data and analysis by an
empirical method

Previously α-synuclein aggregation was induced by increasing
temperature or decreasing pH and monitoring the aggregation
kinetics using ThT fluorescence [13]. The goal of that study [13] was
to test the hypothesis that higher temperature or lower pH would
induce the natively unfolded α-synuclein into a partially folded, more
aggregation prone, intermediate state. After following the kinetics of
α-synuclein aggregation and performing other biophysical studies
[13] the authors noted, “such [kinetic] curves are consistent with a
nucleation-dependent polymerization model” [13].

The variable temperature and pH kinetic data was previously
published and analyzed via the empirical equation shown in Eq. (3)
where Y is the fluorescence intensity, (yi + mix) is the initial slope of
the line during the lag phase, (yf+mfx) is the final slope of the line after
the growth has ended, and χ0 is the time to reach 50% maximum
fluorescence intensity [13]. From Eq. (3) the empirical constants2 of
kapp=1/τ and 1/lag-time=1/(χ0−2τ) are calculated [13]. As these
equations show, the lag time and kapp are both dependent upon 1/τ in
the empirical model. While Eq. (3) is able to fit the published kinetic
data [13], the authors were careful to note, “This expression is un-
related to the underlying molecular events, but provides a convenient
method for comparison of the kinetics of fibrillation” [13].

Y = yi +mixð Þ + vf +mf x
� �
1 + e−

χ−χ0
τð Þ ð3Þ

It is of interest, therefore, to analyze this α-synuclein aggregation
data by the F–W 2-step nucleation and autocatalytic growth model to
(i) see if the F–Wmodel will fit the data, and if so (ii) to obtain discrete,
chemically well-defined nucleation (k1) and autocatalytic growth (k2)
rate constants, as well as (iii) to see if our quantitative kinetic results
support or refute the original hypothesis [13] of increased tempera-
ture or decreased pH causing the formation of a partially folded
intermediate.
reaction, it is not a true rate constant in a rigorous sense. Hence, we have referred to
both 1/lag-time and kapp as empirical constants throughout the text. This point is not
trivial. In fact, a review of the protein aggregation kinetic and modeling literature [7]
shows that a failure to connect words, concepts, and their associated rate constants to
balanced chemical reactions (as is the protocol of rigorous chemical kinetics) has
contributed to considerable confusion in the protein aggregation literature [7].
Obviously, Professor Fink and co-workers were aware of this point as the quotation
in the text of the original paper indicates (“This expression is unrelated to the
underlying molecular events, but provides a convenient method for comparison of the
kinetics of fibrillation”) [13].



Fig. 1. Literature α-synuclein aggregation at 37 °C kinetic data [13] and the fit by the F–W
2-step model. The resultant rate constants are k1=8(2)×10−4 h−1 and k2=1.5(1)×10−3 µM−1

h−1 with an R2=0.9957.

Fig. 2. Eyring plots of (a) k1 and (b) k2 for the α-synuclein aggregation system [13]. The
error bars were propagated assuming a possibly too large (i.e., upper limit) error in the
temperature measurement of ±0.5 °C and since no temperature measurement error
bars were given in the original work.
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3.2. Analysis of variable temperature α-synuclein aggregation kinetic
data with the F–W 2-step model

Variable temperature data of α-synuclein aggregation [13] were
analyzed using the F–W 2-step model. The F–W analysis yields the
rate constants for nucleation (k1) and growth (k2), along with the
coefficient of determination (R2) for each fit.

3.2.1. Sample F–W fit and rate constants obtained
An example of the graphic fit obtained from the F–Wanalysis of the

variable temperature α-synuclein aggregation kinetic data is given in
Fig. 1 (all 4 graphical fits of this data are available in Fig. S1 of the
Supporting Information). Shown in Table 1 are the nucleation (k1) and
growth (k2) rate constants obtained from the F–Wanalysis. Also given
in Table 1 are k2[A]0 values, where [A]0 is the initial concentration of
α-synuclein, along with the coefficient of determination (R2) values
for the fits at each temperature. The R2≥0.989 as well as the visually
good fits (Figs. 1 and S1 of the Supporting Information) indicate that
the F–Wmodel is able to fit the kinetic data well at each temperature.
For comparative purposes, the empirical constants1 previously
obtained via Eq. (3) are also provided in Table 1.

As expected, the k1 and k2 rate constants obtained from the F–W
model are different than the empirical constants1 obtained from
Eq. (3), Table 1. However, examination of Table 1 reveals that kapp from
Eq. (3) appears to be proportional to k2[A]0 obtained by from the F–W
model (vide infra). From the k1 and k2 rate constants, we observe that
both nucleation and growth are faster at higher temperatures, as of
course expected and as seenwith the previous empirical analysis. The
Table 1
The average rate constants and R2 values obtained from fitting the variable temperatureα-sy
empirical constants reported [13] using Eq. (3)

27 °C

For the F–W analysis: k1
a (h−1) 2.4(8)×10

k2
a (µM−1 h−1) 6.4(4)×10

k2[A]0 (h−1) 4.5(3)×10
R2 b 0.9891

From the previous analysis [13]: 1/lag-time c,d (h−1) 4.1×10−2

kapp
c,d (h−1) 1.4×10−2

aThe error bars for k1 and k2 are determined by the square root of the reduced χ2 based on
bR2 is the coefficient of determination and is the square of the correlation coefficient (r). Th
cThe 1/lag-time and kapp values were found by digitizing a ln(1/lag-time) and ln(kapp) vs. 1/
d While digitizing the data it became apparent that in order to correspond with the raw varia
of reciprocal seconds. The 1/lag-time and kapp were converted to units of h−1 for compariso
increases in k1 and k2 are consistent with the previous idea of an
increased concentration and/or aggregation rate of a partially folded
intermediate at higher temperatures [13].

3.2.2. Activation parameter determination
From the Eyring plots shown in Figs. 2a and b, the activation

parameters ΔG‡, ΔH‡, and ΔS‡ were obtained for both the nucleation
(k1) and growth (k2) steps of the α-synuclein aggregation system,
Table 2. The activation parameters obtained for the k1 nucleation and
k2 growth steps are quite similar, a finding that has also been observed
in actin aggregation [14]. That said, the importance of ΔH‡

nucleation,
ΔH‡

growth, ΔS
‡
nucleation, and ΔS‡growth obtained from the F–W model,
nuclein aggregation data [13] with the F–W2-stepmodel along with comparisons to the

37 °C 47 °C 57 °C
−4 8(2)×10−4 2.3(7)×10−3 6(2)×10−3
−4 1.5(1)×10−3 3.6(3)×10−3 9.0(7)×10−3
−2 1.05(7)×10−1 2.5(2)×10−1 6.3(5)×10−1

0.9957 0.9921 0.9914
9.2×10−2 2.5×10−1 6.1×10−1

3.4×10−2 1.1×10−1 2.8×10−1

a modified Levenberg–Marquardt algorithm [25].
e closer this value is to 1.0, the more precise the analysis is to fitting the data.
T plot from the original reference [13].
ble temperature kinetic data the ln(1/lag-time) and kapp vs. 1/T graphs had to be in units
n purposes to the analyses presented herein.



Table 2
Activation parameters calculated for α-synuclein aggregation from the Eyring plots shown in Fig. 2 using the F–Wanalysis and comparison to the empirical parameters previously
obtained in the literature

ΔG‡ (kcal/mol @ 37 °C) ΔH‡ (kcal/mol) ΔS‡ (cal/mol K)

From the F–W analysis: Nucleation, k1a 23(3) 20(3) −10(10)
Growth, k2a 22(1) 17(1) −18(3)

ΔHemp1
‡ b (kcal/mol)

From the literature empirical analysis (13)c,d: 1/lag-time 17.3(8)e[27]f NAg

kapp 19.5(8)e[27]f NAg

a The error bars are calculated by propagating the error through the Eyring equation using the following equations from Girolami and co-workers [26]:
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; where

ΔL=[1n(kmax/Tmax)−1n(kmin/Tmin)]. For σk, we used the largest error bars in the k1 or k2 that was observed and assumed an error of 0.5 K for σT. Alternatively, we calculated error bars
based on the errors at the 95% (2σ) confidence level for the slope and intercept obtained from the linear regression analysis. However, those resultant error bars are much smaller (by
ca. 2–10 fold in ΔH‡ and 3–30 fold in ΔS‡). Therefore, we have reported the larger error bars herein.

b We denote the enthalpy of activation from the previous analysis as ΔHemp1
‡ since it is derived from empirical constants1 and is therefore, not a true ΔH‡ value in the unambiguous

chemical mechanism sense.
c In the literature, Eq. (3) is used to calculate the empirical constants1 of kapp=1/τ and 1/lag-time=1/(χ0−2τ) [13].
d α-Synuclein aggregation was measured from 27 °C to 57 °C; a 30 °C temperature range.
e These values were converted from the reported Ea by the following equation: Ea=ΔH‡+mRTmean, where m is the molecularity (taken as 1 in the present case), and Tmean is the

mean temperature range over which measurements were taken [27].
f The error bars reported come from the original analysis [13] and are calculated from the error in the slope of the linear regression fits of the Arrhenius plots.
g NA = not available.
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and shown in Table 2, is that they refer to the well-defined chemical
steps of nucleation and growth, respectively. Application of the F–W
model also gives previously unavailable ΔS‡ values.

The activationparameters forα-synuclein aggregation are of interest
and merit comment. The values of ΔH‡ for nucleation and growth are
both positive forα-synuclein (ΔH‡

nucleation=20(3) kcal/mol; ΔH‡
growth=17

(1) kcal/mol), while the ΔS‡ for nucleation and growth are compensat-
ingly more negative (i.e., compensationally less favorable) (ΔS‡nucleation=
−10(10) e.u.; ΔS‡growth=−18(3) e.u.). The enthalpy vs. entropy compensa-
tion might be real or might be artifactual [15] due to the moderate
temperature range (30 °C) examined; large temperature ranges are
known to be required to accurately deconvoluteΔG‡ intoΔH‡ andΔS‡ [16].

Examination of Table 2 shows that the activation parameter
determination using the F–W model yields values that are the same
within experimental error as Eq. (3) for ΔH‡. Both the previous [13]
and present results are consistent with the idea that ΔH‡ for
nucleation and growth are relatively similar.
Fig. 3. Literatureα-synuclein aggregation kinetic data at pH 5.82 [13] and the fit using the
F–W model. Resultant rate constants (and coefficient of determination): k1=4(2)×10−5 h−1;
k2=4.2(3)×10−3 µM−1 h−1 (R2=0.9965).
3.3. Analysis of variable pH α-synuclein aggregation kinetic data with
the F–W 2-step model

The second aggregation variable examined herein is pH. Interestingly,
it has been hypothesized in the literature that a pathological decrease in
pH occurs in neurons affected by neurodegenerative diseases resulting in
apoptosis [17]. It has also been suggested that lowering the pH causes a
reduction in the overall net charge of proteins and thereby increases the
aggregationpropensity [13].While selectivelymaintaining invivo affected
cells at a slightly alkaline pH has been suggested as a possible therapeutic
strategy for the treatment of neurodegenerative disorders [17], it is
probably not a viable treatment option. However, studying variable pH in
vitro may give insights into in vivo factors that could increase the
aggregation propensity and intermediate formation of α-synuclein.

Hence, we have reanalyzed the α-synuclein variable pH kinetic
data that was previously analyzed using Eq. (3) to give empirical con-
stants11/lag-time and kapp [13]. Fig. 3 shows a representative fit and Fig.
S2 of the Supporting Information shows the graphical fits to each of the
five pHvalues examined using the F–W2-stepmodel. Table 3 shows the
rate constants obtained from theF–Wanalyses alongwith the associated
R2 values. The rate constants obtained by the analytic equation for the 2-
Table 3
The resulting rate constants and R2 values from the published [13] α-synuclein variable
pH data fit by the F–W 2-step model and comparison to the empirical constants
reported previously

pH 1.92 pH 2.79 pH 4.08 pH 5.82 pH 7.23/8.52a

k1 (h−1) 3(2)×10−3 1.2(4)×10−2 6(2)×10−5 4(2)×10−5 3.5(6)×10−4

k2 (µM−1h−1) 1.3(3)×10−2 1.0(1)×10−2 1.17(5)×10−2 4.2(3)×10−3 1.7(1)×10−3

k2[A]0 (h−1) 9(2)×10−1 7.0(7)×10−1 8.2(3)×10−1 2.9(2)×10−1 1.19(7)×10−1

R2 0.9898 0.9902 0.9993 0.9965 0.9984
1/lag-time

(h−1) b
2.5×10−1 4.4×10−1 1.1×10−1 4.2×10−2 3.5×10−2/

3.3×10−2

kapp (h−1) b 8.2×10−1 1.0 7.0×10−1 3.4×10−1 1.1×10−1/
8.6×10−2

a While digitizing this data set wewere unable to discern between the data points for
pH 7.23 and pH 8.52.

b These values were obtained by digitizing the pH vs. 1/lag-time and pH vs. kapp
graphs from the original reference [13].



Fig. 4. The (a) k1, (b) k2 and (c) k2[A]0 correlations determined using the F–W 2-step
model to varying pH values.

Fig. 5. The kapp values obtained from Eq. (3) for both the variable temperature and
variable pH data compared to the k2[A]0 values obtained from the same data but using
the F–W 2-step model. The kapp and k2[A]0 values can also be found in Tables 1 and 3.
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step model (Eq. (1)) are one to two orders of magnitude different than
the empirical constants obtained with Eq. (3), Table 3.

3.3.1. Correlations between pH values and nucleation and growth rate
constants obtained from the F–W analysis

The correlations obtained using the F–Wmodel for the varying pH
data are shown in Fig. 4. Fig. 4a reveals that the k1 rate constant is
increased at pH ~2 and increased by another order of magnitude at pH
~3. From pH ~3 to ~4 the nucleation rate constant is decreased by 3
orders of magnitude. The slowest nucleation rate constants occur from
pH 4–6 which coincide well with the isoelectric point (pI) of 4.0–4.7
given for α-synuclein [13,18,19]. The k1 rate constant also increases by
an order of magnitude but now from pH ~6 to pH ~7. The data suggest
that there is an optimum pH of ca. 3 at which the nucleation rate is
greatly enhanced. The result of an optimum pH ~3 is consistent with
the previous structural analyses by Fourier transform infrared
spectroscopy and small angle X-ray scattering, suggesting that the
partially folded intermediate forms between pH 7.5 and 3.0. This
optimum pH ~3 is also consistent with the previous CD and ANS
fluorescence results which suggest partially folded intermediate
formation between pH 5.5 and 3.0 [13]. Assuming that the ThT
fluorescence is providing an accurate measure of α-synuclein
aggregation, our kinetic analysis suggests that the pH range in
which the partially folded intermediate is formed and nucleation is
most increased is pH ~3. The minimum nucleation rate constants
near the pI also suggest that solubility or net charge (or both) may
be important factors in determining the nucleation rate constant for
α-synuclein aggregation [20].

The previous kinetic analysis performed via Eq. (3) yielded a
correlation of shorter lag-times with decreasing pH values but also
revealed the shortest lag-time occurred at pH ~3 [13]. However, over
the range of pH measured, the lag-time only changed by one order of
magnitude. Our results herein, as well as studies in progress [21],
suggests that the lag-time in sigmoidal protein aggregation curves is
not a generally reliable measure of the nucleation rate constant.

Fig. 4b shows the correlation of increasing k2 values (i.e., faster
growth) with decreasing pH. As expected since the concentration of
the protein remains constant, the same correlation holds true for
increasing k2[A]0 with decreasing pH, Fig. 4c. This is also the same
correlation previously observed for kapp [13]. Hence, it appears that
the solubility and charge minima at the pI are not major factors in
determining the growth rate constants of α-synuclein. More impor-
tantly, k2 should have decreased, not increased, near the pI as did k1 if
decreased solubility of α-synuclein near the pI was the controlling
variable. Hence, the combined pH/pI effects on k2 and k1 suggest that
charge is the important variable in determining the α-synuclein
nucleation rate constant, k1.

In short, from the F–W reanalysis of the variable pH data, we
confirm the previous findings [13] that: (i) the nucleation rate
constant (k1) is larger at lower pH values and (ii) kapp, k2[A]0, and k2
increases with decreasing pH values. This supports the previous claim
that the nucleation and growth rate constants are increased under
acidic conditions [13]. We have, however, added the insights that: (i)
the k1 rate constant seems to be maximal at pH 3 and minimal near
the pI, (ii) k2 increases with pH and does not correlate with the pI, so
that (iii) net charge is implicated as an important factor in determining
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the k1 value. In addition, (iv) the lag-time (i.e., 1/lag-time) is not a
generally reliable measure of k1.

3.4. Analysis of any relationships of the rate constants obtained from the
F–W reanalysis to the empirical constants from Eq. (3)

Fig. 5, as well as examination of Tables 1 and 3, show that the k2
[A]0 values from the F–W model are proportional to the kapp values
obtained from Eq. (3), (a plot of k2 vs. kapp is also available in the
Supporting Information). The k2[A]0∝kapp reflects the fact that both
kapp and k2 are proportional to the slope of the growth line [11,13]. In
addition, k2[A]0 ∝ kapp is a useful finding that helps add validity to the
interpretation from the previously obtained kapp [13].

We also attempted to look for any correlations between the
empirical constant 1/lag-time and k1, k2 (or some combination of k1
and k2) from the F–Wmodel. We did not find any apparent correlation
(the interested reader is referred to Figs. S3, S4 the Supporting
Information to see the plots of k1, k1+k2, k1×k2, k1/k2, k1+k2[A]0,
k1×k2[A]0, and k1/k2[A]0 vs. 1/lag-time). This again suggests that lag-
time is not be an accurate measure of the nucleation rate constant. We
were also unable to find any simple mathematical equivalence
correlation between Eq. (1) from the F–W model and the empirical
Eq. (3) (Scheme S1 of the Supporting Information).

3.5. Caveats and limitations of the F–W kinetic model

The weaknesses of the F–W model, which derive ultimately from
its over-simplified nature, have been presented in three other
publications for the interested reader [7,9,10]. Briefly, the main
limitations are: (i) k1 and k2 are averages (although to the extent
nucleation tends towards the limit of a simple misfolded protein [21],
k1 should tend towards the limit of the rate constant for that
individual step); (ii) B is also an average, so that (iii) important
changes in k1, k2, or B as a function of aggregation fibril size are
hidden. In addition, (iv) other processes such as fibril fragmentation
are not treated explicitly [10]. The main advantage of the F–W 2-step
model is, however, its ability to deconvolute the average nucleation
rate constant, k1, from the average autocatalytic growth rate constant,
k2, in a model that has rate constants and associated concepts (words;
specifically nucleation and autocatalytic growth) rigorously defined
by balanced chemical reactions in the normal way of rigorous kinetic
and mechanistic science.

4. Conclusions

The contributions from this article are the following:

• The F–W model 2-step has been used to analyze α-synuclein
aggregation kinetics under variable temperature and variable pH
conditions. Quantitative rate constants with well-defined physical
meaning corresponding to both nucleation and growth, k1 and k2
respectively, were obtained.

• The k1 rate constant found using the F–W model differs from the
empirical 1/lag-time constant obtained previously. Other, in pro-
gress work confirms that 1/lag-time is not a reliable predictor of k1
[22]. However, k2[A]0 from the F–W model is proportional to kapp
from the Eq. (3) empirical treatment, thereby adding validity to the
prior determination and interpretation of kapp.

• The activation parameter determination for α-synuclein performed
herein is the first to our knowledge to report values forΔG‡,ΔH‡, and
ΔS‡ for well-defined nucleation and autocatalytic growth.

• The ΔH‡, ΔS‡, and ΔG‡ of nucleation and growth were found to be
approximately equivalent for α-synuclein under the experimental
conditions examined.

• Theα-synuclein variable pH data analysis shows that the nucleation
rate constant, k1, has a maximal rate constant at pH ~3, as well as
minimal rate constant at pH ~4–6. These results are consistent with
the previous analysis [13] and further suggests that there is an
optimal pH for the nucleation rate constant.

• The growth rate constant, k2, (as well as k2[A]0) appears to increase
with decreasing pH — that is, the average growth rate constant is
faster at lower pH values in the case examined herein. This
observation is again consistent with the previous analysis [13].
Furthermore, the k2 rate constants do not correlate with the pI.

• The combined k1 and k2 vs. pH data near the pI of α-synuclein in
turn suggest that net charge is an important variable in α-synuclein
nucleation.

• Overall, our reanalysis quantitates the average nucleation and
average growth rate constants and kinetically supports Fink and
co-workers' hypothesis [13] of the formation of a partially folded
intermediate species that promotes aggregation at higher tempera-
tures or lower pH.

• Other variables that have been hypothesized to either accelerate
(e.g., O2, H2O2, or O2• [23]), or inhibit (e.g., β- or γ-synuclein [24]),α-
synuclein aggregation in vivo are of interest for deconvolution into
k1 and k2 effects by the methods detailed herein.

Finally, it is especially important to acknowledge the original
work and contributions of the Professor A. L. Fink and his co-
workers [13]. It is their original efforts and α-synuclein kinetic
data that have allowed the work and analysis herein to be
reported. We are pleased to dedicate this work to Professor Fink's
memory.1
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