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ABSTRACT: The deposition of fibrils and amorphous aggregates of transthyretin (TTR) in patient tissues
is a hallmark of TTR amyloid disease, but the molecular details of amyloidogenesis are poorly understood.
Tetramer dissociation is typically rate-limiting for TTR amyloid fibril formation, so we have used a
monomeric variant of TTR (M-TTR) to study the mechanism of aggregation. Amyloid formation is often
considered to be a nucleation-dependent process, where fibril growth requires the formation of an oligomeric
nucleus that is the highest energy species on the pathway. According to this model, the rate of fibril
formation should be accelerated by the addition of preformed aggregates or “seeds”, which effectively
bypasses the nucleation step. Herein, we demonstrate that M-TTR amyloidogenesis at low pH is a complex,
multistep reaction whose kinetic behavior is incompatible with the expectations for a nucleation-dependent
polymerization. M-TTR aggregation is not accelerated by seeding, and the dependence of the reaction
timecourse is first-order on the M-TTR concentration, consistent either with a dimeric nucleus or with a
nonnucleated process where each step is bimolecular and essentially irreversible. These studies suggest
that amyloid formation by M-TTR under partially denaturing conditions is a downhill polymerization, in
which the highest energy species is the native monomer. Our results emphasize the importance of therapeutic
strategies that stabilize the TTR tetramer and may help to explain why more than eighty TTR variants are
disease-associated. The differences between amyloid formation by M-TTR and other amyloidogenic peptides
(such as amyloidâ-peptide and islet amyloid polypeptide) demonstrate that these polypeptides do not
share a common aggregation mechanism, at least under the conditions examined thus far.

A number of human diseases are characterized by protein
deposition in the form of highly ordered structures known
as amyloid fibrils (1-4). The most familiar and clinically
important of the amyloid diseases is Alzheimer’s disease,
associated with the aggregation of the amyloidâ-peptide
(Aâ)1 in the brain of affected individuals (5). Amyloid fibrils
have been implicated in the etiology of several other diseases
as well, including type II diabetes, light chain amyloidosis,
and familial amyloid polyneuropathy (FAP) (1-4). The
presence of amyloid fibrils is a hallmark of all amyloid
diseases, leading to the hypothesis that either the accumula-
tion of fibrils or the process of fibril formation is responsible
for disease pathology and progression (6, 7). Although the

identity of the polypeptide involved in fibril formation and
deposition is disease-specific, comparison of the amyloid
fibrils formed in each case suggests a common morphology
and a similar cross-â-sheet quaternary structure (8), as
evaluated by X-ray fibril diffraction, electron and atomic
force microscopy, and the binding of amyloid-selective dyes
such as Congo red and thioflavin T (TfT). This common
amyloid structure is formed despite an apparent lack of
homology in sequence, native structure, or function among
the various amyloidogenic proteins and peptides (9).

Although there is genetic and biochemical evidence
supporting the so-called amyloid hypothesis, namely that
amyloid fibril formation is responsible for the development
of disease, it is not clear exactly how abnormal protein
aggregation leads to cellular dysfunction nor which structural
species may be involved in the pathology of amyloid disease.
Several recent studies have demonstrated that the severity
and localization of disease in patients with Alzheimer’s
disease and FAP correlate better with the presence of soluble
aggregates than with the presence of mature amyloid fibrils
(10-12). Additional studies in mammalian tissue culture and
in animal model systems show that small aggregates in the
fibril formation pathway appear to be considerably more
toxic than mature fibrils for several amyloidogenic proteins
(13-19). Taken together, these data suggest that early
oligomeric intermediates have significant toxicity that may
be relevant to disease pathology (20). A thorough under-
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standing of the pathway and mechanism of amyloidogenesis
is important for the development of useful therapeutic
strategies for these diseases (21).

In this paper, we have investigated the aggregation
mechanism of transthyretin (TTR), a 55-kDa homotetramer
composed of 127-amino acid,â-sheet rich subunits (22, 23).
TTR is normally present in human plasma (physiological
concentration of 0.1-0.4 mg/mL), where it functions in the
binding and transport of thyroid hormone (thyroxine, T4) and
the retinol binding protein/vitamin A complex (24). TTR is
also present at lower concentrations (∼0.02 mg/mL) and is
the primary carrier of thyroxine in cerebrospinal fluid. TTR
amyloid fibril formation is associated with the development
of several diseases. Senile systemic amyloidosis (SSA) occurs
after age 60 and is characterized by deposition of wild-type
TTR (wtTTR) (25, 26). This disease is usually mild but can
lead to congestive heart failure and may affect as much as
25% of the population over 80 years of age. More than 80
point mutations in TTR have been described and are
implicated in autosomal dominant disorders known either
as familial amyloid polyneuropathy (FAP) or familial amy-
loid cardiomyopathy (FAC), depending on the primary site(s)
of amyloid deposition (27-29). FAP and FAC are character-
ized by an early age of onset, as early as the second decade
for the most severe mutations, and typically demonstrate a
more aggressive pathology than SSA. Amyloid fibrils
isolated from heterozygous patients with these familial
diseases are composed primarily of variant TTR (27),
suggesting that mutations in TTR increase its amyloido-
genicity in vivo.

Most of the FAP/FAC mutations are conservative, result-
ing in little or no perturbation to the overall structure of the
folded tetramer, as determined by crystallographic studies
(30-32). A number of these mutations (e.g., L55P, V30M,
and V122I) do influence the thermodynamic stability and
the kinetics of dissociation of the TTR tetramer in vitro, and
these properties of the variant tetramers appear to be
correlated to the severity of the resulting disease (33-40).
There are also suppressor mutations in TTR (e.g., T119M)
that kinetically stabilize the native tetramer (38, 41-43) and
are protective against the development of FAP/FAC in
compound heterozygotes carrying a disease-associated muta-
tion (44, 45). Previous studies have shown that tetramer
dissociation is the rate-limiting step for amyloidogenesis in
vitro (46, 47), providing a potential explanation for the
observed correlation between the kinetic and thermodynamic
stability of TTR tetramers and their amyloidogenicity (40).
However, tetramer dissociation is not sufficient to initiate
fibril formation, since native monomers of wtTTR are not
aggregation-competent. Partial denaturation is also required
to form the amyloidogenic intermediate (46-50), which is
proposed to be a partially unfolded monomeric species (51),
suggesting that differences in tertiary structure stability may
also influence the pathogenicity of various TTR mutants (50).

The details of TTR fibril formation from the monomeric
amyloidogenic intermediate are not well understood. Hy-
potheses concerning the mechanism of amyloid fibril forma-
tion are derived primarily from results obtained with Aâ
(52-55), where the observed kinetics of amyloidogenesis
suggest a nucleation-dependent polymerization process much
like that which characterizes crystal growth (Scheme 1A).
In this model, aggregation requires the formation of a

thermodynamic nucleus (56-60), composed ofn* mono-
mers, which is defined as the highest energy species along
the reaction pathway. Hence, nucleation is rate-limiting for
amyloidogenesis; the rate of aggregation is expected to have
a high-order dependence (where the order is related ton*)
on the concentration of protein or peptide monomer. Further-
more, fibril formation should be accelerated by the addition
of preformed aggregates or “seeds”, which effectively
bypasses the rate-limiting nucleation step. Fibril formation
by wild-type tetrameric TTR is not seedable (46); however,
this lack of seeding is expected, because the rate-limiting
step in TTR aggregation is tetramer dissociation rather than
nucleation (Scheme 1B)

To facilitate the elucidation of the aggregation pathway,
we have chosen to use a monomeric TTR variant (M-TTR)
developed in our laboratory (47). M-TTR was designed by
introducing two methionine mutations (F87M and L110M)
that disrupt the subunit interfaces of the TTR tetramer.
Biophysical characterization of M-TTR shows it to be nearly
exclusively (>95%) monomeric at physiological concentra-
tions and to have very similar tertiary structure and tertiary
structural stability to native monomeric wtTTR (47). M-TTR
aggregates readily only under partially denaturing conditions,
confirming that the native monomer is not amyloidogenic
and that partial unfolding of the monomer is required for
amyloid formation. Although both M-TTR and tetrameric
wtTTR are susceptible to aggregation under similar condi-
tions, the rate of M-TTR aggregation is∼100-fold faster
than that of wtTTR (47). Since the tertiary structural
stabilities of M-TTR and wtTTR monomers are similar, this
observation is consistent with rate-limiting tetramer dissocia-
tion. The advantage to using M-TTR in the studies reported
here is that it allows separation of the kinetics of amyloido-
genesis from those of tetramer dissociation. Furthermore, the
dependence of aggregation on a variety of environmental
conditions (e.g., pH, temperature, ionic strength, protein
concentration) can be examined without having to account
for the potential effect of these variables on the tetramer-
monomer equilibrium.

In this work, we have used a variety of techniques to study
the aggregation of M-TTR and to test whether this process
is a nucleation-dependent polymerization (Scheme 1B)
similar to that described for amyloidogenic peptides such as
Aâ and islet amyloid polypeptide (IAPP; Scheme 1A). We
show that M-TTR amyloidogenesis is a complex, multistep
reaction whose kinetic behavior is not compatible with the
expectations for a nucleated process. The aggregation of
M-TTR does not show a high-order dependence on the
concentration of monomeric protein and is not accelerated
by seeding, suggesting that it does not require the formation
of a high-energy oligomeric nucleus. These studies have
important implications for understanding the progression of
TTR amyloid disease and for developing effective therapeutic
strategies for the treatment of these disorders.

EXPERIMENTAL PROCEDURES

Expression and Purification of M-TTR.M-TTR was
expressed in BL21(DE3) Epicurian Gold cells (Stratagene,
La Jolla, CA) transformed with the M-TTR/pMMHa expres-
sion vector (47). A starter culture (in LB with 100µg/mL
ampicillin) was grown at 37°C until cell growth was visible.
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Expression cultures (1.5 L of LB containing 100µg/mL
ampicillin) were inoculated at 1:100 dilution from the starter
culture and were grown at 37°C to an A600 of ∼1. The
cultures were induced by the addition of IPTG (1 mM final
concentration), grown overnight at 37°C, and harvested by
centrifugation (10 min at 13 700g). Fresh cell pellets were
resuspended in 20 mM Tris, 500 mM NaCl (pH 7.5; 100
mL buffer/L of culture) and were frozen in aliquots at-80
°C. Resuspended cells (one 200-mL aliquot for a typical
purification) were thawed in a 37°C water bath, lysed by
sonication (3× 3-min cycles, with 6-s pulses) in the presence
of protease inhibitors (8µg/mL benzamidine, 5µg/mL
o-phenanthroline, and 0.5 mM PMSF), and centrifuged for
30 min at 24 300g. The supernatant was fractionated with
ammonium sulfate; the 25-100% ammonium sulfate pellet
was resuspended in a minimal volume of 25 mM Tris, 1
mM EDTA (pH 8.0) and was dialyzed in 3500 MWCO
dialysis tubing (Snakeskin from Pierce Biotechnology,
Rockford, IL) against 4 L of 25 mMTris, 1 mM EDTA (pH
8.0) overnight at 4°C. After dialysis, the sample was filtered
and applied to a Source 15Q anion exchange column
(Amersham Biosciences, Piscataway, NJ) equilibrated with
25 mM Tris, 1 mM EDTA, 50 mM NaCl (pH 8.0). M-TTR
was eluted with a linear gradient of 50-350 mM NaCl in
1.5 column volumes followed by a 350 mM NaCl wash for
1.5 column volumes. Fractions containing M-TTR (the
major peak) were pooled, concentrated, and further purified
on a Superdex 75 gel filtration column (Amersham Bio-
sciences, Piscataway, NJ) in 10 mM sodium phosphate, 100
mM KCl, and 1 mM EDTA (pH 7.0) to remove any soluble

aggregates. Concentrations of M-TTR solutions are expressed
in mg/mL and were determined spectrophotometrically,
using anε280 of 1.35 (mg/mL)-1 cm-1. A typical purifica-
tion, as described here, yields 40-60 mg of M-TTR from 2
L of cell culture; the M-TTR thus obtained is>95%
monomeric, as previously reported (47). M-TTR solutions
were stored at 4°C and were used within a week of
purification.

Aggregation Kinetics.Reactions were initiated by the
addition of M-TTR stock solutions (0.1-0.8 mg/mL) in 10
mM sodium phosphate, 100 mM KCl, and 1 mM EDTA
(pH 7.0) to an equivalent volume of 200 mM sodium acetate,
100 mM KCl, and 1 mM EDTA (pH 4.3), and aggregation
was assessed by several methods. All reactions were carried
out at 37°C; both solutions (M-TTR stocks and the acetate
buffer) were equilibrated to 37°C before mixing.

(A) Turbidity Measurements.Assays (total volume 1 mL)
contained 0.05-0.4 mg/mL M-TTR, 100 mM KCl, and 1
mM EDTA in 5 mM sodium phosphate and 100 mM sodium
acetate buffers at pH 4.4 and were carried out at 37°C with
no stirring. The increase in turbidity at 400 nm throughout
the reaction was measured on an HP 8453 UV-vis spectro-
photometer (Agilent Technologies, Palo Alto, California),
equipped with a Peltier temperature controller. Data were
collected at 10-s intervals until a total time of 3600 s (1 h),
except for the lowest M-TTR concentrations (0.05 and 0.1
mg/mL), where data were collected for 7200 s (2 h).

(B) ThioflaVin T Binding. Reactions were initiated as
described above, except that TfT (50µL of a 2 mM stock
solution in 10 mM sodium phosphate, 100 mM KCl, and

Scheme 1: Model for Nucleation-Dependent Polymerizationa

a The classical model for nucleation-dependent polymerization is shown for (A) Aâ peptide and (B) as modified for TTR amyloidogenesis. (A)
Amyloid formation from monomeric proteins and peptides is proposed to proceed by a mechanism similar to crystallization. In this model, the
assembly of protein into amyloid fibrils is characterized by two phasessnucleation and growth. The initial steps of aggregation involve the formation
of the nucleus and are described by a series of unfavorable equilibria (nucleation phase). Once an oligomeric nucleus has formed, the subsequent
addition of monomers to the growing polymer becomes energetically favorable (growth phase). The main feature of this model is the existence of
a thermodynamic nucleus as the key intermediate in the aggregation pathway. The nucleus consists ofn* peptide or protein subunits and is the
highest energy species along the pathway, as illustrated by the free-energy diagram. The number of individual steps in the nucleation and growth
phases is not specified in this model, as indicated by the repeating unitsx andy, respectively. The rate of nucleation-dependent polymerization
reactions show a high-order dependence on the concentration of monomeric protein or peptide and can be dramatically increased by “seeding”, the
addition of preformed fibrils. (B) The model for nucleation-dependent polymerization has been adapted for TTR amyloidogenesis, to account for
the fact that TTR is a natively folded, tetrameric protein rather than an unstructured monomeric peptide like Aâ. Previous studies have shown that
dissociation of the TTR tetramer (step1) is the rate-limiting step for fibril formation in vitro. Furthermore, the resulting monomer only becomes
amyloidogenic when subjected to partially denaturing conditions, suggesting that a structural rearrangement of the monomer (step2) is also required.
The subsequent aggregation process is identical to that shown for Aâ, involving both a nucleation phase (step3) and a growth phase (step4). The
partially denaturing conditions required for TTR amyloidogenesis change the free-energy landscape from that which exists under native conditions,
where the TTR tetramer is more stable than either TTR monomeric species.
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1 mM EDTA, pH 7.0) was added to the acetate buffer prior
to the addition of M-TTR. Assays (total volume 2.05 mL)
contained 0.05-0.4 mg/mL M-TTR, 100 mM KCl, 1 mM
EDTA, and 48.8µM TfT in 5.1 mM sodium phosphate and
97.6 mM sodium acetate buffers at pH 4.4 and were carried
out at 37°C with no stirring. TfT fluorescence was monitored
continuously, using an AVIV ATF-105 fluorometer (AVIV
Instruments, Lakewood, NJ) with 440 nm excitation (1.5 nm
bandwidth) and 485 nm emission (6 nm bandwidth). Data
were collected at 5-s intervals until a total time of 1800 s
(30 min). For each experiment, control TfT reactions were
carried out either at pH 4.4 with no M-TTR (48.8µM TfT,
100 mM KCl, and 1 mM EDTA in 5.1 mM sodium
phosphate and 97.6 mM sodium acetate buffers) or at pH
7.0 with varying M-TTR concentrations (0.05-0.4 mg/mL,
with 48.8 µM TfT, 100 mM KCl, and 1 mM EDTA in 10
mM sodium phosphate). Kinetic traces for each M-TTR
concentration were corrected by subtracting either the
corresponding pH 7.0 control reaction or the pH 4.4 control.

For some control experiments, aggregation reactions were
carried out in the absence of TfT and were assayed for TfT
binding at various times throughout the reaction. These
reactions contained 0.05-0.4 mg/mL M-TTR, 100 mM KCl,
and 1 mM EDTA in 5 mM sodium phosphate and 100 mM
sodium acetate buffers at pH 4.4 and were carried out in
microcentrifuge tubes at 37°C with no stirring. Reactions
were vortexed prior to removal of aliquots, and TfT
measurements were made at pH 4.4 by adding 50µM TfT
to each aliquot immediately prior to recording the fluores-
cence emission spectrum.

(C) Analytical Gel Filtration. Assays (300µL total
volume) were carried out in microcentrifuge tubes and were
incubated for the desired length of time (30-7200 s) at 37
°C with no stirring. After incubation, reaction mixtures (100-
µL injections) were analyzed by gel filtration on a Superdex
75 HR 10/30 column (10× 300 mm, 13 µm, from
Amersham Biosciences, Piscataway, NJ) at 25°C, with
detection at 280 nm. The mobile phase was 10 mM sodium
phosphate buffer containing 100 mM KCl and 1 mM EDTA
(pH 7.0). At longer time points, where large aggregates were
present, reaction mixtures were centrifuged at 16 000g for 5
min at 4 °C prior to injection on the column. Samples
incubated for short times were not centrifuged; control
experiments showed that the chromatograms for these
samples were identical whether they were centrifuged or not.
Concentrations of each peak were calculated from a standard
curve of varying concentrations of M-TTR stock solutions
(0.001-0.8 mg/mL) prepared in 10 mM sodium phosphate
with 100 mM KCl and 1 mM EDTA (pH 7.0).

Determination of Nucleus Size and Critical Concentration
for Aggregation.(A) Nucleus Size. Kinetic traces from the
turbidity and TfT fluorescence assays were analyzed. For
each trace, the endpoint amplitude was measured, and the
time required to reach half-maximal amplitude (defined as
t50) was calculated. The nucleus size can be extracted from
the dependence of the rate of reaction on the concentration
of M-TTR (59), calculated as the slope of lnt50 vs ln
[M-TTR].

(B) Critical Concentration. Aggregation reactions (0.01-
0.4 mg/mL M-TTR) were carried out in microcentrifuge
tubes with no stirring. At various times (1, 24, and 48 h),
the reactions were vortexed to ensure that the mixtures were

homogeneous, and aliquots were removed for turbidity and
TfT measurements. For turbidity assays, samples containing
a large amount of aggregated protein (turbidity>1 at 400
nm) were diluted to obtain turbidity values within the linear
range of the instrument and to accurately determine the
endpoint. TfT measurements were made at pH 4.4 by adding
50 µM TfT to each aliquot immediately prior to recording
the fluorescence emission spectrum. The endpoint turbidity
and TfT fluorescence were thus determined for each M-TTR
concentration; the critical concentration for aggregation can
be estimated from thex-intercept of the plot of endpoint
amplitudes versus concentration of M-TTR (58).

The critical concentration for aggregation was also deter-
mined from the equilibrium concentration of monomer in
aggregating reactions. Concentrations of monomer were
measured by gel filtration (vide supra) at long reaction times
(3 h to 1 wk). Samples were centrifuged at 16 000g for 5
min at 4°C to remove large aggregates prior to analysis.

Seeding Experiments.M-TTR aggregation reactions that
had proceeded for varying lengths of time (1 min to 3 days)
at pH 4.4 and 37°C were evaluated for their ability to seed
the aggregation of fresh M-TTR. These seeded reactions were
carried out exactly as described above, except that seed
mixtures were added to the low pH acetate buffer im-
mediately prior to the addition of M-TTR. Seeds were either
vortexed for 5 s orsonicated for 2 min and then vortexed,
to ensure that a homogeneous mixture was being used. The
total concentration of M-TTR was identical to that in
unseeded reactions, but 2, 5, or 10% (w/w) of the total
M-TTR present in the final assay came from the seed
mixtures. The final pH of the seeded reactions and final
concentrations for all assay components were identical to
those used in the unseeded reactions. For example, a reaction
of 0.2 mg/mL M-TTR with 10% seed was carried out as
follows: (1) 0.2 mg/mL M-TTR seed (300µL total volume)
was prepared by incubation at pH 4.4 and 37°C for the
desired length of time, and (2) the seeded reaction was
initiated by addition of 200µL of seed and 900µL of fresh
M-TTR (0.4 mg/mL) to a cuvette containing 900µL of
acetate buffer. Aggregation was monitored both by turbidity
and TfT fluorescence.

Microscopy.Aliquots were removed from M-TTR ag-
gregation reactions at varying time points (60-3600 s), and
the aggregates were examined by AFM and EM. All
microscopy samples were derived from reactions of 0.2 mg/
mL M-TTR carried out at pH 4.4 and 37°C.

(A) Atomic Force Microscopy.For each time point, an
aliquot (20µL) of the reaction solution was placed on a 0.8-
× 0.8-cm piece of freshly cleaved mica and was allowed to
adsorb to the mica surface for 10 s. The excess solution was
wicked away with filter paper, and the mica surface was
washed three times with deionized water. Following the final
water wash, the excess water was carefully removed with
filter paper, and the sample was air-dried overnight. A
solution of 0.2 mg/mL M-TTR in 10 mM sodium phosphate,
100 mM KCl, and 1 mM EDTA (pH 7.0), prepared in exactly
the same manner, was used as at ) 0 control. AFM images
in height and amplitude mode were obtained in air, using a
Digital Instruments Multimode scanning probe microscope
with a Nanoscope IIIa controller (Digital Instruments,
Santa Barbara, CA) operating in tapping mode with force-
modulation etched silicon probes (Digital Instruments model
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FESP). All AFM supplies were obtained from Ted Pella,
Inc. (Redding, CA).

(B) Transmission Electron Microscopy.Aliquots (5 µL)
were placed on carbon-coated copper grids, and the solutions
were allowed to stand for 2 min prior to removing the excess
solution. Each grid was washed twice with deionized water
and stained for 1 min with 2% uranyl acetate (in water);
excess uranyl acetate was removed with filter paper. Controls
(t ) 0 s and buffer alone) for each experiment were prepared
with the exact procedure detailed above and consisted of 0.2
mg/mL M-TTR in 10 mM sodium phosphate, 100 mM KCl,
and 1 mM EDTA (pH 7.0), or of buffer alone (5 mM sodium
phosphate and 100 mM sodium acetate, with 100 mM KCl
and 1 mM EDTA, pH 4.4). EM samples were examined with
a Phillips CM-100 transmission electron microscope, with
an accelerating voltage of 100 kV. EM grids and other
supplies were obtained from Electron Microscopy Sciences
(Fort Washington, PA).

RESULTS

M-TTR Aggregation Kinetics. The kinetics of M-TTR
aggregation mediated by acidic partial denaturation were
examined by several biophysical methods. The rate and
extent of aggregation are pH-dependent, with maximum
aggregation occurring at pH 4.4 (47); hence, all of the

experiments reported herein were carried out at pH 4.4.
Figure 1 shows a representative experiment, where M-TTR
aggregation was measured both by turbidity (panels A and
B; same data plotted on two different scales) and by TfT
binding (panels C and D; same data on different scales). The
curves obtained by turbidity are sigmoidal in shape (Figure
1, panels A and B) and resemble those that are frequently
reported for protein aggregationsat early times, there is an
apparent lag, followed by a phase of rapid increase in
turbidity and then a plateau. The reaction is dependent on
the concentration of M-TTR in three ways: At higher
M-TTR concentration, (1) the maximum amplitude, or
endpoint, of the turbidity is increased, (2) the length of the
apparent lag phase is shortened, and (3) the rate of reaction
during the growth phase is accelerated. In contrast to the
results obtained by turbidity, TfT fluorescence increases
immediately upon mixing of M-TTR with low pH buffer
(Figure 1, panels C and D). These reactions lack a lag phase,
and the kinetic traces can be reasonably approximated by
single or double exponential fits. TfT assays are also
dependent on the concentration of M-TTR; increasing the
M-TTR concentration results in a faster rate and a greater
extent of aggregation. The time scale of M-TTR aggregation,
as measured by these two techniques, is clearly different
(Figure 1; compare panels B and D). For each M-TTR
concentration examined, the reaction reaches greater than

FIGURE 1: Dependence of M-TTR aggregation kinetics on M-TTR concentration. M-TTR aggregation was measured by the increase in
turbidity (panelsA andB) or in TfT fluorescence (panelsC andD). Assays contained varying concentrations of M-TTR (0.05-0.4 mg/mL)
at pH 4.4 and were carried out at 37°C with no stirring (see Experimental Procedures for details). M-TTR concentrations in this representative
experiment were 0.05 (O), 0.1 (0), 0.15 ([), 0.2 (×), 0.25 (+), 0.3 (4), and 0.4 mg/mL (b). Solid lines represent the actual data points
(collected at 10-s intervals forA andB, and 5-s intervals forC andD); symbols are used only to identify each line. The lower panels (B
andD) show the same data as the upper panels (A andC, respectively), with an expanded time scale to emphasize differences in the initial
rate measured by turbidity and TfT fluorescence. Arrows indicate where aggregates have become sufficiently large to interfere with the
assays (see text for details).
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half the maximal TfT amplitude before any increase in
turbidity is detected.

Regardless of the method of detection, all aggregation
reactions were carried out with no stirring. Although stirring
can influence the rate of aggregation for some amyloidogenic
proteins, preliminary experiments with M-TTR suggest that
it has only a minimal effect on the observed rate of reaction
in this case (data not shown). Nevertheless, we chose to study
M-TTR aggregation under stagnant conditions because these
are easier to replicate, facilitating the comparison of data
obtained by different methods. Stagnant M-TTR aggregation
reactions remain homogeneous suspensions essentially until
reaching completion, when the aggregates become suf-
ficiently large to settle out of solution. This phenomenon
accounts for the observed decrease in turbidity (indicated
by arrows in Figure 1A) and the apparent increase in TfT
fluorescence (arrows in Figure 1C; this initial increase is
followed by a decrease in fluorescence as the aggregates
move through the light path). Although the data shown are
truncated for clarity, reactions were allowed to proceed to
completion (3600 s for turbidity assays or 1800 s for TfT
assays) and were then mixed prior to determination of the
reaction endpoint.

Turbidity Versus ThioflaVin T Fluorescence Measurements.
As described above, the kinetics of aggregation measured
by turbidity and TfT fluorescence are clearly different.
Detailed kinetic analysis of these data is complicated, since
aggregation comprises many reactions occurring simulta-
neously. Furthermore, the form of the rate equation describ-
ing these reactions depends on what assumptions are made
concerning the mechanism of aggregation. The shape of the
curves obtained by the two methods is significantly different;
however, neither the turbidity nor the TfT data is well fit by
the model for nucleation-dependent polymerization (where
either a cost or a t2 function approximates the first 10-
20% of the reaction; ref56). Turbidity and TfT fluorescence
assays were instead analyzed as follows: For each kinetic
trace, the endpoint amplitude was measured, and the time
required to reach 50% of the maximal amplitude (defined
as t50) was calculated. This simple yet robust method of
analysis allows direct quantitative comparison of the ag-
gregation kinetics at different protein concentrations and with
different assays and provides insight into the reaction
mechanism. The kinetic parameters obtained describe both
the rate (t50) and the extent (endpoint, or maximal amplitude)
of reaction under a variety of conditions. Whereas thet50

for TfT reactions resembles at1/2 because the data are nearly
exponential throughout the entire reaction, the turbidityt50

is influenced both by the length of the apparent lag and the
rate during the growth phase of the reaction. Table 1
summarizes thet50 values obtained at varying M-TTR
concentrations for turbidity and TfT assays in a representative
experiment (from data in Figure 1). For each M-TTR
concentration, thet50 obtained by turbidity is much longer
than that calculated from TfT assays (∼3- to 8-fold in this
experiment). Furthermore, the difference between the two
t50’s becomes more pronounced at lower M-TTR concentra-
tion. Another way of comparing these data is to determine
the extent of reaction measured by each of these methods
(i.e., turbidity or TfT) at the time point corresponding to the
t50 determined by the other method (TfT or turbidity,
respectively) under the same reaction conditions. These

parameters are also summarized in Table 1. For each M-TTR
concentration, the amount of turbidity observed is negligible
(<1%) when the TfT reaction has proceeded to 50%
completion. Conversely, TfT reactions are nearly complete
(75-100%) by the time 50% of the maximum turbidity
reaction is reached.

Control reactions were carried out, to ensure that the
presence of TfT in the assays does not affect the rate of
aggregation. These reactions were carried out in microcen-
trifuge tubes in the absence of TfT. At various timepoints,
aliquots were removed for analysis both by turbidity and by
TfT. The results in these control experiments are qualitatively
similar to those described above, namely that the increase
in TfT precedes detectable turbidity (data not shown).
Furthermore, the TfT fluorescence observed at discrete time
points for reactions carried out in the absence of TfT is in
good agreement with that obtained in continuous TfT assays.
Small differences can be seen in the amplitude of the TfT
signal, attributable to some fluorescence bleaching in the
continuous experiments. The rate of reaction, however, is
indistinguishable, indicating that the presence of TfT does
not accelerate aggregation of M-TTR.

Nucleus Size and Critical Concentration. The same kinetic
analysis described above (determination of reaction endpoints
and t50’s) can be used to determine the nucleus size and
estimate the critical concentration for aggregation.

(A) Nucleus Size. Figure 2 shows the dependence of
reactiont50 values (plotted as lnt50) on the concentration of
M-TTR (plotted as ln [M-TTR]). Both the turbidity (Figure
2A) and TfT data (Figure 2B) give straight lines, the slopes
of which are related to the nucleus size,n*. If aggregation
is assumed to involve a preequilibrium corresponding to the
formation of an oligomeric nucleus, followed by irreversible
polymerization, then the slope obtained in this logarithmic
plot (log-log) is equal to-n*/2 (59). For the situation where
aggregation is irreversible with no preequilibrium, implying
thatn* ) 1, the slope is equal to-1 (59). Linear regression
of the data in Figure 2 yields a slope of-1.5 for turbidity
and-1 for TfT assays. The somewhat steeper slope obtained
by turbidity corresponds to a trimeric nucleus. A slope of
-1, as obtained for the TfT data, is consistent with a dimeric

Table 1: Comparison of M-TTR Aggregation Kineticsa

turbidity TfT fluorescence

[M-TTR]
(mg/mL)

t50

(s)b
% completion

at TfT t50
c

t50

(s)b
% completion
at turbidityt50

d

0.05 3790 0.4 483 100
0.1 1527 <0.1 319 93.2
0.15 912 0.4 258 85.1
0.2 602 0.2 165 80.9
0.25 445 0.4 139 83.0
0.3 337 0.8 118 82.7
0.4 198 0.8 73 77.5

a The kinetics of aggregation of M-TTR at various concentrations
are shown for a representative experiment, allowing the direct
comparison of turbidity and TfT fluorescence assays. Reactions were
carried out at pH 4.4 and 37°C, as described in Experimental
Procedures.b t50 represents the time required for the reaction to reach
50% completion.c Represents the extent of completion of the turbidity
reaction at the time required to reach 50% of the maximum TfT
fluorescence.d Represents the extent of completion of the TfT reaction
at the time required to reach 50% of the maximum amplitude by
turbidity.
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nucleus for a nucleation-dependent polymerization; however,
a slope of -1 is also the expectation for nonnucleated
processes (n* ) 1; consistent with each step being both
bimolecular and irreversible). Our data do not distinguish
between these two possibilities (i.e., whethern* ) 1 or 2).
In either case, the kinetics of aggregation do not show a high-
order dependence on the M-TTR concentration; if this is a
nucleated polymerization, the nucleus size is small.

(B) Critical Concentration. The dependence of the turbid-
ity and TfT endpoints on the M-TTR concentration can be
used to estimate the critical concentration for aggregation.
Similar in concept to a critical micellar concentration, this
parameter refers to the concentration of monomer below
which no aggregation occurs (57-60). Figure 3 shows the
plots of endpoints measured by turbidity (Figure 3A) and
TfT (Figure 3B) as a function of M-TTR concentration. Two
lines are shown in each plot, corresponding to reactions times
of 1 and 24 h. For the lowest M-TTR concentrations
examined (0.01 and 0.02 mg/mL), a reaction time of 24 h
was necessary to detect any reaction; additionally, all of the
concentrations show some increase in endpoint in this time
range (1-24 h), especially in the turbidity assay. No further
increase was observed at longer time points (24-48 h) for

any of the reactions (data not shown). Linear regression of
these data allows extrapolation to thex-intercept, which
estimates the critical concentration (58). When the 24 h data
are analyzed in this manner, the critical concentration for
aggregation is calculated to be 0.012 and 0.005 mg/mL from
turbidity and TfT assays, respectively.

By definition, the critical concentration is also equal to
the equilibrium concentration of monomeric protein under
amyloidogenic conditions, if the total protein concentration
exceeds the critical concentration (57, 58). The amount of
M-TTR monomer remaining in solution during aggregation
at long reaction times, as determined by analytical gel
filtration, is shown in Figure 3. For all starting M-TTR
concentrations, significant reaction is observed between 3
and 24 h, with the amount of monomer in solution decreasing
as a function of time (Figure 3C). At 24 h, the reactions are
approaching equilibrium, and the monomer concentration is
∼1-2 µg/mL. Figure 3D shows the concentration of
monomer at 1 wk of reaction time for reactions containing
varying concentrations of total M-TTR (0.01-0.4 mg/mL).
This monomer concentration, 0.8µg/mL, represents an upper
limit on the critical concentration. In each of the reactions,
the total M-TTR concentration is much greater than the
critical concentration (∼12.5- to 500-fold), indicating that
aggregation is thermodynamically favorable at all M-TTR
concentrations examined. In the case of M-TTR aggregation,
it is not clear whether the monomer concentration determined
at long reaction times is truly a critical concentration, since
this term is only meaningful for nucleated reactions. The
lowest M-TTR concentration used here (0.01 mg/mL) is still
more than an order of magnitude greater than the determined
“critical concentration”; these comparatively high M-TTR
concentrations may mask a nucleation step that would be
apparent at total protein concentrations near the critical
concentration. However, the sensitivity of all the assays
employed is too low to allow studying aggregation at
concentrations lower than∼0.01 mg/mL.

Seeding Experiments. M-TTR aggregation reactions were
incubated for varying lengths of time and added to reactions
of fresh M-TTR, to test whether seeding increases the rate
of M-TTR aggregation. Figure 4 shows a representative
seeding experiment for M-TTR (0.2 mg/mL) where the seeds
were derived from reactions only allowed to proceed for a
short time. When seeding is examined by turbidity, small
changes in the shape of the curves are obtained (Figure 4,
panels A and B). Specifically, the turbidity observed im-
mediately after initiation of the reaction is higher in the
seeded reactions, consistent with the presence of preformed
aggregates in the seed mixture. The turbidity at time zero in
seeded reactions is dependent both on the amount of seed
added (increasing with increasing weight percent seed) and
the incubation time used for seed preparation (increasing with
increasing incubation time). A second effect of the addition
of seed is to shorten the length of the apparent lag phase.
This is evidenced by an earlier and more gradual transition
to the growth phase and translates to a shortert50 in the
seeded reactions (see Table 2 for a summary oft50’s for
seeded and unseeded reactions). A final effect is on the
overall amplitude of the turbidity, which is slightly higher
in the seeded reactions (Table 2). Despite these effects, the
rate of reaction during the growth phase appears to be similar
in all of the reactions for a particular M-TTR concentration,

FIGURE 2: Determination of the nucleus size. Thet50 (time to reach
50% maximal amplitude change) was calculated for each M-TTR
concentration, using either turbidity data (panelA) or TfT
fluorescence data (panelB). When plotted as a function of M-TTR
concentration in a log-log plot, these data can be used to determine
the nucleus size for aggregation (see text for details). (A) Data are
shown for varying concentrations of M-TTR (0.15-0.5 mg/mL),
derived from 2 separate experiments. A slope of-1.49 ( 0.07
was obtained by linear regression of the data. (B) Data points shown
are averages of several experiments (n ) 3-7, depending on the
concentration), with the error bars indicating the standard deviation
for each M-TTR concentration (0.1-0.4 mg/mL). The data were
fit by linear regression, giving a slope of-0.98 ( 0.04.
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regardless of whether seed was present or not (i.e., the curves
in Figure 4, panels A and B are parallel). Although the
corresponding turbidity assays are not shown here, Table 2
summarizes the kinetic parameters determined for seeded and
unseeded reactions for a range of M-TTR concentrations
(0.05-0.4 mg/mL). At low concentration (0.05 and 0.1 mg/
mL), the effect of seeding is minimal, whereas the changes
in t50 and in the turbidity endpoint become more significant
at higher M-TTR concentration (0.15-0.4 mg/mL).

In contrast to the effect of seeding on turbidity assays,
traces of TfT fluorescence for the unseeded and seeded
reactions are nearly superimposable (Figure 4, panels C and
D). The only difference observed is in the amount of
fluorescence at time zero. As noted for the turbidity results,
this is attributed to the presence of TfT-positive aggregates
in the seed mixtures; the magnitude of the TfT fluorescence
at the start of the reaction is consistent with that expected
for the given seed concentration and preparation time (as
determined from the TfT fluorescence of the unseeded
reaction at the time corresponding to the seed preparation
time). The TfT endpoint is essentially unchanged by seeding,
and the calculatedt50 is either similar or slightly longer in
the seeded reactions for the range of M-TTR concentrations
examined (see Table 2). A longert50 in seeded reactions is

probably due to an effectively lower monomer M-TTR
concentration, since some of the protein is already aggregated
at initiation of these reactions.

The data shown in Figure 4 and Table 2 were obtained
with seed preparation reactions that had been incubated for
short times only (3 or 10 min). Although the data are not
shown here, numerous additional seeding experiments were
carried out to examine variables in the seed preparation. In
most cases, the seed mixtures were only vortexed prior to
addition to aggregation reactions. However, in several
experiments, the seed mixtures were also sonicated to see if
this resulted in any rate enhancement, because sonication
can break up any preformed aggregates and thereby increase
the number of sites (or ends) available to seed further
polymerization. Seed mixtures were added to reactions in
concentrations corresponding to 2, 5, or 10% (w/w) of the
total M-TTR; the latter concentration is higher than those
where seeding has been reported in other systems (typically
1-5%; refs52, 61, 62). Finally, the incubation period for
seed preparation was also varied, from 1 min to 3 days, to
test whether certain intermediates or aggregate structures
formed along the reaction pathway are required to observe
seeding. Regardless of the conditions used, the results
obtained are qualitatively similar to those shown here: small

FIGURE 3: Determination of the critical concentration. (A andB) The critical concentration for M-TTR aggregation was estimated from
aggregation reaction endpoints, with aggregation measured either by turbidity (panelA) or TfT fluorescence (panelB). A plot of the
reaction endpoints as a function of M-TTR concentration (0.01-0.4 mg/mL) gives a straight line, where the critical concentration is estimated
by thex-intercept (see text for details). (A) Data shown represent endpoint turbidity measured at reaction times of 1 h (b) or 24 h (0). The
x-intercept for the 24 h data gives an estimated critical concentration for aggregation of 0.012 mg/mL M-TTR. (B) Endpoint TfT fluorescence
data are shown for reaction times of 1 h (b) or 24 h (0). The critical concentration for aggregation determined from the 24 h data is 0.005
mg/mL M-TTR. (C and D) The critical concentration was also determined from the equilibrium concentration of M-TTR monomer in
aggregating reactions, determined by analytical gel filtration at long reaction times. (C) The concentration of M-TTR monomer is shown
as a function of time for reactions containing 0.05 (O), 0.1 (0), 0.15 ([), 0.2 (×), and 0.4 mg/mL M-TTR (b), demonstrating that these
reactions are approaching equilibrium at 24 h. (D) The monomer concentration determined at 1 wk of reaction time is shown for reactions
containing 0.01-0.4 mg/mL M-TTR. The critical concentration determined by this method is∼0.8 µg/mL for all reactions, regardless of
the starting M-TTR concentration.
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differences result from seeding when the reactions are
measured by turbidity, but no significant changes in the TfT
kinetics were observed at any seed concentration or seed
reaction time.

Analytical Gel Filtration. Because the kinetics of aggrega-
tion observed by turbidity and by TfT fluorescence are so
dissimilar, we chose to also use analytical gel filtration to

study the aggregation reaction. This method can directly
measure the monomer concentration during aggregation and
thus allows verification that the increase in TfT fluorescence
is due to the formation of small aggregates at early reaction
time points and not to the binding of TfT to an alternately
folded monomeric state of M-TTR. A representative experi-
ment is shown in Figure 5. Figure 5A shows several
chromatograms obtained during aggregation of 0.2 mg/mL
M-TTR. Analysis of M-TTR as purified (labeled 0 s) shows
that this protein is>95% monomeric (elution volume 13.6
mL), with the balance of the protein eluting at a volume
corresponding to a dimeric form (elution volume 10.5 mL).
A small amount (<5%) of dimer can also be seen by SDS-
PAGE analysis following cross-linking of M-TTR with
glutaraldehyde (data not shown). No higher aggregates (e.g.,
tetramer) were observed in M-TTR preparations at the
concentrations used in these experiments, consistent with
previous results (47). Upon initiation of the aggregation
reaction (by lowering the pH to 4.4), the monomer peak
begins to decrease in intensity and a new peak appears
(labeled “soluble” aggregate in Figure 5A because this
material remains in solution if samples are centrifuged for 5
min at 16 000g). As the reaction progresses, the intensity of
the soluble aggregate peak increases and its elution volume
decreases (from∼8.8 mL at 30 s to∼7.9 mL at 180 s),
indicating that both the concentration and the size of the
aggregates are increasing. In reactions of 0.2 mg/mL M-TTR,
the concentration of this peak reaches a maximum at a
reaction time of∼200 s and subsequently begins to decrease.

FIGURE 4: Effect of seeding on M-TTR aggregation kinetics. Aggregation reactions of 0.2 mg/mL M-TTR in the presence and absence of
M-TTR seed were evaluated by turbidity (panelsA and B) and by TfT fluorescence (panelsC and D). Lines represent the actual data
points, with symbols used to identify each line. Reactions contained 0 (O; shaded line), 2 (0), 5 ([), or 10% seed (×); the concentration
of total M-TTR (seed and fresh M-TTR) in each assay was 0.2 mg/mL (as detailed in Experimental Procedures). Seed reactions in this
particular experiment were incubated for 3 min (panelsA andC) or 10 min (panelsB andD).

Table 2: Effect of Seeding on M-TTR Aggregationa

unseeded reaction seeded reaction

[M-TTR] (mg/mL) endpoint t50 (s) endpoint t50 (s)

turbidity
0.05 0.161 3790 0.161 3840
0.1 0.424 1527 0.470 1590
0.15 0.661 912 0.801 878
0.2 0.865 602 1.097 533
0.25 1.043 445 1.267 383
0.3 1.187 337 1.424 285
0.4 1.441 198 1.611 158

TfT fluorescence
0.05 0.046 483 0.047 478
0.1 0.163 319 0.165 326
0.15 0.283 258 0.282 283
0.2 0.437 165 0.427 177
0.25 0.563 139 0.570 153
0.3 0.711 118 0.703 120
0.4 1.039 73 1.010 70

a Kinetic parameters determined for unseeded and seeded aggregation
reactions at various M-TTR concentrations are summarized. All
reactions were carried out at pH 4.4 and 37°C. Seeded reactions
contained 10% (w/w) M-TTR seed mixtures that had been incubated
for 10 min (see Experimental Procedures for details).
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At longer time points (t >180 s), some of the aggregates
reach a size where they are no longer “soluble” (as defined
above) and where they elute in the void volume (∼7.0 mL)
of the column (see 240 s trace). In this phase of the reaction,
both the monomer peak and the soluble aggregate peak
continue to decrease until essentially all of the M-TTR is
present as large aggregates. At these long time points, the
reaction mixtures are centrifuged prior to gel filtration to
prevent clogging of the column; this centrifugation step
accounts for the absence of large aggregates in the chro-
matograms. The monomer and soluble aggregate peaks in
each chromatogram were integrated, and the peak areas were
plotted as a function of reaction time.

The kinetics of monomer disappearance are shown in
Figure 5B, and the formation and decay of soluble aggregates
are shown in Figure 5C. Reactions were carried out at several
M-TTR concentrations (chromatograms shown only for 0.2
mg/mL), and the chromatograms obtained were qualitatively
similar to those shown for 0.2 mg/mL M-TTR in Figure 5A.
As expected, these reactions also show a dependence on the
M-TTR concentration, as described above for the turbidity
and TfT assays. The disappearance of monomer is expo-
nential in shape, and the rate of disappearance increases with
increasing M-TTR concentration. The formation of soluble
aggregates shows a similar dependence on M-TTR concen-
tration; additionally, the maximal concentration of soluble
aggregates obtained and the rate of disappearance of the
soluble aggregates also increase with M-TTR concentration.

Aggregate Size and Morphology. The morphology of
aggregates formed during the aggregation reaction was
evaluated by microscopy; both AFM and EM were em-
ployed, to ensure that the results obtained were not a function
of the particular adsorption properties of the surfaces used
in each of these techniques. Figure 6 shows the progress of
aggregation monitored by AFM for reactions containing 0.2
mg/mL M-TTR. The height mode images (Figure 6, panels
A-D) represent topographic maps of the samples, where
increasing brightness indicates greater feature height; am-
plitude mode images (Figure 6, panels E-H) are derivatives
of the height mode images, where increasing brightness
indicates greater damping of cantilever oscillation. Both
image modes are shown, rather than the height mode alone,
because some features are clearer in amplitude mode. Thet
) 0 s sample is a control containing 0.2 mg/mL M-TTR at
pH 7.0 (Figure 6, panels A and E); the pitted appearance of
the image is probably not due to TTR, but likely reflects
imperfections in the mica surface. In either case, the overall
variation in height in this sample is 0.5-1.0 nm, much
smaller than that observed for the aggregated samples. The
remaining samples contained 0.2 mg/mL M-TTR and were
incubated at pH 4.4 and 37°C for the lengths of time
indicated (60-1800 s). In all of these samples, a high density
of adsorbed protein is observed. Even at the earliest time
points (e180 s; Figure 6, panels B, C, F, and G), where no
turbidity can be detected, the mica surface is completely
covered with aggregated TTR. The aggregates appear to be

FIGURE 5: M-TTR aggregation measured by analytical gel filtration. Reactions contained M-TTR (0.1-0.4 mg/mL) at pH 4.4 and were
incubated at 37°C with no stirring prior to analysis by gel filtration. (A) Chromatograms of 0.2 mg/mL M-TTR at various times (0-7200
s, where 0 s is a pH 7.0control) during the aggregation reaction are shown for a representative experiment. (B and C) The M-TTR
monomer and soluble aggregate peaks in each chromatogram were integrated, and the peak areas are plotted as a function of reaction time.
The disappearance of monomer (panelB) and the transient formation of soluble aggregates (panelC) are shown for reactions of 0.1 (0),
0.2 (×), and 0.4 mg/mL M-TTR (b).
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growing in all dimensions as the reaction progresses; in the
x- and y-dimension, an increase in the periodicity of
structures is observed, from∼10 nm at 60 s (Figure 6F) to
∼25 nm at 180 s (Figure 6G); in thez-dimension, the height
mode images show average variations increasing from 1-1.5
nm at 60 s (Figure 6B) to 2-3 nm at 180 s (Figure 6C) and
to 4-8 nm at 1800 s (Figure 6D). These heights underes-

timate the actual heights of the aggregates, however, since
there is no bare mica surface between the aggregates except
in the 1800 s sample (Figure 6, panels D and H). Further-
more, the density of the adsorbed species also obscures the
morphology of the aggregates. Nevertheless, AFM provides
further evidence that M-TTR aggregation occurs immediately
upon initiation of the reaction and that the size of the

FIGURE 6: M-TTR aggregation monitored by AFM. AFM samples were prepared from reactions containing 0.2 mg/mL M-TTR at pH 4.4
and incubated at 37°C with no stirring, with the exception of thet ) 0 min sample, which is a pH 7.0 control containing 0.2 mg/mL
M-TTR. AFM images were obtained in both height (panelsA-D, where increasing brightness indicates greater feature height) and amplitude
(panelsE-H, where increasing brightness indicates greater damping of cantilever oscillation) modes and are shown at various reaction
times (0-30 min). Each image represents a 1.0-× 1.0-µm area, and the appropriate height or amplitude scale bar is shown adjacent to each
panel.
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aggregates increases as the reaction progresses. The EM
images provide more structural information (Figure 7). The
control sample (Figure 7A,t ) 0 s) at pH 7.0 is devoid of
any notable structures. In contrast, a number of elongated,
flexible, and occasionally branched structures are apparent
after 180 s of reaction time at pH 4.4 (Figure 7B), examples
of which are indicated with arrows. These indicated areas
are shown enlarged and with greater contrast in Figure 7,
panels C and D. Although these aggregates are quite small,
7-10 nm in diameter and 25-75 nm in length, they resemble
protofibrillar species previously observed with TTR and other
amyloidogenic proteins (50, 63-68). These structures disap-
pear at longer time points, and no other species are observed.
No mature fibrils of M-TTR were observed at any time point
(up to 3600 s) by either microscopic technique.

Comparison of Aggregation Kinetics.Figure 8 shows
representative turbidity, TfT, and analytical gel filtration data
for the aggregation of 0.2 mg/mL M-TTR, plotted together
to facilitate comparison of results obtained by the various
methods. Overlaying the data in this manner demonstrates
that the increase in TfT fluorescence occurs on the same
time scale as the disappearance of monomer measured by
gel filtration (Figure 8A), and that the increase in turbidity
correlates with the disappearance of soluble aggregates
(Figure 8B). The same correlations can be seen at all the
M-TTR concentrations examined (0.1-0.4 mg/mL; data
shown only for 0.2 mg/mL), demonstrating that the various
assays provide complementary insight into the aggregation
pathway (discussed below).

DISCUSSION

In this work, we have used a variety of methods to
characterize TTR amyloidogenesis and to test whether this
process is a nucleation-dependent polymerization. The model
for this type of polymerization involves the intermediacy of
a thermodynamic nucleus (56-60), which is by definition
the highest energy species along the aggregation pathway
and consequently the species that exists at the lowest
concentration throughout the reaction. Scheme 1B shows an

FIGURE 7: M-TTR aggregation monitored by EM. EM images of
negatively stained M-TTR samples were obtained; samples con-
tained 0.2 mg/mL M-TTR at pH 7.0 (t ) 0 min control, panelA)
or incubated at pH 4.4 and 37°C for 3 min with no stirring (panels
B-D). Images shown in panelsA andB are photographs taken at
52 000× magnification. Small aggregates indicated by arrows in
panelB are shown enlarged and with enhanced contrast in panels
C andD.

FIGURE 8: Comparison of M-TTR aggregation kinetics measured
by various methods. The aggregation of 0.2 mg/mL M-TTR at pH
4.4 and 37°C was measured by turbidity, TfT fluorescence, and
analytical gel filtration. (A) The disappearance of M-TTR monomer
measured by gel filtration (b, left y-axis) and the increase in TfT
fluorescence (black line, righty-axis) are overlaid, showing that
the rates of these two processes are comparable. (B) The formation
of soluble aggregate measured by gel filtration (b, left y-axis) and
the increase in turbidity (black line, righty-axis) are plotted together,
to show that the increase in turbidity occurs on the same time scale
as the disappearance of soluble aggregates.
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adaptation of this model for the aggregation of tetrameric
TTR, where tetramer dissociation is the overall rate-limiting
step. Rate-limiting tetramer dissociation precludes the use
of wtTTR to study the kinetics of TTR aggregation; hence,
we have instead used an engineered monomeric variant,
M-TTR (ref 47; vide supra), to evaluate the mechanism of
TTR amyloidogenesis. Although M-TTR was engineered by
mutation of two residues, biophysical characterization (e.g.,
tertiary structure and structural stability) demonstrates that
it behaves like the native wtTTR monomer and suggests that
M-TTR is a reasonable model system for studying TTR
amyloidogenesis. The existence of a thermodynamic nucleus
in the aggregation pathway predicts that the system should
exhibit the following characteristic kinetic behavior: (1) The
time scale of the reaction should show a high-order depen-
dence on the concentration of monomeric protein or peptide,
(2) there should exist a concentration of monomer (the critical
concentration), below which polymerization is so unfavorable
that no reaction occurs, and (3) the rate of reaction should
be dramatically increased upon the addition of preformed
aggregates or “seeds”, because seeding effectively bypasses
the rate-limiting nucleation step.

Visual inspection of the kinetics of M-TTR aggregation
at any given M-TTR concentration reveals differences
between the timecourses observed and the predictions for a
nucleated process. The absence of a lag phase in reactions
monitored by TfT binding or gel filtration suggests that
M-TTR aggregation is favorable immediately upon initiation.
Although turbidity measurements give curves that have an
apparent lag phase, these have a different curvature than that
expected and cannot be satisfactorily fit by either of the
approximations for nucleation-dependent polymerization
described by Ferrone (56), in which a cost or a t2 function
approximates the kinetics of the first 10-20% of the reaction.
Further kinetic analysis indicates that the dependence of the
rate of reaction on the concentration of M-TTR is not high-
order. When aggregation is assessed by TfT, the dependence
of the reaction timecourse is first-order on the M-TTR
concentration, consistent either with a nucleus size of two
or with a nonnucleated process where each step is both
bimolecular and irreversible. The concentration dependence
of turbidity assays is slightly higher order, consistent with a
trimeric nucleus. The turbidity data are difficult to interpret,
however, because turbidity measurements are not directly
proportional to the total mass of polymerized protein (58).
Determination of the critical concentration for M-TTR
aggregation gives an upper limit of 0.8µg/mL. This low
concentration may not represent a true critical concentration,
since this parameter is only meaningful for nucleated
processes, but it does provide additional support that M-TTR
amyloidogenesis is an energetically favorable process, at least
at the M-TTR concentrations examined. A concentration of
0.8µg/mL M-TTR corresponds to∼60 nM, which is several
orders of magnitude lower than the critical concentration
reported for Aâ aggregation (5-40 µM for Aâ1-40; refs53,
69-71). A recent report, however, suggests that the critical
concentration for Aâ aggregation may be as low as 20 nM
(72). The most compelling evidence that M-TTR aggregation
is not nucleation-dependent comes from seeding experiments,
which show that the addition of preformed seeds, prepared
under a variety of conditions, does not accelerate aggregation.
Although small differences in the shape of the turbidity
curves are observed when seed mixtures are added to

aggregation reactions, these likely reflect changes in the
distribution of aggregate size rather than a true seeding
phenomenon, which would represent an increase in the total
mass of polymerized protein. This conclusion is reached on
the basis of the concentration dependence of the observed
“seeding”. For a nucleation-dependent polymerization, the
effect of seeding (at a given seed concentration) should be
greatest at low protein concentration, where nucleus forma-
tion is very unfavorable, and where the observed rate of
reaction in the absence of seed is very slow. Conversely, at
high protein concentrations, nucleus formation is more
favorable, and the increase in aggregation rate upon addition
of preformed seed should be relatively smaller. In contrast
to these expectations, our data show the opposite effect,
namely that the differences in the reaction kinetics measured
by turbidity become more pronounced with increasing
M-TTR concentration (see Table 2 for a comparison oft50’s
for seeded and unseeded reactions). Additionally, TfT assays
are completely insensitive to seeding under the same reaction
conditions. These results suggest that the addition of seeds
does not accelerate M-TTR aggregation but influences a
secondary process that controls the distribution of aggregate
size rather than the total amount of aggregated protein. An
alternative explanation for the observed lack of seeding is
that the “seeds” used in these experiments are structurally
different from the nuclei required for aggregation and thus
are not elongation-competent. This explanation seems un-
likely, given the variety of conditions examined for seed
maturation, but we cannot exclude the possibility that true
seeds may form under different conditions.

Initially we used turbidity measurements and TfT binding
assays to evaluate M-TTR amyloidogenesis, because both
methods are frequently used to study fibril formation by
amyloidogenic proteins and peptides. Although turbidity and
TfT assays of M-TTR aggregation give significantly different
results under identical experimental conditions, these appar-
ently contradictory results in fact provide complementary
insight into the aggregation pathway. TfT is an amyloid-
selective dye whose fluorescence is proportional to the total
amount of amyloid and is nearly insensitive to aggregate size
(73); in contrast, turbidity does not distinguish between
fibrillar and amorphous aggregates and is related to both the
amount and size of the aggregates formed (58). A simple
model that accounts for these limitations and is consistent
with all our data, including analytical gel filtration and
microscopy, is shown in Scheme 2. Partially denaturing
conditions, such as the low pH used in these studies, enable
M-TTR aggregation, which occurs essentially immediately
upon initiation of the reaction. In the early phase of
aggregation, the addition of M-TTR monomers to other
monomers or oligomers predominates, leading to the forma-
tion of small aggregates (steps 1 and 2 in Scheme 2). These
steps can be monitored by analytical gel filtration, both as
the disappearance of monomer and as the formation of
soluble aggregates, and by TfT assays. The correlation
between the disappearance of M-TTR monomer and the
increase in TfT fluorescence (Figure 8A) suggests that TfT
assays are sensitive primarily to steps where aggregates grow
by monomer addition, and that the minimal structure required
for TfT binding (whether this represents amyloid or an
amyloid-like structure has not been evaluated by other
methods) is present even in the smallest aggregates. Both
AFM (Figure 6) and EM (Figure 7) confirm that aggregates
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are present at early time points (e180 s for 0.2 mg/mL
M-TTR) preceding the increase in turbidity. Although the
morphology of the aggregates is not apparent from AFM,
EM images show structures that resemble the protofibrillar
species reported as early intermediates in the aggregation of
other amyloidogenic proteins and peptides (50, 63-68).
Preliminary results using multi-angle light scattering indicate
that the average molar mass at this same time point (180 s)
is nearly 1 000 000 Da, consistent with a polymer of∼70
monomer units (A. R. H. and J. W. K., unpublished
observations). These data clearly show that the apparent lag
in the turbidity traces is not due to a true lag in the
aggregation kinetics, but rather to the low sensitivity of
turbidity for small aggregates. The concentration of the
intermediate aggregates reaches a maximum and subse-
quently decreases at a time that coincides with the rapid
increase in turbidity (Figure 8B). Larger aggregates, which
elute in the void volume of the gel filtration column and are
no longer soluble after centrifugation, are formed in this
phase of the aggregation process. The kinetics of monomer
disappearance indicate that small and large aggregates
continue to grow by the addition of monomers, much as they
did in the initial phase of aggregation. However, existing
aggregates also begin to grow by secondary processes,
assembling by end-to-end or lateral association with other

aggregates to form larger ones (step 3 in Scheme 2). As the
reaction progresses and the monomer becomes increasingly
depleted, these secondary processes begin to predominate.
The large increases in turbidity observed in the latter stages
of the reaction reflect a drastic growth in the aggregate size,
as expected for this type of reaction. Only small increases
in TfT binding are observed, however, because the total
amount of polymerized M-TTR is unchanged by these
secondary processes.

Although Scheme 2 superficially resembles Scheme 1B,
our model does not invoke a thermodynamic nucleus, which
is the central feature of the nucleation-dependent polymer-
ization model. The small aggregates observed in our studies
may represent a structure or substructure that is necessary
for further growth into mature amyloid fibrils. However,
these are not equivalent to a thermodynamic nucleus, which
is defined as the highest energy species of the system and
hence is present at the lowest concentration of all the possible
species. This essential difference between the two models
is illustrated in the corresponding free-energy diagrams in
Schemes 1B and 2. A consequence of the assumptions for
nucleation-dependent polymerization, where steps preceding
nucleus formation are characterized by unfavorable equilibria
and those following nucleation are favorable, is that the rate
of nucleation shows a high-order dependence on the con-
centration of monomeric protein, whereas the rate of elonga-
tion after nucleus formation shows only a first-order depen-
dence on the monomer concentration. In contrast, M-TTR
amyloidogenesis appears to be a downhill polymerization,
where each step is essentially irreversible (with a first-order
monomer concentration dependence) and where the highest
energy species under partially denaturing conditions is the
native monomer. A large number of relatively small aggre-
gates, as opposed to the long fibrils often observed in other
aggregating systems, are formed during TTR aggregation in
vitro, as evidenced by the microscopy results reported here
for M-TTR and in previous experiments with wild-type and
L55P TTR (37, 47, 50, 65, 67). This observation is consistent
with Scheme 2, where the rates for the formation of new
aggregates and the growth of existing ones are comparable.
Although amyloidogenesis is often assumed to proceed by
a nucleation-dependent polymerization mechanism, recent
experimental results with other aggregating systems (e.g.,
Aâ, IAPP, polyglutamine peptides, immunoglobulin light
chain, prion protein) indicate that the simple nucleation-
dependent model (Scheme 1A) does not adequately describe
all of the features and kinetic behavior of these reactions
either. A number of alternative modelssinvolving metastable
oligomeric species, off-pathway intermediates, secondary
nucleation, or branched pathwaysshave been proposed to
explain these observations (61-64, 74-78).

Our studies provide insight into the M-TTR aggregation
pathway in vitro, but further experiments are needed to
address the relationship between this in vitro mechanism and
TTR amyloidogenesis in vivo. Partially denaturing condi-
tions, such as the low pH used in these experiments, are
required to observe aggregation of TTR on a reasonable
laboratory time scale. However, the physiological context
in which TTR amyloid formation occurs in patients is not
known. A different mechanism of amyloidogenesis than that
described herein for in vitro reactions may prevail in vivo,
since the specific solution conditions can dramatically
influence aggregation reactions (for example, see refs75,

Scheme 2: Model for M-TTR Amyloidogenesisa

a Our results suggest this alternate model for M-TTR amyloidogen-
esis. When subjected to partially denaturing conditions, M-TTR
misfolds into the amyloidogenic monomer (step1) and subsequently
aggregates. Under these conditions, all of the steps along the pathway
are energetically favorable, as illustrated by the free-energy diagram,
and essentially irreversible. Nevertheless, M-TTR aggregation is
characterized by at least two types of reactions. Initially, aggregation
by the addition of monomers to other monomers or to oligomers
predominates, leading to the accumulation of small aggregates (step
2) that grow by monomeric increments,m. This phase of the reaction
can be monitored by gel filtration (disappearance of monomer and
increase in “soluble” aggregates) and by TfT fluorescence; the ability
of these early aggregates to bind TfT suggests an amyloid or amyloid-
like structure. As the reaction progresses, larger aggregates form
primarily by secondary processes, such as the end-to-end or lateral
assembly of existing aggregates (step3), rather than by monomer
addition. Aggregate size increases dramatically in this phase, as
evidenced by the rapid increase in turbidity. Only small increases in
TfT binding are observed, however, because the total amount of
polymerized M-TTR is not changed by these secondary processes. The
number of individual steps in each phase of the aggregation reaction
is not specified in our model, as indicated by the repeating unitsx and
y.
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76, 79, 80). Furthermore, the in vivo concentration of TTR
monomer must also be considered. Although the normal
concentration of TTR in human plasma (0.1-0.4 mg/mL)
is in the same range as the concentrations used for our in
vitro studies, most of the TTR in vivo should be present as
the native tetramer. A low TTR monomer concentration
probably prevents amyloid formation under normal physio-
logical conditions; however, small changes in the tetramer-
monomer equilibrium may be sufficient to trigger the onset
of amyloidogenesis. For example, many FAP/FAC variants
of TTR have a decreased quaternary structural stability that
appears to be correlated with their amyloidogenicity (33-
40). Additionally, since a significant percentage of the elderly
develop SSA, it is possible that age-dependent increases in
the concentration of monomeric TTR may be responsible
for the development of this disease as well. Age-dependent
perturbations to the tetramer-monomer equilibrium could
arise from diverse factors, as previously discussed (81).
Finally, it is conceivable that seeding could accelerate
amyloidogenesis in vivo, if the TTR monomer concentration
is similar to the critical concentration for aggregation. Under
such conditions, which are difficult to study in the laboratory,
TTR amyloidogenesis may become nucleation-dependent and
hence seedable. This potential change in mechanism would
offer an explanation for some aspects of the pathology of
TTR amyloid disease (e.g., relatively rapid onset of symp-
toms and the genetic anticipation observed with some
variants).

This work also has implications for the development of
therapeutic strategies for TTR amyloid disease. Although
several approaches have been discussed (21, 28, 82), the only
currently available treatment for patients with variant TTR
disease (FAP/FAC) is liver transplantation. This approach
is a crude method of gene therapy; because most of the
plasma TTR is synthesized in the liver, transplantation results
in the replacement of variant TTR with wtTTR (from wtTTR
donor liver), which in principle should halt and perhaps
reverse the progression of disease in these patients. This
therapy has been partially successful in some cases (83-
85), but is not the most desirable approach because of the
invasive nature of the treatment and the potential for
complications associated with the procedure. Furthermore,
transplantation can only be used in patients where a mutation
is responsible for disease (FAP/FAC); no treatment is yet
available for patients with wild-type TTR disease (SSA).
Other strategies focus on intervention at various stages of
amyloidogenesis. Recent studies have shown that early
intermediates in the aggregation pathway are cytotoxic and
may be responsible for the observed symptoms of the
associated diseases (10, 12, 20). Inhibition of the initial stages
of amyloidogenesis would thus be desirable, but the observed
efficiency of M-TTR aggregation suggests that this will be
a difficult goal to achieve. An alternative strategy aimed at
decreasing the fibril load in vivo by depolymerization of
existing fibrils (82) may not be effective at alleviating disease
symptoms, since this strategy would result in an increase in
smaller aggregates that might be more toxic than the fibrils
themselves. A final approach for the treatment of TTR
amyloid disease involves the stabilization of the native
tetrameric state of TTR and has been a focus of our
laboratory for several years (86-88). Prevention of tetramer
dissociation provides the most attractive target for inhibiting
TTR aggregation, because this step is rate-limiting for TTR

amyloidogenesis (46, 47). The TTR tetramer can be stabilized
by the binding of its native ligands, thyroxine and retinol
binding protein, both of which suppress fibril formation in
vitro (81, 86). Our laboratory has synthesized a number of
small molecules that bind in the thyroxine-binding sites,
thereby stabilizing the TTR tetramer and inhibiting amyloido-
genesis (86-88). This approach has led to the discovery of
several promising compounds, and initial clinical studies are
underway to test whether this therapeutic approach may be
useful in the treatment of patients with TTR amyloid disease.

In summary, the mechanism of M-TTR amyloidogenesis
under partially denaturing conditions in vitro is best repre-
sented as a downhill polymerization that proceeds without
the involvement of a high-energy multimeric nucleus.
M-TTR aggregation is a complex, multistep process, but all
the steps in the reaction appear to be thermodynamically
favorable. TTR dissociation into its component monomers
and partial unfolding of the monomers are required to
generate the amyloidogenic intermediate. Once formed, this
misfolded monomer efficiently self-assembles into fibrillar
and other aggregates that may play a role in the pathology
of TTR amyloid disease. Amyloid formation by M-TTR in
vitro is strikingly different from that characterized for several
amyloidogenic peptides, such as Aâ and IAPP, whose
aggregation requires a thermodynamic nucleus. The observed
differences may be attributable to whether the polypeptide
involved is a folded protein (TTR) or an unstructured peptide
(Aâ or IAPP), because the steps leading to the formation of
an aggregation-competent intermediate in the two cases are
fundamentally different. Although additional experiments are
required to evaluate whether downhill polymerization is a
general mechanism for amyloid formation by natively folded
proteins or is unique to TTR, it is clear that amyloidogenesis
does not proceed by a common mechanism for all amyloido-
genic proteins and peptides.
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