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Abstract
The aggregation of two negatively-charged polypeptides, poly-L-glutamic acid (PE) and a copolymer
of poly-glutamic acid and poly-alanine (PEA), has been studied at different peptide and salt
concentrations and solution pH conditions. The kinetics of aggregation were based on Thioflavin T
(ThT) fluorescence measurements. The observed lag phase shortened and the aggregation was faster
as the pH approached the polypeptides’ isoelectric points. While the initial polypeptide structures of
PE and PEA appeared identical as determined from circular dichroism spectroscopy, the final
aggregate morphology differed; PE assumed large twisted lamellar structures and the PEA formed
typical amyloid-like fibrils, although both contained extensive β-sheet structure. Differences in
aggregation behavior were observed for the two polypeptides as a function of salt concentration;
aggregation progressed more slowly for PE and more quickly for PEA with increasing salt
concentration. Several models of aggregation kinetics were fit to the data. No model yielded
consistent rate constants or a critical nucleus size. A modified nucleated polymerization model was
developed based on that of Powers & Powers (1), which incorporated the ability of oligomeric species
to interact. This provided a best fit to the experimental data.
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1.0 Introduction
Protein folding is important for cellular function and has been the subject of extensive research
(2–4). Protein misfolding into inactive forms and aggregates can also occur. Proteins can
assemble to form two different types of aggregates:disordered and ordered. While disordered
aggregates have important consequences in pharmaceutical production, stabilization, and
delivery, the ability of proteins and polypeptides to form ordered aggregates has been linked
to disease in vivo and also to potential technological applications (5–9). Ordered aggregates
can form high aspect ratio amyloid fibrils that often exhibit enhanced stability to pH and
temperature fluctuations compared to native protein structures (9–11). While the amino acid
sequence, overall morphology, and sizes of fibrils varies, all amyloids have a common cross
β-sheet structure, as confirmed by X-ray diffraction (XRD) (12).
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Studies on the aggregation process have included characterizing natural amyloids, determining
non-native peptide sequences that aggregate (13,14), characterizing the effect of co-solvents
andpH(15,16), and salt (17) on aggregate formation, and computer simulations to understand
the thermodynamics (18,19) and kinetics of aggregation (1,20,21). While only a limited number
of protein sequences leading to amyloid fibril formation have been found in nature, it has been
shown that synthetic proteins and peptides can form amyloid fibrils under certain conditions,
indicating that amyloid fibril formation is a general property of the peptide backbone and not
linked only to specific side chain sequences (22,23). In particular, Fandrich and Dobson showed
that even large chain, hydrophilic polypeptides of poly-glutamate, where electrostatic
repulsions prevent ordered aggregation at near physiological pH, can form ordered aggregates
by lowering the pH to the isoelectric point and raising the temperature. Characterization of the
morphology of poly-glutamic acid aggregates by X-ray diffraction has determined that they
form lamellae that contain extensive β-sheet structure (24,25). The spacing between β-sheets
differs depending on whether the aggregation occurred in the presence of Ca2+ ions at pH~5.5
or Na+ in 0.1N HCl (24,25). However, the effect of salt and pH and on the kinetics and
morphology of poly-glutamic acid aggregation has not been examined, either experimentally
or computationally.

In this work, we describe the importance of pH, salt type and concentration, peptide
concentration and sequence on the kinetics and morphology of aggregates of poly-glutamic
acid and a co-polymer of poly-glutamic acid and poly-alanine. The kinetics of aggregation
were measured using Thioflavin T (ThT) binding and fluorescence, and the morphology was
determined by microscopy. Models of the aggregation process are proposed to evaluate critical
nucleus sizes and activation energies.

2.0 Materials and Methods
2.1 Characterization of Polypeptide Monomers – CD Spectroscopy

Circular Dichroism (CD) spectroscopy was used to characterize the secondary structure of
polypeptide monomers and performed on an Aviv Biomedicals Circular Dichroism
Spectrometer Model 62DS. Polypeptide solutions were diluted to 0.5mg/mL, and 300μL
samples were pipetted into a quartz cuvette with a 0.1cm path length. Measurements were made
at both 25°C and 65°C (elevating the temperature and holding for 5 minutes before measuring)
of scans from 200 to 260nm. The CD signal was converted to a mean residue ellipticity, with
units of deg cm2/dmole, using the mean residual weight, the peptide concentration, and the
cuvette path length.

2.2 Aggregation Procedure
Poly-L-glutamic acid sodium salt (MW ~ 4,100, about 27aa) and poly (Glu:Ala) 6:4 sodium
salt (MW ~ 19,400, about 163aa) were purchased from Sigma-Aldrich and used without further
purification. Salt solutions of 100mM, 50mM, 10mM or no salt were adjusted to pH 3.1, 3.6,
4.1, or 4.6 with small quantities of 1M or concentrated HCl. The polypeptides were weighed
to make 5 to 10mL of 1mg/mL solutions. The solutions were sonicated for 5 minutes with a
Branson Sonifier 450 at 50% output until the solution was clear and the polypeptides were
fully dissolved. The polypeptide solutions were filtered and then placed in a 65°C oven, and
the aggregation was allowed to proceed for up to one month. For experiments to determine the
importance of seeding, aliquots of solutions were saved and frozen at −20°C for later
experiments. Only aliquots taken when solutions were exhibiting ThT fluorescence above
baseline but below the maximal value for the aggregated solution were used for preformed
seeding experiments.
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2.3 Thioflavin T Fluorescence Measurements
The fluorescence of bound Thioflavin T and Congo Red are common methods to track the
growth of amyloid-like aggregates over time. ThT molecules fluoresce more strongly when
they are bound in a planar configuration than when they are free in solution and can bind in
the fold of an exposed β-sheet along the main fibril axis (26). Thus, strong ThT fluorescence
indicates the presence of β-sheet structure. Fluorescence methods have been most commonly
used to qualitatively determine the presence or absence of amyloids, and recent work has
verified that ThT fluorescence varies linearly with fibril concentration (27). Although one
single ThT binding curve as a function of time does not provide sufficient information to
determine the species size distribution (as could be obtained from dynamic light scattering), it
is likely that only species larger than a critical size contribute to the overall ThT fluorescence.
This feature of ThT fluorescence is significant when comparing kinetic data to the
mathematical models presented later, as a critical nucleus size does not have to be estimated
and all aggregates larger than the nucleus can be determined by ThT binding.

ThT was purchased from Sigma. Stock solutions of 250μM were prepared daily by dissolving
ThT in 20mL of deionized (DI) water. These stock solutions were wrapped in foil in stored at
4°C. Working solutions were prepared as needed by mixing 2.5mL of filtered stock solution
with 2.5mL of 25μM sodium phosphate (pH~6.5) and 20mL of DI water. The pH of the working
solution was adjusted by adding 6 drops of 1M HCl to lower the pH between 3.7 and 4.0. This
working solution was covered in foil when not in use.

ThT fluorescence measurements were made on a Molecular Devices SpectraMax M2 plate
reader with excitation at 440nm and emission measurements made at 490nm. Solutions were
thoroughly mixed in individual wells of an opaque 96-well plate immediately prior to
measurements. Triplicate measurements of 20μL of peptide solution mixed with 200μL of
working ThT solution were made for each time point. Additionally, control measurements of
either 200μL of peptide solution, made after sonication and before placing the solution in the
65°C oven, or 200μL of working ThT solution, made periodically during the aggregation, were
performed. Relative ThT fluorescence values consisted of subtracting the combined baseline
of peptide alone (usually around 20-25AU) and ThT alone (usually around 70-90AU)
fluorescence values from the measurement and scaling by a baseline average maximum value
once the ThT fluorescence achieved a constant value.

2.4 Characterization of Aggregate Morphology
Three microscopies were used to characterize the size and morphology of the polypeptide
aggregates:scanning electron (SEM), transmission electron (TEM), and atomic force (AFM).
In all cases, adsorption of the fibrils onto a surface proved difficult; therefore a 0.1 wt % solution
of poly-L-lysine (purchased from Ted Pella and stored under nitrogen at 4°C) was added to
the surface for two minutes and dried with nitrogen gas prior to adding the polypeptide solution.
For SEM imaging, glass microscope coverslides were rinsed with acetone and water before
being dried with nitrogen. For TEM, 400 mesh copper grids were coated with formvar (0.5%
in ethylene dichloride floating on water) and carbon and glow discharged prior to use. For
AFM, freshlycleaved mica or highly-oriented pyrolytic graphite (HOPG) was used. The
precursor surfaces were then coated with poly-L-lysine for 2 minutes, dried with nitrogen or
wicked dry, coated with the polypeptide solution for 5 minutes, and dried with nitrogen or
wicked dry. For SEM, the prepared surfaces were mounted on stubs and sputter coated in a
Bal-tec MED 020 Sputter Coater with either a 12–25thick IR coating or 30–40Pt coating. For
TEM, after depositing the peptides on the surface, the grids were rinsed with water, wicked
dry, stained with a 0.1–0.2% uranyl acetate for 2 minutes, wicked dry, and stored overnight
before imaging. AFM samples were loaded on a specimen disc and imaged immediately after
peptide deposition. SEM imaging was preformed on a Hitachi S-5000 SEM operating at 10kV.
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TEM imaging was performed on a FEI Tecnai 12 TEM at 100kV accelerating voltage. AFM
imaging was performed in tapping mode in air on a DI Multimode Scanning Probe Microscope.
AFM tips were SiN Point Probe Non Contact AFM tips with a 20nm typical radius of curvature.
Typical scan sizes were 5–10μm and scan rates were 1–1.5Hz for attaining both height and
phase contrast images.

3.0 Models of Peptide Aggregation
Four models of protein aggregation were considered and their predicted time courses of
aggregation were compared with the ThT fluorescence data. The first model was a “random
polymerization” model developed by Kodaka (20). In this model, any size species (monomer,
oligomer, and polymer) can react irreversibly with any other species, with each reaction having
the same rate constant. An analytical solution to the extent of polymerization is available:

(1)

where [F] is the concentration of monomers in the fibrils, [M]0 is the initial monomer
concentration, a is the rate constant for addition, t is the time, and m is a parameter representing
the minimum size of the polymer that is measurable.

The second model is the classical nucleated polymerization model, originally presented by
Oosawa and Kasai (28). This model is based on the following assumptions:aggregates can only
grow through monomer addition; the monomer attains a rapid pre-equilibrium with the
oligomers; the concentrations of oligomers are low; and the monomer concentration remains
high enough throughout the aggregation that dissociation from fibrils can be neglected. In
contrast to the random polymerization model, the key feature of this model is the formation of
a high-energy nucleus, with a size between the smaller oligomers and larger, detectable fibrils.
An analytical solution to the classical nucleated polymerization is:

(2)

where [M] is the fibril mass concentration, [X]tot is the total protein concentration, a is the rate
constant for addition, t is the time, n is the critical nucleus size, and Ks is the dissociation
constant for the oligomers (Ks=b/a, where b is the reverse rate constant for oligomer
dissociation and a is as defined previously).

The third model was developed by Powers and Powers (1) and is a modified version of the
classical nucleated polymerization model. In this model, a rapid monomer-oligomer pre-
equilibrium is not assumed, nor is the requirement for the monomer concentration to remain
high during the aggregation. Instead, three different regimes for polymerization are
considered:monomer oligomerization with a dissociation constant Ks (previously defined), an
irreversible monomer addition to the nucleus, and a reversible fibrillization with a dissociation
constant of Kc (the ratio of the rate constant for monomer dissociation from fibrils (c) to that
for addition (a)). With the assumption of irreversible addition to the nucleus, the fibrils can be
lumped into one species, and the aggregates can be divided into pre-nuclear oligomers and
post-nuclear fibrils. While one forward rate constant for monomer addition, a, to any species,
is assumed, two different reverse rate constants – a backwards rate constant, b, for dissociation
from pre-nuclear oligomers and a smaller backwards rate constant, c, for dissociation from the
more stable post-nuclear fibrils are included. Examining the dissociation constants, three
different regimes exist. When the monomer concentration is less than Kc ([X]tot< Kc), both
oligomers and fibrils are more stable than the monomer, and aggregation will not proceed.
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When (Kc)<[X]tot< Ks), the nucleus represents the highest energy species on the reaction
pathway as well as being a size at which a dramatic change in growth rates occurs. This regime
is indicative of a nucleated polymerization mechanism. The final regime occurs when the
monomer concentration is very high ([X]tot> Ks). In this regime, the thermodynamic and
structural nucleus is the monomer, no lag phase will occur during the aggregation, and the
aggregation will follow classical downhill polymerization kinetics.

3.1 A Modified Model for Polypeptide Aggregation
A modified reaction scheme, based on nucleated polymerization, is presented in Figure 1. In
this model, aggregation can occur both through monomer addition and through the association
of oligomers to other oligomers. This model is thus similar to a “random polymerization”
model. For computational ease, only species smaller than the nucleus are considered to react
with other species, and fibrils are not assumed to interact. Different forward reaction rate
constants can be considered for monomer, dimer, trimer, etc. addition to both pre-nuclear and
post-nuclear species. Initially, we assume that these rate constants are the same (amonomer =
adimer = atrimer, etc.). However, we also consider different aggregation rates for oligomers using
a rate constant approximated from a diffusion-controlled bimolecular association (29), where
the collision rate is proportional to (DA + DB)(rA + rB) where Di and ri are the diffusion
coefficient and hydrodynamic radius of species i, respectively. The diffusion coefficient and
radius for the secondary species in the reaction may vary and this is not taken into account.
However, the primary species is either a monomer, dimer, trimer, etc. For these species, the
diffusion coefficient is assumed to scale as 1/MW1/2 from the Wilke-Chang correlation (30)
where MW is the molecular weight, and the hydrodynamic radius scales as N0.588 (31) where
N is the number of amino acid residues in the polypeptide and is proportional to MW for a
given polypeptide. Combining these two effects, the collision frequency will vary as
MW0.088, and, for the variable rate constant model, adimer = amonomer * 20.088, atrimer =
amonomer * 30.088, etc. For either the constant or variable forward rate models, dissociation of
species from oligomers can occur with a constantrate constant, b. For the constant rate model,
Ks = a/b, the same relationship as in the Powers & Powers model, while in the variable rate
model, Ks is defined as Ks = a1/b. In order to be able to treat the post-nuclear aggregates
together, the dissociation of species from fibrils is neglected.

Using these assumptions, the rate equations for different sized species take the following form:
Monomers:

(3)

Dimers:

(4)

Oligomers (2<i<n):

(5)

Nucleus:
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(6)

Fibrils (i>n):

(7)

Fibril number concentration (F):

(8)

Fibril mass concentration (M):

(9)

Total Mass:

(10)

Note that, in generalizing these equations for oligomeric species, the equations will involve
summations with species larger than the nucleus size, i> n. As these species are not present,
these terms were not considered in the mass balance equations.

For each model, kinetic constants were estimated based on the time course of ThT data using
a least mean squared error (LMS) optimization. For the random polymerization model, values
of the minimum size of the polymer that could be detected (m values) were varied from 1 to
5000 and corresponding optimal values of the rate constant, a, were determined. In fitting the
analytic solution to the classical nucleated polymerization, the Powers & Powers model, and
the modified reaction scheme presented above, the parameter space sampled was initially based
on that considered by Powers & Powers. Nucleus sizes ranged from 3 to 9, though this range
was expanded for nucleus sizes up to 40 for the classical and Powers & Powers models, and
the rate constants, a and b (and c for the Powers & Powers model) were optimized for each
nucleus size. For the Powers & Powers model and the model presented here, initial values for
a (or a1) and b were chosen randomly such that a was between 101 and 106, which yielded
good fits, and b was initially chosen between 102 and 108 smaller than a (with c selected
randomly at values between 102 and 105 times smaller than b for the Powers & Powers model),
but values outside these ranges were considered if they provided better fits. We employed 20
different initial rate constants to determine the global best fit to the data. Initial conditions were
chosen based on the molecular weight of the peptide, the peptide concentration, and the
maximum fluorescence achieved, such that, at time t = 0, the monomer condition, X1, equaled
Xtot0 = (maximum fluorescence x peptide concentration)/molecular weight [=] AU*mol/L, and
all other species concentrations were set to zero. For the model considered here, two different
rate conditions were chosen: a “constant rate” model where a1 = a2 = … = an, and a “variable
rate” model where a1 = a2*20.088 = … = an*n0.088.
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4.0 Results
4.1 CD Measurements

CD measurements of diluted polypeptide solutions before aggregation are presented in Figure
2. Measurements were taken for PE at pH~3.6 and 4.1 and PEA at pH~3.6 in sodium acetate
(NaAc) and sodium propionate (NaPr) at 25°C and after heating at 65°C for 5 minutes.
Ellipticity curves in NaAc and NaPr are similar. At 25°C, both PE and PEA exhibit strong
double minima at 208 and 222nm, characteristic of α-helical structure. For this temperature,
PE curves have a similar shape at both pH~3.6 and 4.1, with a deeper minima at 208nm than
222nm, though solutions at pH~4.1 have a more negative ellipticity. PEA at this temperature
has more symmetric minima at these two minima. Upon heating to 65°C, PE and PEA solutions
at these pH values have a weaker ellipticity, have a flatter slope at 200nm, and lose their
minimum at 222nm. In addition, spectra for PE at pH~3.6 and 4.1 and PEA at pH~3.6 appeared
nearly identical.

4.2 Kinetics of Polypeptide Aggregation
After heating the solution to 65°C, ThT fluorescence measurements were taken at different
times to track the polypeptide aggregation. Elevated ThT fluorescence usually corresponded
with an increased turbidity of the solution, except for the case of PEA aggregates grown at
pH~3.6 without salt; these solutions remained clear throughout the aggregation process yet
exhibited strong ThT fluorescence. In terms of magnitude of fluorescence, 1mg/mL
polypeptide in 50mM salt at pH~3.6 or 4.1 generated a maximum fluorescence of 800–1200.
When the pH dropped to 3.1 or the peptide concentration increased to 2mg/mL, the maximum
fluorescence increased to over 2000. Relative fluorescence values for various conditions are
presented in Figures 3–5. No lag phase was observed for either PE or PEA at pH~3.1 as the
solutions immediately clouded, and ThT measurements indicated significant binding. For PE
between pH~3.1 and 4.6, as pH decreased, peptide concentration increased, or salt
concentration decreased, elevated ThT fluorescence occurred at shorter times and reached a
plateau more quickly. For PEA at pH~3.6, as peptide or salt concentration increased, the lag
phase for aggregation was shorter, and the growth occurred more quickly. No elevated ThT
fluorescence was measured for PE at pH~4.6 or for PEA at either pH~4.1 or 4.6. Standard lag
times, t1/2 (the time at which the aggregation is 50% complete), and elongation rates for a
variety of conditions are presented in Table 1.

4.3 Morphology of Polypeptide Aggregation
The morphology of aggregated PE and PEA species was markedly different. For all conditions,
aggregated PE existed in a lamellar morphology, as previously reported (25). TEM and SEM
images of PE aggregates are presented in Figures 6 and 7, respectively. The widths of these
lamellae are difficult to ascertain, as the lamellae twist either individually (as in Figure 7b) or
as groups (as in Figure 7c). However, the twisted lamellae formed either straight or crossed
aggregates 1.5μm to 3.5μm long and 250nm wide. For the straight lamellae, twists occurred
every 350nm to 500nm down the length of aggregate. For the crossed ones, twists occurred
every 150nm to 200nm down the length of aggregate. For lamellae twisted in groups, the
aggregates had one tight twist in middle, 150nm to 200nm thick, and fanned out toward the
extremities (as in Figure 7c).

The morphology of the PEA aggregates depended on the salt concentration. When grown in
10mM NaAc or no salt at pH~3.6, PEA aggregates were fibrillar (Figures 8 and 9). From AFM
and TEM images, these fibrils were 4–6nm wide and 150nm long for individual aggregates
with some bundles of multiple fibrils that are 15–30nm wide and 3–5μm long. At 50mM and
100mM NaAc, PEA aggregates appeared bundled in mostly larger aggregates. While these
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aggregates appear in TEM images to have both the linear and crossed structures similar to the
PE ones, AFM confirms that these are still fibrillar in nature and not lamellar.

4.4 Simulation of Aggregation Rates
Comparing experimental rates of fibril formation with the random polymerization model
yielded poor agreement. In most cases, the best fits were obtained when m = 5000 or higher
(data not presented). Simulation of a lag time, which typically appeared present, was only
possible with an unrealistically large minimum detectable aggregate size, m. Consequently,
this model was not able to capture the key features of the polypeptide aggregation.

The forward rate constants, a, and dissociation constants, Ks, are presented in Figure 10 as a
function of nucleus size for the analytical solution to the classical nucleated polymerization
for PE at pH~4.1 in 50mM salts. The most striking feature of the classical model is that, for
almost all data sets, the best fit occurred with a nucleus size of 3. In considering the nucleus
size to be either a monomer or dimer, better fits were obtained with the monomer.

The Powers and Powers model simulations employed a nucleus size ranging from three to nine.
For 80% of the data sets, the nucleus size that yielded the best fit over this range was a nine-
mer, and thus larger nucleus sizes were considered. The optimal values of the forward rate
constant, a, dissociation constants, Ks and Kc, from models with nucleus sizes from n = 3 to
40 are presented in Figure 11 for PE at pH~4.1 in 50mM salts. Optimized constants for PE and
PEA at pH~3.6 exhibited similar trends and, thus, are omitted here. In Figure 11, lines have
been added for Ks = 1 (representing the point where there is no thermodynamic driving force
for aggregation) and Ks = Xtot0, the initial monomer concentration (representing the point
where a shift from a nucleated to an irreversible polymerization, or vice versa, is expected to
occur). As most of the aggregation experiments were conducted at a polypeptide concentration
of 1.0mg/mL and the molecular weights for our PE and PEA are 4,130g/mol and 19,400g/mol,
respectively, Xtot0= 2.42 × 10−4mol/L for PE, and Xtot0 = 5.15 × 10−5mol/L for PEA. As can
be seen from these figures, while average s (where s = Ks/Kc) values remain relatively constant
(within an order of magnitude), over all nucleus sizes, average values for both Ks and Kc drop
several orders once the nucleus size increases beyond 6 or 7 monomers. Typical mean square
error values for the Powers & Powers model are comparable to those obtained with the classical
nucleated polymerization.

For each solution condition (peptide sequence, pH, and salt concentration), no particular
nucleus size consistently was optimal. In order to ascertain whether any particular nucleus size
resulted in realistic parameter values, we examined the best fit data for each nucleus size and
determined the optimal Ks value. For a nucleated polymerization mechanism, Kc< Xtot0< Ks
(1). Thus, Ks values for polypeptide aggregation at pH~3.6 and pH~4.1 should be larger than
Xtot0 but less than 1. For PE at both pH~3.6 and pH~4.1, a number of different nucleus sizes
(n ranging from 15 to 30) yielded similar results, with many nucleus size having reasonable
values in 45–65% of the data sets. However, for PEA at pH~3.6, n = 6 produced optimal
parameters in 89% of the data sets, with no other nucleus size giving appropriate Ks values in
more than 45% of the data sets.

Nucleus sizes from three to nine were initially selected in the modified nucleated
polymerization model described in equations (3) to (10). For both the constant and molecular
weight dependent rate models, the best fits for each data set usually occurred for a similar
nucleus size and yielded comparable optimal rate constants. For PE at pH~3.6, larger nucleus
sizes (n = 8 or 9) yielded the best fits for the constant rate model and n = 9 for the variable rate
model, although for n = 3 or 4 the variable model appeared to provide a better fit. For PE at
pH~4.1, a nucleus size of n = 6 yielded the best fits for both models, and depended on the
nature of the salt. For PEA at pH~3.6, larger nucleus sizes (n = 7, 8 or 9) yielded the best fits
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for the constant rate model and n = 9 for the variable rate one. No particular nucleus size yielded
the best fits for over 50% of the data for either model. Best fit forward rate constants, a, and
dissociation constant, Ks, from modeling over nucleus sizes from n = 3 to 9 with the both
models are presented in Figure 12 for PE at pH~4.1 in 50mM salts. Best fit constants for PE
and PEA at pH~3.6 exhibited similar trends and are omitted here. The forward rate constant,
a, increased by a factor of three to five as the nucleus size was increased from three to nine.
The best fit reverse rate constants and the dissociation constants fell into two ranges, with Ks
values either on the order of 10−15 or 10−16 mol/L or 10−1 to 10−3 mol/L. The smaller values
often occurred at the smaller nucleus sizes of n = 3, 4, or 5, though the larger values were more
common over all nucleus sizes.

A comparison of the best fit rate constants for the classical nucleated polymerization, the
Powers Model, and our model is presented in Table 2 for PE at pH~3.6 and 4.1 and PEA at
pH~3.6 in 50mM salts. In addition, in comparing the average best fits of the models to the data,
both the constant rate model and variable rate models yielded about 56% and 77% better fits,
respectively, than the Powers Model for nucleus sizes n=3 to 9. When expanding the Powers
model to larger nucleus sizes (from n=3 to 40), the modified models still yielded 29% and 43%
better fits, respectively.

5.0 Discussion
5.1 Experimental Results

Except for data obtained at pH~3.1 and 4.6, the shape of fibril concentration as a function of
time was sigmoidal, with a lag phase, a steep growth phase, and a plateau. At pH~3.1, no lag
phase was evident for PE or PEA in 50mM NaAc. At pH~4.6, no aggregation occurred for
either polypeptide in 50mM NaAc. When the pH was raised to 4.6 or above, the aggregates
dissociated, as evidenced by both ThT fluorescence signals and TEM images (data not shown).
Sigmoidal kinetics are typically characteristic of a nucleated polymerization mechanism, which
was confirmed by seeding a PE solution at pH~4.1 with preformed aggregates, which
significantly reduced the lag phase. The growth kinetics depended on polypeptide composition,
pH, and salt concentration and, to a lesser degree, salt composition. For both PE and PEA in
50mM salt, as the pH decreased from 4.6 to 3.1, the polypeptide solutions initially showed no
detectable aggregation, either through ThT measurements or through visible precipitate. As
the pH was lowered, aggregation occurred after a lag phase, and around pH 3.1 aggregation
occurred immediately. The point at which the transitions occurred depended on the primary
polypeptide composition. At pH~4.1, PEA does not noticeably aggregate, yet PE does. At
pH~3.6, PEA aggregates after a considerable lag phase, but PE’s lag phase is shortened in
comparison to that at pH~4.1. Since the larger polypeptide would be expected to aggregate
faster than the smaller one, a difference in collision rates cannot explain the different
aggregation rates for PE and PEA at pH~3.6 nor for PE at pH~3.6 versus 4.1. The polypeptide
monomer conformation does not provide an explanation of the difference in aggregation rates
either. While there is a significant change in the CD spectra of the polypeptides when the
temperature is increased from 25°C to 65°C, with a decrease in α-helical character, the
ellipticities of PE at pH~3.6 and 4.1 and PEA at pH~3.6 at 65°C are almost identical. Thus,
there appears to be little difference in the monomer conformation between these two
polypeptides at this elevated temperature or as a function of pH. With little change in
conformation and collision rates, the different aggregation rates may depend on electrostatic
interactions.

Based on the size of the polypeptides studied here, the calculated isoelectric points of PE and
PEA are 2.61 and 2.27, respectively (32). Thus, at a given pH, PEA will have a larger negative
charge per peptide bond than PE. Previous work by Fandrich and Dobson has shown that in
order to form amyloid fibrils of polypeptides with hydrophilic residues, the pH must be adjusted
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toward the isoelectric point of the peptide (22). As amyloid fibrils are characterized by
extensive β-sheet structure, decreasing the net charge on the polymer minimizes repulsive side
chain interactions and permits stable stacking of these sheets. Thus, a more negatively charged
peptide or protein would be expected to form an ordered aggregate with β-sheet structure more
slowly. Table 3 shows the total amount of charge on a monomer of PE and PEA as a function
of pH for our polypeptides in the absence of salt. For polypeptide aggregationin the absence
of salt, PE at pH~3.6 exhibited no lag phase. A lag phase and growth phase region were present
for PE at pH~4.1 and PEA at pH~3.6, and no aggregation occurred for PE at pH~4.6 or PEA
at either pH~4.1 or 4.6. Figure 5a shows ThT fluorescence measurements in the absence of
salt, and indicate that when the total charge on the monomer is less than 3 to 6, an irreversible
polymerization can occur. Above a charge of 9 to 13, no aggregation occurs. In between these
values, the lag phase is shorter and the aggregation proceeds more quickly with fewer charges
on an individual species.

The situation is more complex when examining the effect of salt on aggregation. As salt
concentration increases, the charge on a polypeptide will be screened. PEA at pH~3.6 exhibited
a shorter lag phase and slightly faster growth with increasing salt concentration. This has been
previously observed with α-synuclein fibrillization at salt concentrations above 10mM (17).
However, while the rate of α-synuclein aggregation increased up to salt concentrations of 1M,
the rates of PEA aggregation in 50mM and 100mM NaAc were identical. Addition of salt
caused the opposite effect for PE at pH ~3.6 and 4.1; increasing salt concentration led to slower
rates of aggregation. The reason for this salt effect for PE has not been determined.

Using PE at pH~4.1, the importance of kosmotropic and chaotropic cations and anions on both
the kinetics of polypeptide aggregation and on the morphology of the aggregates was examined.
While no morphological difference was apparent for either PE or PEA aggregates grown in
different salts, the kinetics did change with the nature of the salt. In particular, the cation seemed
to control aggregation rates. Chaotropic potassium salts led to significantly decreased lag
phases over slightly kosmotropic sodium salts, though the growth rates were similar. Whether
the anion was a kosmotrope or a chaotrope had little effect on the kinetics with potassium.
However, for kosmotropic cations, chaotropic anions led to a shorter lag phase than
kosmotropic anions. Thus, we see that the main specific salting effect is with salts that weakly
order the water around the polypeptide leading to shorter lag phases.

5.2 Comparison of Kinetic Models
While we have experimentally determined the importance of electrostatics in polypeptide
aggregation, we used simulations to further examine the energetics and kinetics of aggregation.
Models based on classical nucleated polymerization, the model of Powers & Powers, and the
model developed here provide a basis for comparison. Fitting the ThT data with the classical
model, a nucleus size of 1 often yielded the best fit. A nucleus size of 1 indicates that the
monomer would be the highest energy species, indicating the absence of a lag phase and
irreversible polymerization. Examining best-fit rate constants for the classical model, in many
cases, Ks>1. With Ks>1, a small nucleus size yielded the best fit, and the addition of a monomer
to any species during the polymerization is energetically unfavorable. However, since only the
monomeric species exists at time t = 0, there is a kinetic driving force from the monomer to
larger species. Since monomer addition to fibrils is irreversible, once the monomers are
incorporated into the post-nuclear aggregates, they are kinetically trapped. This situation does
not seem physically reasonable, and, thus, we chose to analyze our data with other models that
incorporate more realistic assumptions.

Optimal parameters for the Powers & Powers model are reported in Figure 10. Values of Ks
and Kc decrease by several orders of magnitude as the nucleus size increased from 3 to 6 or 7.
For n = 3 or 4, best fit Ks values greater than unity were observed in several data sets. The
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origin of these larger Ks values for smaller nucleus sizes is apparent when examining the
magnitude of the rate constants. Forward rate constants for PE and PEA are on the order or
106 or 107 L/mol/hr. With polypeptide concentrations of 10−4 or 10−5 mol/L, in the absence
of oligomer and fibril dissociation, aggregation would be predicted to take place in minutes,
instead of the hours or days observed for most of the experimental solutions. To counterbalance
this rapid aggregation, one of two conditions must occur. Either the nucleus size must be large
enough to allow for a lag phase before nucleation occurs, or there must be an almost equally
large dissociation from oligomers to slow the aggregation process. With small nucleus sizes,
dissociation constants must be large to slow this aggregation process, leading to unreasonably
large Ks values. As the modeled nucleus size becomes large, the dissociation constants decrease
to more realistic values. For n larger than 6 or 7, different nucleus sizes yield indistinguishable
kinetic parameters with the Powers & Powers model. For this reason, their model cannot
distinguish between larger nucleus sizes for the data presented here.

While no single nucleus size yielded the best fit to the experimental data with the Powers &
Powers model, we examined the effect of salt on aggregation with this model. As the
concentration increased, our experiments showed that aggregation occurred more rapidly. If
the structural nucleus size does not change, either the forward rate constant, a, or Ks should
increase, tending toward the total polypeptide concentration, Xtot0, where a transition to an
irreversible polymerization would occur with increasing concentration. Neither the forward
rate constant nor Ks increase with the addition of more salt. Can this rate change then be
attributed to a structural shift in the nucleus size with salt? If we examine the best fit constants
obtained with PEA, we see that larger nucleus sizes fit the data better, ranging from n = 9 for
100mM salt to n = 39 for no salt. However, for these salt concentrations, the best fit yield Ks
values are of order 10−6, which is smaller than the total polypeptide concentration and would
indicate the presence of irreversible polymerization.

Due to the inability to fit the PE data and determine whether there is a change in the nucleus
size or in the energetics of species interactions, we developed a model similar to the Powers
model but allowing for oligomer interactions. With both the constant and the variable models,
this model is able to fit the data significantly better than the Powers and Powers model and
with only two fitting parameters (a and b) versus three for the Powers model (a, b, and c). This
model also yielded forward rate constants two to three orders of magnitude smaller than the
Powers model and one order of magnitude smaller than the classical nucleated polymerization
model, as seen for PE and PEA in 50mM salts in Table 2. With oligomeric interactions creating
more pathways to form fibrils, rapid aggregation will occur with smaller forward rate constants.
Figure 13 shows a comparison of our model and the Powers and Powers model at the same
values of a and b and illustrates quite clearly that this model yields faster fibril growth than the
Powers and Powers model. Even for small nucleus sizes, the reverse reaction rate is not large,
and Ks values are rarely greater than one for either the constant or variable rate models.
However, best fit reverse rate constants assumed either large or small values. For smaller
nucleus sizes, this model allows for high rates of aggregate growth without large forward
reaction rates, i.e., the reverse rate constant can be small and still provide a good fit to the data.

Another promising feature of the model presented here is that for either the constant or variable
rate model, the expected trend of Ks values for aggregation in 50 mM salts holds, in contrast
to the Powers and Powers model. In 50 mM salts, the aggregation rate and lag phase are quickest
for PE at pH~3.6 and slowest for PE at pH~4.1, with PEA at pH~3.6 falling in the middle.
Average Ks values for a variety of nucleus sizes would be expected to be smallest for PE at
pH~3.6 and largest for PE at pH~4.1. As we can see in Table 2, this trend holds for our models,
not for the classical nucleated polymerization or the Powers and Powers model.
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Figure 1.
Generalized reaction scheme for a modified nucleated polymerization where oligomers are
allowed to interact with each other and fibrils. Presented here are reactions for monomers,
dimers, trimers, and tetramers with respect to a general nucleus size, n. For brevity, larger
oligomers have not been presented here. Note, if the species on the right is larger than the
nucleus size, the reaction will be treated as irreversible.

Blanch Page 14

Biophys Chem. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
CD Spectra of 0.5mg/mL polypeptides in 25mM sodium propionate for (a) PE at pH~3.6, (b)
PE at pH~4.1, (c) PEA at pH~3.6, and (d) PE and PEA at 65°C. For (a)–(c), squares are at 25°
C, and triangles are at 65°C. For d, squares are for PE at pH~3.6, circles are for PE at pH~4.1,
and triangles are for PEA at pH~3.6.
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Figure 3.
Effect of salt type, concentration, and seeding on polypeptide aggregation. Polypeptide
aggregation as a function of salt concentration in sodium acetate for (a) PE at pH~3.6, (b) PE
at pH~4.1, and (c) PEA at pH~3.6. Squares are no salt, circles are 10mM, crosses are 50mM,
triangles are 100mM.(d) PE pH~4.1 as a function of seeding in 50mM sodium acetate. Crosses
are seeded, triangles are unseeded.(e) PE in 50mM salt at pH~4.1. Circles are KNO3, squares
are K2HPO4, diamonds are NaNO3, triangles are NaAc, and crosses are MgSO4. Solid fit lines
for (a)–(d) are based on a hyperbolic tangent with the center shifted from the origin.

Blanch Page 18

Biophys Chem. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Polypeptide aggregation in 50mM sodium acetate of (a) PE and (b) PEA as a function of pH.
Squares are pH 4.6, circles are pH 4.1, crosses are pH 3.6, triangles are pH 3.1. Solid fit lines
for (a) and (b) are based on a hyperbolic tangent with the center shifted from the origin.

Blanch Page 19

Biophys Chem. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Blanch Page 20

Biophys Chem. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Blanch Page 21

Biophys Chem. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Polypeptide aggregation in different concentrations of sodium acetate.(a) no salt, (b) 10mM,
(c) 50mM, and (d) 100mM. Squares are PEA at pH~3.6, circles are PE at pH~4.1, triangles
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are PE at pH~3.6. Solid fit lines for a–d are based on a hyperbolic tangent with the center
shifted from the origin.
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Figure 6.
TEM images of UA-stained PE fibrils in (a) 50mM sodium nitrate at pH~3.6, (b) 50mM sodium
acetate at pH~3.6, and (c) and (d) 50mM sodium acetate at pH~4.1. Scale bars are 200nm,
1μm, 1μm, and 100nm for (a)–(d), respectively.
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Figure 7.
SEM images of Pt-stained PE fibrils in (a) 50mM potassium nitrate at pH~4.1, (b) 10mM
sodium acetate at pH~4.1, (c) and (d) no salt at pH~3.6. Scale bars are 500nm, 200nm, 200nm,
and 1μm for (a)–(d), respectively.
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Figure 8.
TEM images of UA-stained PEA fibrils at pH~3.6 in (a) 100mM, (b) 50mM, (c) 10mM, (d)
0mM sodium acetate. Scale bars are 1μm, 2μm, 100nm, 200nm for (a)–(d), respectively.

Blanch Page 26

Biophys Chem. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 9.
AFM height images of PEA fibrils grown in 50mM sodium acetate at pH~3.6 on HOPG after
rinsing with water at pH = 7. Scan sizes and height ranges are (a) 5μm and 40nm and (b) 2μm
and 30nm.

Blanch Page 27

Biophys Chem. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 10.
Optimized kinetic parameters, (a) Kc and (b) forward rate constant, a, as a function of nucleus
size using the analytical solution to the classic nucleated polymerization model for PE at
pH~4.1 in 50mM salts. Symbols are for different data sets. The black lines are the average
values.
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Figure 11.
Optimized kinetic parameters as a function of nucleus size using the Powers model for PE at
pH~4.1 in 50mM salts of (a) Ks, (b) Kc, and (c) forward rate constant, a. Symbols are for
different data sets. The black lines are the average values. For Ks, the semi-transparent lines
are for Ks=1 and Ks=Xtot0.
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Figure 12.
Optimized kinetic parameters as a function of nucleus size using the modified nucleated
polymerization model for PE at pH~4.1 in 50mM salts. The top row presents (a) Kc and (b)
forward rate constant, a, for the constant rate model, and the bottom row presents (c) Kc and
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(d) forward rate constant, a, for the variable rate model. Symbols are for different data sets.
The black lines are the average values.
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Figure 13.
A comparison of the Powers & Powers model to both the constant and variable modified
nucleated polymerization (NP) models with the same kinetic parameters. For this comparison,
a nucleus size of 8 was assumed, a = 3.49e2, b = 3.05, and c = 0. The raw data is for PE grown
in 50mM potassium nitrate at pH~4.1. The thick black line is the ThT fluorescence data, the
squares are for the variable rate modified NP model, the triangles are for the constant rate NP
model, and the circles are for the Powers & Powers model.
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TABLE 3
Negative charges on a polypeptide monomer as a function of pH.

Peptide pH
3.1 3.6 4.1 4.6

PE 0.77 2.44 6.52 13.60
PEA 2.88 8.84 23.44 48.81
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