
Article
Quantitative Characterization of Metastability and
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ABSTRACT Amyloids are heterogeneous assemblies of extremely stable fibrillar aggregates of proteins. Although biological
activities of the amyloids are dependent on its conformation, quantitative evaluation of heterogeneity of amyloids has been diffi-
cult. Here we use disaggregation of the amyloids of tetramethylrhodamine-labeled Ab (TMR-Ab) to characterize its stability and
heterogeneity. Disaggregation of TMR-Ab amyloids, monitored by fluorescence recovery of TMR, was negligible in native buffer
even at low nanomolar concentrations but the kinetics increased exponentially with addition of denaturants such as urea or
GdnCl. However, dissolution of TMR-Ab amyloids is different from what is expected in the case of thermodynamic solubility.
For example, the fraction of soluble amyloids is found to be independent of total concentration of the peptide at all concentrations
of the denaturants. Additionally, soluble fraction is dependent on growth conditions such as temperature, pH, and aging of the
amyloids. Furthermore, amyloids undissolved in a certain concentration of the denaturant do not show any further dissolution
after dilution in the same solvent; instead, these require higher concentrations of the denaturant. Taken together, our results
indicate that amyloids are a heterogeneous ensemble of metastable states. Furthermore, dissolution of each structurally homo-
geneous member requires a unique threshold concentration of denaturant. Fraction of soluble amyloids as a function of concen-
tration of denaturants is found to be sigmoidal. The sigmoidal curve becomes progressively steeper with progressive seeding of
the amyloids, although the midpoint remains unchanged. Therefore, heterogeneity of the amyloids is a major determinant of the
steepness of the sigmoidal curve. The sigmoidal curve can be fit assuming a normal distribution for the population of the
amyloids of various kinetic stabilities. We propose that the mean and the standard deviation of the normal distribution provide
quantitative estimates of mean kinetic stability and heterogeneity, respectively, of the amyloids in a certain preparation.
INTRODUCTION
Alzheimer’s disease (AD) is characterized by insoluble pla-
ques of amyloid beta (Ab) peptides in the brain (1). The pri-
mary constituents of the plaques are Ab1–40 and Ab1–42 with
Ab1–42 being the major component (2,3). In vitro, Ab pep-
tides have been shown to aggregate into soluble oligomers
and insoluble amyloid fibrils. Although the oligomers are
associated with loss of synapses (4,5), the plaques are
accompanied by increased microglial activity and inflam-
mation in the brain (6). However, there are considerable
heterogeneities among both the soluble oligomers and insol-
uble fibrils of amyloid proteins. In vitro, amyloid fibrils are
found as a highly polymorphic mixture of various forms
such as single-stranded or multistranded fibrils, and sheet,
rod, or twisted ribbonlike morphologies (7–10). In vivo,
postmortem brain sections from AD patients show at least
three distinct types of amyloid deposits such as diffuse,
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fibrillar, and dense core fibrillar plaques (11). Recent studies
indicate that biological activities of the amyloids are related
to its molecular structures (12,13). In vivo, the diffuse pla-
ques are reported to be benign, but the fibrillar plaques are
found to be associated with neurotoxicity in AD (14).
In vitro, mature fibrils of Ab peptides were found to be or-
ders-of-magnitude more toxic than the immature types (15),
but in the case of transthyretin fresh aggregates, were shown
to be more toxic than the mature fibrils (16). Therefore, un-
derstanding heterogeneities of the amyloids are crucial to
understand its biological activities such as toxicity. Various
imaging techniques such as electron microscopy (EM),
atomic force microscopy, and tip-enhanced Raman spec-
troscopy have been used to characterize the heterogeneous
forms of the amyloids (17). However, estimation of hetero-
geneity of the amyloids in a certain preparation has not been
possible due to lack of quantitative assays.

Here we examine whether heterogeneity of the amyloids
can be characterized using its disaggregation properties.
Although aggregation of amyloid proteins has been studied
extensively over the past three decades, literature reports on
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Stability and Heterogeneity of Amyloids
disaggregation of amyloids are rare (18–20). In a few
studies, disaggregation of amyloids under denaturing condi-
tions have been used to quantify thermodynamic stability of
the amyloids of several different proteins such as b2-micro-
golubin, SH3 domain of a-spectrin, and Ab (18–20). The
stabilities of the amyloids of several different proteins
were found to be high (DGz�40 kJ/mol) and quite similar
to each other (20). These authors analyzed their data using a
linear polymerization mechanism considering thermody-
namic equilibrium between the monomers and the amyloid
aggregates. Although amyloids prepared under specific con-
ditions may exhibit thermodynamic equilibrium with the
monomers, it may not be common for most of the amyloids
(20). Instead, amyloid aggregates are known to exhibit prop-
erties peculiar to metastable systems (21). Hence, disaggre-
gation of amyloids may not be governed by thermodynamic
stability alone; rather, it may be influenced by the kinetic
stabilities and the underlying heterogeneity.

Here we examine kinetics and thermodynamics of disso-
lution of amyloid aggregates of TMR-Ab42 in chemical de-
naturants such as urea and guanidinium chloride (GdnCl).
To monitor disaggregation, we have used recovery of
TMR fluorescence based on the assay developed by Garai
and Frieden (22). These authors demonstrated that quench-
ing of TMR fluorescence can be used to monitor amyloid
aggregation of TMR-Ab. Our results suggest that dissolu-
tion properties of amyloid aggregates are different from
those of small molecules; amyloids share properties of poly-
mer glasses. TMR-Ab amyloids consist of a heterogeneous
mixture of metastable forms that differ in terms of apparent
solubility or kinetic stability in denaturing solvents. Inter-
conversion between these states is extremely slow, enabling
us to determine the distribution of the aggregates in terms of
kinetic stabilities to provide a quantitative description of the
heterogeneity of the amyloids.
MATERIALS AND METHODS

Purification of tetramethylrhodamine-labeled
Ab1–42

Chemically synthesized tetramethylrhodamine (TMR)-labeled Ab1–42
(TMR-Ab42) was purchased from Aapptec (Louisville, KY). In this pep-

tide, the TMR moiety is attached to the N-terminal amine of the peptide.

This peptide is quite similar to the TMR-labeled Ab used previously by Ga-

rai and Frieden (22). These authors used a TMR-K-Ab where the TMR was

attached to the side chain of an extra lysine residue at the N-terminal of the

peptide (22). We have examined the kinetics of aggregation of the peptide

by TMR fluorescence and structural properties of the aggregates by circular

dichroism and atomic force microscopy. Fig. S1, A–C, shows that the aggre-

gation behavior of our peptide is similar to those reported by Garai and

Frieden (22). All other chemicals were purchased from Sigma-Aldrich

(St. Louis, MO). Lyophilized peptide (�5 mg) was dissolved in 200 mL

of formic acid (Merck, Kenilworth, NJ) in an ice bath. Dissolved peptide

was precipitated by adding the solution to 10 mL of ice-cooled 500 mM

Tris buffer (pH ¼ 8.0). Precipitated peptide was pelleted down by centrifu-

gation at 4500� g (Eppendorf, Hamburg, Germany) for 15 min at 4�C. The
pellet was dissolved in 2 mL of 6 M GdnCl. It was then purified by size
exclusion chromatography using a Superdex peptide column (GE

Healthcare, Little Chalfont, UK) in 4 M GdnCl containing 10 mM phos-

phate-buffered saline (PBS, pH 7.4), 5 mM b-mercaptoethanol (bMe),

and 1 mMEDTA. Only the monomeric fractions were collected. The GdnCl

was removed by buffer exchange to 5 mM NaOH containing 5 mM bMe

and 1 mM EDTA using a PD10 column (GE Healthcare). The sample

was distributed in 100 mL aliquots, which were then flash-frozen in liquid

nitrogen and stored at �80�C.
Preparation of TMR-Ab amyloid fibril stock

A 6 mM TMR-Ab42 peptide solution was prepared in 20 mM phosphate

buffer, pH 7.4 containing 150 mM NaCl, 5 mM bMe, and 1 mM EDTA.

The peptide was incubated at 37�C in a glass tube with continuous stirring

at 400 RPM using a micro stirrer bar. Kinetics of aggregation was moni-

tored using TMR fluorescence with a fluorometer (Photon Technology In-

ternational, Princeton, NJ). The kinetics were found to be similar to what

were reported by Garai and Frieden (22) (see Fig. S1 A). Excitation and

emission were set at 550 and 585 nm, respectively. Upon completion of

aggregation, the aggregates were separated from the soluble part by centri-

fugation at 16,000 � g. Supernatant concentration was calculated by

measuring its absorbance at 555 nm. The stock fibril solution was prepared

by resuspending the pellet in 10 mM PBS, pH 7.4 containing 5 mM bMe

and 1 mM EDTA. Fibril stock concentration was calculated by subtracting

supernatant concentration from the initial concentration. The secondary

structure of the fibril stock was verified by circular dichroism and the

morphology by atomic force microscopy (see Fig. S1, B and C). For prep-

aration of the amyloids at different temperatures and pH conditions, the

TMR-Ab42 solutions were incubated at the respective temperatures in

phosphate buffers of appropriate pH values. It may be noted here that

upon prolonged incubation at 37�C there is a possibility of hydrolysis of

dye from the peptide. This has been taken care of by removing the superna-

tant after aggregation and by washing the pellet.
Disaggregation kinetics of TMR-Ab42 amyloids
using fluorescence correlation spectroscopy

A home-built fluorescence correlation spectroscopy (FCS) setup was used

to perform FCS measurements. The FCS autocorrelation data were fit

assuming a single diffusing species using the following equation (23):

GðtÞ ¼ 1

N

�
1þ t

tD

��
1þ t

g2tD

�1=2
; (1)

whereN is the average number of molecules inside the FCS observation vol-

ume, tD is the diffusion time of themolecule, andg is the ratio of the axial and

radial dimensions of the FCS observation volume. The observation volume

of the FCS setup was calibrated using a 25 nM Rhodamine B (RB) solution.

Hydrodynamic radius of TMR-Ab42 (Rh,Ab) was calculated from the ratio of

the measured diffusion times (tD) of TMR-Ab42 and RB using:

ðRhÞAb ¼ ðRhÞRB � tD; Ab
tD; RB

: (2)

Hydrodynamic radius of RB (Rh,RB) is equal to 0.58 nm (24). Diffusion time

of monomeric Ab was measured using a 25 nM TMR-Ab42 solution

collected from the monomer fraction in size exclusion chromatography.

The FCS measurements in 4 M GdnCl were performed by keeping the

FCS observation volume within 5 mm inside the solution from the glass

coverslip to avoid optical aberrations due to refractive index mismatch. Ki-

netic experiments on disaggregation of amyloids were performed by 200-

fold dilution of a 12 mM TMR-Ab42 fibril stock solution in PBS buffer
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in the absence or in the presence of 4 M GdnCl. FCS measurements were

performed continuously. Each autocorrelation was recorded for 30 s.
Disaggregation of TMR-Ab amyloids by chemical
denaturants

Kinetics of disaggregation of the amyloids of TMR-Ab42weremonitored by

using fluorescence of TMR after dilution of a 3 mM fibril stock solution to a

final concentration of 30 nM in 0–7MGdnCl or 0–9MUrea in 10mM PBS,

pH7.4 containing 5mMbMeand 1mMEDTA.These experimentswere per-

formed in a 3.5 mL quartz cuvette (Fireflysci Cuvette Shop, Staten Island,

NY). TMR fluorescence was monitored continuously for �30 min. For ex-

periments requiring long incubation times, the samples were prepared in

glass tubes (i.d. ¼ 10 mm). Samples containing urea were discarded after

2 days of incubation to avoid artifacts arising due to slow degradation of urea.
Preparation of TMR-Ab42 fibrils by progressive
seeding

A 4.4 mM of TMR-Ab42 peptide solution was prepared in 20 mM phos-

phate buffer, pH 7.4 containing 150 mM NaCl, 5 mM bMe, and 1 mM

EDTA. This solution was incubated at 37�C in a glass tube for 5 days to

make the first generation (unseeded) of the fibrils. Seeded fibrils were pre-

pared by incubation of fresh 4.4 mM of TMR-Ab42 solution in presence of

10% seeds from the previous generation.
RESULTS

Dissolution of TMR-Ab42 amyloids using FCS

Garai and Frieden (22) and Garai et al. (25) have previ-
ously shown that fluorescence of TMR can be used to
FIGURE 1 Disaggregation of TMR-Ab42 amyloids monitored by FCS in PBS

(open circles) and the fits using Eq. 1 assuming single diffusing species (solid line

every 2 min are shown here for clarity of presentation. (B and E) Photon coun

autocorrelation data. (C and F) Circles represent hydrodynamic radii (Rh) obtai

the mean of all the measured values of Rh. Total concentration of amyloids used

corresponds to the size of the monomeric peptide (see Fig. S2). To see this figu
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monitor aggregation of TMR-Ab monomers into soluble
oligomers and insoluble fibrils. Now we examine whether
this assay can be employed to monitor disaggregation of
the TMR-Ab amyloids quantitatively. Hence, we use
FCS to monitor the time course of fluorescence, concen-
tration, and hydrodynamic radii (Rh) of the soluble forms
of TMR-Ab. The values of the concentrations and the Rh

are obtained from the analysis of the FCS autocorrelation
data, G(t) using Eq. 1. First, we examine if the amyloid
fibrils can be solubilized by dilution in the native buffer.
A 12 mM fibrillar stock is diluted to 60 nM in PBS buffer.
FCS measurements are then performed continuously on
the diluted sample. Fig. 1 A shows that the amplitudes
of autocorrelation traces at time, t ¼ 0, i.e., G(0) decrease
with time by a small extent (from 1.0 to 0.8) indicating a
small increase in the concentration of soluble TMR-Ab.
The autocorrelation curves are then analyzed using Eq. 1
to determine concentration and hydrodynamic radii (Rh)
of the dissolved species. Fig. 1 B shows that the fluores-
cence count rate (squares) increases from 20 to 28 kHz
and the concentration (circles) of soluble TMR-Ab
increases from 1.0 to 1.4 nM. The increase of both fluores-
cence and the concentration are small, but these are
in good agreement with each other. Fig. 1 C shows
that values of the Rh remain constant at 1.63 nm
(50.03 nm), which corresponds to the size of the mono-
meric TMR-Ab in PBS (see Fig. S2 A). Therefore,
Fig. 1, A–C, indicate a very small amount of dissolution
of the amyloid fibrils to monomeric peptide in the native
(A–C) and in 4 M GdnCl (D–F). (A and D) FCS autocorrelation data, G(t)

s). Autocorrelation data were recorded every 30 s. However, traces recorded

t rates (squares) and concentrations (circles) obtained from analysis of the

ned from analysis of the autocorrelation data, and the solid lines represent

here is 60 nM (monomer equivalent). Clearly, Rh of solubilized TMR-Ab

re in color, go online.



Stability and Heterogeneity of Amyloids
buffer. We then examine the dissolution of the TMR-Ab
fibrils in 4 M GdnCl. Fig. 1 D shows that amplitudes of
the FCS autocorrelation trace, i.e., G (0) decrease from
0.2 to 0.04 in 25 min. Fig. 1 E shows that fluorescence
count rate increases from 60 to 300 kHz and the concen-
tration of the soluble TMR-Ab increases from 3 to
15 nM. It may be noted here that at time, t z 0, G(0) is
less and the count rate is higher in 4 M GdnCl compared
to the respective values obtained in native buffer. There-
fore, disaggregation of the amyloids in GdnCl occurs in
at least two phases. First, there is a fast dissolution that oc-
curs within the mixing time (<3 s) of the solution and then
there is a slow dissolution. Once again, good agreement
can be observed between the time courses of the count
rate and the soluble concentration of TMR-Ab. Fig. 1 F
shows that the values of Rh remain constant at 1.83 nm
(50.02 nm), which corresponds to the value of Rh ob-
tained for monomeric TMR-Ab in 4 M GdnCl (see
Fig. S2 B). We note here that there is �10% increase of
the Rh of TMR-Ab in 4 M GdnCl compared to that of
in the native buffer, indicating a small amount swelling
of the peptide in GdnCl. Overall, the data presented in
Fig. 1 indicate that TMR-Ab fibrils dissolve significantly
in 4 M GdnCl, but minimally in the native buffer. The in-
crease of TMR fluorescence is proportional to the increase
of the concentration of TMR-Ab monomers. Therefore, fi-
brils or the oligomers do not contribute to the TMR fluo-
rescence significantly. In the subsequent experiments,
TMR fluorescence has been used as a measure of the con-
centration of monomeric TMR-Ab in solution.
FIGURE 2 Time course of disaggregation of TMR-Ab42 amyloids in urea (A–

of disaggregation in 0–9 M urea (and in 0–7 M GdnCl). Solid lines are fits usin

constants of disaggregation (ln(k-)) calculated using Eq. 3 from the kinetic data. S

different time points between 10 and 42 h for urea (and between 0.5 and 25 h for G

in GdnCl. The concentration of amyloids used here is 30 nM (monomer equiva
Kinetics of dissolution of TMR-Ab42 amyloids as
a function of denaturant concentrations

We then investigate the kinetics of dissolution of the TMR-
Ab amyloids as a function of the concentrations of the
chemical denaturants such as urea and GdnCl. A 3 mM stock
solution of TMR-Ab fibrils is diluted 100-fold in PBS buffer
containing different concentrations of urea or GdnCl. Ki-
netics of dissolution are monitored continuously using
TMR fluorescence. Fig. 2, A and D, shows that kinetics of
dissolution of TMR-Ab amyloids are faster in higher con-
centrations of both urea and GdnCl. There is significant
dissolution of the amyloids within the mixing time of the so-
lutions at higher concentrations of GdnCl, indicating faster
dissolution in GdnCl than in urea. The increase of fluores-
cence is minimal below 2 M urea or 1 M GdnCl, indicating
extremely slow disaggregation of the amyloids at low dena-
turant concentrations.

We then calculate the apparent rate constants of disaggre-
gation (k�) at the initial time from kinetic data presented in
Fig. 2, A and D. The k� is calculated using the following
expression:

k� ¼ 1

Ctotal

dC

dt
¼ 1

Ctotal

CðtÞ � Cð0Þ
t

: (3)
Here C(t), C(0) indicate concentrations of dissolved mono-
mers at time ¼ t and 0, respectively. Ctotal is the total
concentration of the amyloids (monomer equivalent).
Fig. 2, B and E, shows that ln(k�) varies linearly with
C) and in GdnCl (D–F) monitored by TMR fluorescence. (A andD) Kinetics

g double exponentials. (B and E) Natural logarithm of apparent initial rate

olid lines are linear fits. (C and F) Fraction of dissolved peptide measured at

dnCl). Disaggregation reaches near completion within 42 h in urea and 18 h

lent). To see this figure in color, go online.
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concentrations of both urea and GdnCl. Here k� has been
calculated using t ¼ 10 s. Hence, disaggregation of the
amyloids increases exponentially with concentration of de-
naturants. Using linear extrapolation, the calculated disag-
gregation rate constants in PBS (k�,PBS) are equal to
(1.23 5 0.01) � 10�4 and (1.01 5 0.01) � 10�4 s�1

from Fig. 2, B and E, respectively.
Fig. 2, C and F, show the fraction of TMR-Ab amyloids

dissolved as a function of concentration of urea (and GdnCl)
measured at different time points. The soluble fraction
shows sigmoidal dependence with the concentrations of de-
naturants. The sigmoidal dependence generally indicates
cooperativity of the process. Furthermore, soluble fractions
of TMR-Ab in intermediate concentrations of the denatur-
ants increase with time over several hours. However, the
disaggregation seems to reach near completion within 42
and 18 h of incubation in urea and GdnCl, respectively.
Therefore, disaggregation of amyloids is an extremely
slow process, particularly at lower concentrations of the
denaturants.
Soluble concentration as a function of total
concentration of the amyloids, Csoluble versus
Ctotal

We then examine if the dissolution of the TMR-Ab
amyloids reaches thermodynamic equilibrium so that the
dissolved concentrations may be considered as the thermo-
dynamic solubility of the amyloid peptides under the partic-
ular solvent conditions. To test thermodynamic solubility,
we examine the relationship between total concentration
(Ctotal) and the soluble concentration (Csoluble) of the amy-
loids. Concentrations (monomer equivalent) of the amyloids
used in these solutions are 25, 50, 99, 197, and 389 nM.
Fig. 3 A shows that the dissolved TMR-Ab concentration
increases proportionally to the amounts of amyloids added
(Csoluble f Ctotal) at all the concentrations of GdnCl. The
constant of proportionality is z0 at 0 M and is z1 at
6 M GdnCl. This is contrary to what is expected in the
804 Biophysical Journal 114, 800–811, February 27, 2018
case of dissolution governed by thermodynamic solubility.
Fig. S3 presents an example of the expected behavior
when a small molecule such as tyrosine is dissolved in
GdnCl. As expected in the case of thermodynamic solubil-
ity, these plots have two distinct regimes: 1) for Ctotal <
Csat, Csoluble ¼ Ctotal and 2) for Ctotal > Csat, Csoluble ¼
Csat. Here, Csat refers to saturation concentration. Therefore,
dissolution of the amyloids does not reach thermodynamic
solubility. We then replot the data presented in Fig. 3 A in
terms of fraction of fibrils dissolved, Csoluble/Ctotal as a
function of the GdnCl concentration. Fig. 3 B shows that
these plots are sigmoidal in nature, similar to the observa-
tions presented in Fig. 2, C and F. Furthermore, fraction
of the fibrils dissolved for all of the different total concentra-
tions of the TMR-Ab fibrils overlap with each other. Hence,
fraction of the fibrils dissolved at any particular concentra-
tion of GdnCl is independent of total concentration of the
amyloids indicating metastability and heterogeneity of the
amyloids (26).
Dissolution of aggregates prepared in different
temperature, pH, and incubation time

To verify metastability of the amyloids further, we compare
dissolution properties of the amyloid aggregates prepared
under different solution and incubation conditions. Hence,
we prepare the amyloid aggregates under different solution
and incubation conditions, but the dissolution experiments
have been performed under the same solvent conditions,
i.e., in PBS buffer containing GdnCl at room temperature.
Fig. 4 A shows the fraction of dissolved fibrils that have
been prepared at different temperatures, i.e., at 25 and
37�C as a function of GdnCl concentration. These plots
show that the fibrils prepared at higher temperatures are
more stable than those that are prepared at lower tempera-
tures, although the differences are small. Fig. 4 B compares
the stabilities of the fibrils prepared in phosphate buffers at
pH 5.7 and 7.4. Clearly, fibrils prepared at lower pH are less
stable. Fig. 4 C shows that the denaturation of the amyloids,
FIGURE 3 Relationship between soluble

(Csoluble) and total concentrations (Ctotal). (A)

Csoluble versus Ctotal of TMR-Ab fibrils in 0–6 M

GdnCl; open circles represent the data and solid

lines are linear fits. Soluble peptide concentrations

were calculated from TMR fluorescence. (B) Solu-

ble fraction (Csoluble/Ctotal) as a function of GdnCl

concentration. Clearly, fraction dissolved (i.e.,

Csoluble/Ctotal) is independent of the total concen-

tration of the amyloids. Total concentrations of am-

yloids used here are 25, 50, 99, 197, and 389 nM.

To see this figure in color, go online.



FIGURE 4 Effects of temperature, pH, and aging on stability of the TMR-Ab amyloids. (A) Soluble fraction as a function of [GdnCl] for amyloids pre-

pared at 25�C (square) and 37�C (circle). (B) Amyloids prepared at pH 5.7 (square) and pH 7.4 (circle). (C) Amyloids aged for 2 days (square), 2 months

(circle), and 4 months (triangle). Solid lines are fits using Eq. 5. Clearly, soluble fractions depend strongly on preparation conditions. Concentration of

amyloids used here is 50 nM (monomer equivalent). To see this figure in color, go online.
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which have been incubated in PBS at 37�C for 2 days, and
2 and 4 months. It is clear that stability of the amyloids in-
creases with aging of the fibrils, indicating slow evolution of
the fibrils into more stable structures (27,28). Most strik-
ingly, aggregates that are aged for 4 months could not be
dissolved well even in 8 M GdnCl. Taken together, apparent
solubility of TMR-Ab amyloids depend strongly on the
preparation conditions. Therefore, amyloids may reach
different metastable state(s) depending on the growth
conditions.
Kinetics of dissolution of the fibrils preincubated
in GdnCl

We then examine heterogeneity of the amyloids further by
comparing the kinetics of disaggregation of TMR-Ab amy-
loids that have been preincubated in different concentrations
of GdnCl. Fig. 5 A shows the time course of TMR fluores-
cence when TMR-Ab amyloids that have been preincubated
in 3 M GdnCl are diluted 50-fold in 3–6 M GdnCl. It may be
seen that the TMR fluorescence does not increase at all
in 3 M GdnCl, indicating no further dissolution within the
experimental time. However, these fibrils can be dissolved
further at higher concentrations of GdnCl. Similarly,
Fig. 5 B shows that fibrils preincubated in 4 M GdnCl do
not dissolve noticeably in 4 M GdnCl; rather, these require
higher concentrations of GdnCl for dissolution. Further-
more, Fig. 5, A and B, shows that kinetics of disaggregation
of the preincubated fibrils at any concentration of GdnCl are
much slower compared to kinetics observed in the case of
fibrils incubated in native buffer (see Fig. 2 D). Hence,
dissolution behaviors of the fibrils incubated in 0, 3, and
4 M GdnCl are different from each other, indicating hetero-
geneity and metastability of the fibrils. Furthermore, amy-
loids preincubated in a certain concentration of GdnCl
exhibit no further dissolution after dilution in the same con-
centration of GdnCl. Hence, each structurally homogeneous
state of the amyloids requires a specific threshold concentra-
tion of GdnCl for dissolution. Dissolution of the fibrils is
extremely slow below the required threshold concentration
of the denaturant. Therefore, disaggregation of each homo-
geneous state is a highly cooperative process.
Effects of progressive seeding on denaturant-
dependent apparent solubility of the amyloids

Progressive seeding of amyloid fibrils is known to reduce
the heterogeneity of fibril preparations (8,29). We now
examine how progressive seeding of the amyloids affects
its apparent solubility. Fig. 6 shows the effects of progres-
sive seeding on the GdnCl-dependent soluble fraction of
the TMR-Ab amyloids. The amyloids used in these
FIGURE 5 Time course of disaggregation of

TMR-Ab42 amyloids preincubated in 3 M (A)

and 4 M GdnCl (B). Aliquots of 5 mM amyloid

fibril stock were preincubated in 3 and 4 M GdnCl

for 24 h at RT. Kinetics of TMR fluorescence were

recorded after 50-fold dilution of the GdnCl-incu-

bated amyloids in different concentrations of

GdnCl. The symbols represent data and the solid

lines are guide for the eye. Clearly, the amyloids

preincubated in 3 M (or 4 M) GdnCl do not

dissolve any further in 3 M (or 4 M) GdnCl. Ki-

netics observed here is much slower than those

observed in Fig 2, A and D. To see this figure in

color, go online.
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FIGURE 6 Effects of progressive seeding on denaturant-dependent

disaggregation of amyloids. Soluble fraction (Csoluble/Ctotal) as a function

of [GdnCl] using TMR-Ab42 amyloids prepared without seeding (squares)

and with third generation (circles) and fifth generation (triangles) of pro-

gressive seeding. Solid lines are fits using Eq. 5. Clearly, steepness of the

sigmoid curves increases with progressive seeding whereas the midpoints

remain unchanged. To see this figure in color, go online.

Sil et al.
experiments have been prepared with no seeding, and with a
third and fifth generation of seeding. Clearly, the sigmoidal
curves become progressively steeper with successive seed-
ing, whereas the midpoints of the curves remain the same.
Therefore, the data presented above are consistent with
the midpoint and the steepness of the sigmoidal being a
measure, respectively, of mean stability and heterogeneity
of the amyloids.
Denaturant-mediated dissolution as a measure of
stability and heterogeneity of the aggregates

The data presented above indicate that amyloids consist of a
heterogeneous assembly of metastable states. Each member
of the heterogeneous ensemble, i.e., each structurally homo-
geneous state, has a unique kinetic stability. Therefore, we
propose that each member of the ensemble of the heteroge-
neous amyloids may be characterized on the basis of its ki-
FIGURE 7 Distribution of the amyloids classified based on the threshold conc

population of the amyloids. Gaussian distributions (Eq. 4) are calculated using t

A–C, and 6 using Eq. 5 (see Tables S1 and S2). Clearly, the distributions shift to h

aging from 2 days to 4 months (C). The distribution becomes narrower with pr
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netic stability measured by the threshold concentration of
denaturant (r*) required for its dissolution. For quantitative
evaluation of the heterogeneity, we assume that the distribu-
tion of the population in a certain preparation of the
amyloids is Gaussian. Hence the normalized population dis-
tribution P(r*) can be expressed as

Pðr�Þ ¼ 1

s
ffiffiffiffiffiffi
2p

p e
�1
2

�
r��hri

s

�2

; (4)
where hri is the mean and s is the standard deviation (SD)
of the distribution. In the context of amyloids, hri and s

signify mean stability and heterogeneity, respectively. The
fraction of peptide dissolved at any particular concentration,
r, of GdnCl can be expressed as follows:

CsolubleðrÞ ¼ 1

s
ffiffiffiffiffiffi
2p

p
Zr

0

e
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2
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x�hri
s

�2

dx

¼ 1

2

�
erf

�
r� hriffiffiffi

2
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�
þ erf

� hriffiffiffi
2

p
s

��
; (5)
where the error function is defined as erfðzÞ ¼
2=Op

R z
0
e�u2du.

We then examine if the data presented in Figs. 4 and 6 can
be fit using Eq. 5. Solid lines in Figs. 4, A–C and 6 are fits of
the denaturant-dependent apparent solubility data using
Eq. 5. Clearly, the disaggregation data fit well, indicating
agreement with the Gaussian distribution for r*. The values
of hri and s obtained from the analysis are summarized in
Tables S1 and S2. The normal distributions as described
in Eq. 4 using the determined values of hri and s are plotted
in Fig. 7, A–D. Fig. 7, A–C, shows that both the mean and
the SD of the distributions increases with an increase in
temperature, pH, and aging—indicating an increase in
both stability and heterogeneity. Fig. 7 D shows that the dis-
tributions of the amyloids become narrower with progres-
sive seeding, although the mean remains the same.
entration of GdnCl (r*GdnCl) required to dissolve a particular homogeneous

he values of hri and s obtained from fitting of the data presented in Figs. 4,

igher stabilities from 25�C to 37�C (A), from pH 5.7 to pH 7.4 (B) and with

ogressive seeding whereas the mid points remain the same (D).
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DISCUSSION

There is much debate in the literature about whether amy-
loid fibrils are cytotoxic or harmless byproducts in protein
aggregation diseases (30). This debate is fueled by observa-
tions that severity of the disease in AD does not correlate
well with the load of the amyloid plaques in the brain
(31,32). However, numerous evidences indicate that amy-
loid fibrils could exert their cytotoxic properties via diverse
pathways. For example, the amyloid fibrils can cause
disruption of cellular membranes (33) or act as reservoirs
for toxic soluble oligomers as the oligomers may form
by secondary nucleation and fragmentation (32,34,35).
Amyloid fibrils can also be the primary agent responsible
for transmission of amyloids from cell-to-cell or indi-
vidual-to-individual due to its high stability and strong
resistance to proteolytic degradation (36,37). However,
mechanisms of toxicity of the fibrils are still unclear. A ma-
jor reason behind this is the highly polymorphic nature of
the fibrils (30). Polymorphic forms of the fibrils are known
to differ in terms of length distribution, mechanical stabil-
ity, and biological activities (8,38,39). Therefore, although
some forms of the amyloids may be cytotoxic, some other
forms of the amyloids of the same peptide may be
benign—leading to conflicting observations regarding the
toxicity of the amyloids (15,16). Hence, characterization
of the heterogeneity of the amyloid aggregates is important
to unravel the mechanisms of its diverse biological
activities.

Disaggregation and clearance of amyloid deposits of Ab
have been the major targets of the clinical trials in AD
(40,41). However, kinetics or thermodynamics of disag-
gregation of amyloids are poorly understood. Although
aggregation of amyloid proteins has been studied exten-
sively, there are only a few studies on disaggregation of
the amyloids (18–20). For example, a large number of
small molecules are known to inhibit amyloid aggregation
(42–44), but very few molecules have been found to cause
disaggregation of amyloids (45,46). A major difficulty in
studying disaggregation is that amyloids are known to be
extremely stable, sometimes practically insoluble even un-
der strongly denaturing conditions. The origin of high sta-
bility of the amyloids is not well understood, but it is
generally believed to arise from the extensive intra- and
intermolecular H-bonding and hydrophobic interactions
(19,47). Studies on disaggregation of the amyloids can
shed light on the stability of the amyloids. This can poten-
tially help to design small molecules to disrupt the amy-
loids. Furthermore, it can help to design highly stable
amyloid fibrils for applications in nanobiotechnology
(48). In this article, we have studied the kinetics of disag-
gregation of the TMR-Ab amyloids to examine whether
disaggregation properties can be used to characterize het-
erogeneity and thermodynamic or kinetic stability of the
amyloids.
TMR fluorescence is a sensitive assay to monitor
disaggregation of amyloids

Garai and Frieden (22) have previously shown that fluores-
cence of TMR-Ab can be used to monitor aggregation of
this peptide or disaggregation of these amyloids (25).
TMR fluorescence has also been used to monitor aggrega-
tion of TMR-labeled polyglutamine (49). Here we have per-
formed FCS measurements to check how quantitative this
assay is. Our FCS data presented in Fig. 1 show that the hy-
drodynamic radius of the dissolved species is identical to the
monomeric peptide (see Fig. S2). Furthermore, the fluores-
cence is proportional to the number of molecules in the FCS
observation volume (Fig. 1, B and E). Hence, TMR fluores-
cence is proportional to the concentration of monomeric
TMR-Ab in the solution. In other words, contributions of
oligomeric or fibrillar aggregates to the total TMR fluores-
cence are negligible. We note here that this approach does
not require any physical separation of the monomer popula-
tion from the self-assembled forms. Previous studies have
used Thioflavin T fluorescence to measure the content of
the fibrils (28,50). However, ThT assay is not quantitative.
Hence, these observations are generally supplemented
with EM or AFM imaging. TMR fluorescence assay, on
the other hand, is quantitative and highly sensitive to even
subnanomolar concentrations.
Dissolution of TMR-Ab amyloids versus
thermodynamic solubility

Fig. S3 shows the relationship between soluble versus total
concentration, as expected in the case of thermodynamic
solubility using a small molecule tyrosine. It can be seen
that Csoluble ¼ Ctotal for Ctotal < Csat and Csoluble ¼ Csat for
Ctotal > Csat. Here Csoluble, Csat, and Ctotal indicate soluble,
saturation, and total concentrations, respectively. However,
Fig. 3 shows that this is not the case for TMR-Ab amyloids.
Here we find that Csoluble f Ctotal, i.e., Csoluble/Ctotal ¼ con-
stant over a range of concentrations of TMR-Ab amyloids.
Therefore, dissolution of the amyloids does not reach ther-
modynamic solubility within the time of the experiments,
i.e., in several days.
Metastability and heterogeneity of the amyloids

The data presented in Fig. 3 show that Csoluble/Ctotal is inde-
pendent of Ctotal, indicating that the amyloids are metastable
and heterogeneous (26). Metastability of the amyloids is
further evident from the data presented in Fig. 4, which sug-
gest that the soluble fraction depends also on aggregation
conditions such as temperature, pH, and aging. Ab aggre-
gates prepared at pH close to 5.5 are known to be more
amorphous or disordered than fibrillar (51). Therefore,
pH-dependent apparent solubility data indicate that amor-
phous aggregates may be less stable compared to the
Biophysical Journal 114, 800–811, February 27, 2018 807



FIGURE 8 A simplified scheme for denaturant-dependent disaggregation

of amyloids.Circles, triangles, and squares represent three structurally distinct

metastable states of the amyloids. Dots represent monomeric peptides. Here

threshold concentrations (r*) of GdnCl required for disaggregation of circles,

triangles, and squares are 2, 4, and 6 M respectively. Shape of the sigmoidal

curve depends on the stabilities and the population distribution of the structur-

ally distinct forms of the amyloids. To see this figure in color, go online.
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fibrillar forms (52). The effect of aging is particularly strik-
ing. Whereas nascent amyloids are dissolved completely in
6 M GdnCl, the 4-month-old samples could not be dissolved
well even in 8 M GdnCl. Therefore, amyloid aggregates
mature slowly to more stable forms. For example, using
multidimensional infrared spectroscopy, Ma et al. (27)
have shown that structures of the amyloids evolve over
several years. Furthermore, higher stability of the amyloids
prepared at 37�C than those prepared at RT (see Fig. 7 A)
occur probably due to faster maturation of the amyloids at
higher temperature. Therefore, our results indicate that am-
yloids grown under different conditions may give rise to
different metastable state(s).

Heterogeneity of the amyloids is further supported by the
data presented in Fig. 5 that indicate that amyloids preincu-
bated in 3 or 4 M GdnCl do not dissolve noticeably within
the time of the experiments in the same concentration of
GdnCl even after 50-fold dilution. Preincubated amyloids
can be dissolved further only in higher concentrations of
GdnCl, but the kinetics of dissolution are much slower
than those observed in the case of aggregates not incubated
in GdnCl (see Fig. 2 D). These observations are consistent
with the explanation that the amyloids undissolved during
the preincubation period are kinetically insoluble in that
concentration of GdnCl. Therefore, amyloids are a hetero-
geneous mixture of metastable states. Dissolution of each
member, i.e., each structurally homogeneous state, requires
a unique threshold concentration (r*) of the denaturant.
Dissolution is extremely slow below the threshold concen-
tration. Requirement of a threshold concentration of the
denaturant indicates high cooperativity of the disaggrega-
tion process. Therefore, we propose that the various struc-
tural states of the amyloids may be characterized in terms
of kinetic stabilities that can be measured in terms of r*
of a denaturant such as GdnCl.
A schematic model of dissolution of the amyloids
in chemical denaturants

Fig. 8 presents a simplified scheme to explain the observa-
tions reported in this article. In this scheme, dissolution
behavior of the TMR-Ab amyloids is explained by consid-
ering three peculiar features of the amyloids. First, amyloids
are a mixture of heterogeneous and metastable states.
Second, a unique threshold concentration of GdnCl is
required for dissolution of each homogeneous state within
the experimental time; therefore, aggregates and the mono-
meric peptides are separated by large kinetic barriers. Third,
interconversion between the different forms of the aggregates
is extremely slow. Hence, various states of the amyloids are
separated by large kinetic barriers between them. Thermody-
namic free energies (DG) also must be different for the
various different states. However, dissolution of the amyloids
reported here is primarily limited by the kinetic barriers. In
Fig. 8, we have presented a simple picture of the amyloids
808 Biophysical Journal 114, 800–811, February 27, 2018
consisting of three structurally distinct states represented as
circles, triangles, and squares. We have assumed here
that the threshold concentrations (r*) of GdnCl required to
dissolve the circles, triangles, and the squares are 2, 4, and
6M of GdnCl, respectively. Therefore, at any particular con-
centration of GdnCl, say at 4 M GdnCl, only the circles and
triangles dissolve, whereas the more stable states, such as the
squares, remain undissolved. Hence, the fraction of amyloids
dissolved at any particular concentration of GdnCl is con-
stant and is determined by the relative population of the
various structurally distinct states of the amyloids.
Quantitative analysis of the denaturant
dependent apparent solubility of the amyloids

The schematic in Fig. 8 suggests that denaturation-dependent
solubility of the amyloids contains information about the het-
erogeneity of the amyloids in a particular sample. The data
presented in Figs. 2, 3, and 4 suggest that soluble fraction
of the amyloids as a function of the concentration of GdnCl
is sigmoidal. For a homogeneous system, the sigmoid curve
is an indicator of cooperativity in the disaggregation process.
The steepness, i.e., the slope around the midpoint of the
sigmoidal curve, commonly known as the m value, is a mea-
sure of the cooperativity for a homogeneous system. Overall
shape of the sigmoidal curve is determined by the dissocia-
tion constant (Kd) and the m value (19,20). However, in the
presence of heterogeneity, the shape of the sigmoidal curve
is the resultant of the sigmoid curves corresponding to all
of the structurally homogeneous states and the underlying
population distribution of those states. Therefore, a rigorous
analysis of the sigmoidal curve is quite complex. Hence, we
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attempt to analyze the sigmoidal curve by making a few
simplified assumptions. We assume that cooperativity of
the disaggregation of each homogeneous state is high. This
is motivated by the observations that a threshold concentra-
tion (r*) of denaturant is required for dissolution of each ho-
mogeneous state of the amyloids. Therefore, the shape of the
sigmoidal curve is predominantly governed by the popula-
tion distribution of the amyloids of various kinetic stabilities.
This is consistent with the observations that with progressive
seeding of the amyloids, there is considerable increase of the
steepness of the sigmoidal curve, whereas the midpoint re-
mains the same (see Fig. 6). Furthermore, we assume that
the distribution of the amyloids of different stabilities,
measured by r*, is Gaussian where the mean (hri) and the
SD (s) correspond to mean kinetic stability and heterogene-
ity, respectively (see Eq. 4). Hence, the fraction of dissolved
amyloids at any particular concentration of the denaturant is
given by Eq. 5. Expectedly, distributions of amyloids pre-
sented in Fig. 7 show that both hri and s are dependent on
the growth conditions, such as temperature, pH, aging, and
seeding of the amyloids.

Our results are consistent with observations by Shih et al.
(53), who found that apparent solubilities of a-chymotrypsin
andBSA in sodiumphosphate bufferwere proportional to the
total concentrations, i.e., Csoluble f Ctotal. Furthermore,
similar observations have been reported even in the case of
dissociation of oligomers of several proteins. For example,
pressure-induced dissociation of the tetramers of glyceralde-
hydephosphate dehydrogenase and lactate dehydrogenase,
and the multimers of erythrocruorin and the capsid of Brome
mosaic virus, were found to be completely concentration-in-
dependent (26,54,55). In fact, pressure-induced dissociation
of even the dimers of triosephosphate isomerase were found
to be concentration-independent (56). The authors concluded
that the oligomers constitute a ‘‘long-lived conformationally
heterogeneous’’ population with each member having its
own characteristic dissociation pressure (26). Hence, hetero-
geneity and high kinetic stability are probably generic prop-
erties of large assemblies of proteins.
Role of progressive seeding on the heterogeneity
of the amyloids

Progressive seeding is used extensively to improve homoge-
neity of the fibrils for structural characterizations by ssNMR
and electron microscopy (8,29). Our data in Fig. 6 and the
analysis presented in Fig. 7 D and Table S2 suggest that
progressive seeding reduces heterogeneity of the amyloids.
Importantly, the midpoint of the distribution remains the
same. This is consistent with the explanation that population
distribution of the amyloids is a peak function and that the
amyloid states corresponding to the peak grow more rapidly
than the other states, thereby giving rise to sharpening of the
distribution around the peak although keeping the position
of the peak same. We then examined if a pure homogeneous
state could be obtained in this process. Fig. S4 shows that
apparent solubility of these fibrils obtained from the sixth
generation of seeding in 3 M GdnCl still follows Csoluble

f Ctotal. Therefore, several generations of progressive seed-
ing reduce heterogeneity of the amyloids considerably, but it
may not generate a pure state. Fig. 7 C shows that with ag-
ing, although the distribution moves toward higher stability,
it also broadens. This happens most likely because, with ag-
ing, amyloids mature to new structural forms with higher
stabilities, although many of the older forms may still
persist, giving rise to broadening of the distribution. In
fact, concomitant increase of stability and heterogeneity is
observed in the case of amyloids prepared at 37�C compared
to those prepared at 25�C. Because amyloids are known to
grow faster at higher temperatures (22), higher stability
and heterogeneity of amyloids at 37�C may arise due to
faster maturation of the amyloids. Based on these observa-
tions, we speculate that heterogeneity of the amyloids orig-
inates in at least two ways. First, heterogeneities may arise
due to multiple quasi-independent intermediates that form
in parallel pathways. Second, heterogeneities may arise
due to slow evolution or maturation of the aggregates
(27). Progressive seeding may reduce the heterogeneity of
the first kind, but not the second kind. Therefore, progres-
sive seeding may never eliminate heterogeneity completely.
Nature of heterogeneity

The nature of heterogeneity of the amyloids is not fully un-
derstood but the morphologies of amyloid aggregates are
known to differ significantly, depending upon preparation
conditions. EM and AFM imaging have shown amyloids
of diverse morphologies including globular spheroids, pro-
tofilaments, ribbonlike fibrils, and single or multistranded
fibrils (10,57). Additionally, morphologically similar amy-
loids may also exhibit heterogeneity due to differences in
the molecular conformations and the water molecules trap-
ped inside the fibril core (27).
Similarities between dissolution of polymer
glasses and amyloids

The peculiar characteristics of dissolution of the amyloid
aggregates can be compared with the dissolution of polymer
glasses. Physical properties of polymer glasses are deter-
mined by crystallinity, density of chain entanglements, cross
linking, and the void volume (58). Generally, ‘‘cross link-
ing’’ refers to covalent bonds, but in the case of amyloids,
cross linking may be considered as any kind of interactions
including noncovalent interactions such as hydrogen bonds
and hydrophobic interactions between the amino acids.
These parameters depend on the conditions of preparation
of the glass (59,60). Kinetics of dissolution of a polymer
glass strongly depend on the physical properties of the glass
(59,61). If the kinetics is very slow compared to the
Biophysical Journal 114, 800–811, February 27, 2018 809
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timescale of the experiments (approximately several days),
it is considered effectively insoluble. Peppas et al. (62)
have shown that dissolution of a polymer glass in a thermo-
dynamically favorable solvent requires a threshold concen-
tration (r*) of the solvent. In a thermodynamically favorable
solvent, the solvent molecules penetrate into the glass to
form a gel. If the solvent concentration is <r*, then the
polymer chains show only segmental motions. But long-
range motions, that are required for disentanglement of
the polymer chains from the gel, occur at solvent concentra-
tions>r*. The r* depends on the physical parameters of the
gel (62). Therefore, dissolution of polymer glasses may
strongly depend on incubation temperature, pH, and aging.
This is consistent with our data, which show that dissolution
of amyloids prepared under different conditions is different
(see Fig. 4). Hence, an important similarity between poly-
mer glasses and amyloids is metastability. Therefore, amy-
loid disaggregation characteristics are different from those
of small molecule disaggregation; they actually bear simi-
larity to those of polymer glasses.
CONCLUSION

We have characterized the disaggregation of TMR-labeled
Ab in native and denaturing aqueous buffers. We provide
an experimental and phenomenological framework to esti-
mate the kinetic stability and heterogeneities of the amyloid
aggregates. In future, it would be interesting to investigate the
relationship between stability and morphology of the amy-
loids to elucidate the molecular origin of its high stability.
In this article, we have described the stability of amyloids
using r* of GdnCl. However, a more general approach could
potentially be established by using any thermodynamically
favorable solvent. In that case, the property of solvent may
be expressed by using solvent quality, which is measured
by the net interaction energy between the solvent and the pep-
tide or by using solubility parameters of the solvent (63,64).
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