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ABSTRACT: Transthyretin (TTR) amyloid fibril formation is observed during partial acid denaturation and
while refolding acid-denatured TTR, implying that amyloid fibril formation results from the self-assembly
of a conformational intermediate. The acid denaturation pathway of TTR has been studied in detail herein
employing a variety of biophysical methods to characterize the intermediate(s) capable of amyloid fibril
formation. At physiological concentrations, tetrameric TTR remains associated from pH 7 to pH 5 and
is incapable of amyloid fibril formation. Tetrameric TTR dissociates to a monomer in a process that is
dependent on both pH and protein concentration below pH 5. The extent of amyloid fibril formation
correlates with the concentration of the TTR monomer having an altered, but defined, tertiary structure
over the pH range of 5.0-3.9. The inherent Trp fluorescence-monitored denaturation curve of TTR exhibits
a plateau over the pH range where amyloid fibril formation is observed (albeit at a higher concentration),
implying that a steady-state concentration of the amyloidogenic intermediate with an altered tertiary structure
is being detected. Interestingly, 1-anilino-8-naphthalenesulfonate fluorescence is at a minimum at the
pH associated with maximal amyloid fibril formation (pH 4.4), implying that the amyloidogenic intermediate
does not have a high extent of hydrophobic surface area exposed, consistent with a defined tertiary structure.
Transthyretin has two Trp residues in its primary structure, Trp-41 and Trp-79, which are conveniently
located far apart in the tertiary structure of TTR. Replacement of each Trp with Phe affords two single
Trp containing variants which were used to probe local pH-dependent tertiary structural changes proximal
to these chromophores. The pH-dependent fluorescence behavior of the Trp-79-Phe mutant strongly
suggests that Trp-41 is located near the site of the tertiary structural rearrangement that occurs in the
formation of the monomeric amyloidogenic intermediate, likely involving the C-strand-loop-D-strand
region. Upon further acidification of TTR (below pH 4.4), the structurally defined monomeric
amyloidogenic intermediate begins to adopt alternative conformations that are not amyloidogenic, ultimately
forming an A-state conformation below pH 3 which is also not amyloidogenic. In summary, analytical
equilibrium ultracentrifugation, SDS-PAGE, far- and near-UV CD, fluorescence, and light scattering
studies suggest that the amyloidogenic intermediate is a monomeric predominantlyâ-sheet structure having
a well-defined tertiary structure.

Transthyretin (TTR),1 also known as thyroxin binding
prealbumin, is found in human plasma (0.2-0.3 mg/mL) as
a tetramer of identical 127 residue subunits, each containing
1 cysteine residue which does not participate in disulfide
formation. The X-ray crystal structure shows that each TTR
subunit adopts a predominantlyâ-sheet structure, best
described as aâ-sheet sandwich where one four-stranded
â-sheet interacts in a face-to-face fashion with another four-
strandedâ-sheet, forming the hydrophobic core of the protein
(Blake et al., 1974, 1978; Hamilton et al., 1993). The
remainder of the structure is predominantly loops and turns

with only one shortR-helix in the loop connecting strands
E and F. The monomers dimerize through an intermolecular
antiparallel â-sheet interaction involving two H strands
yielding an eight-strandedâ-sandwich (Figure 1). The two
dimers interact to form a tetramer through hydrophobic
interactions involving the loop regions adjoiningâ-strands
G and H andâ-strands A and B.

Transthyretin binds to the nonpeptidic hormone thyroxin
in a central channel which runs through the tetramer (Nilsson
et al., 1975; Blake & Oatley 1977; Wojtczak et al., 1992).
Tetrameric transthyretin also typically binds to 1 mol of
retinol binding protein (RBP), which in turn binds to vitamin
A and prevents the 21 kDa RBP-vitamin A complex from
being removed from the plasma by glomular filtration in the
kidneys (Raz & Goodman, 1969; Jaarsveld et al., 1973;
Monaco et al., 1995). TTR, like other amyloidogenic
proteins, is turned over rapidly in plasma (t1/2 is about 1.5-
2.5 days), possibly by a receptor-mediated process (Makover
et al., 1988; Divino & Schussler, 1990). In certain individu-
als transthyretin is converted into an insoluble, highly
associated fibrillar quaternary structure called amyloid, which
appears to cause familial amyloid polyneuropathy (FAP) and
senile systemic amyloidosis (SSA) either through its neu-
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rotoxicity and/or by physically interfering with normal organ
function (Benson, 1989; Benson & Wallace, 1989; Furuya
et al., 1991; Jacobson & Buxbaum, 1991). While the main
component of amyloid fibrils in SSA is wild-type TTR and
fragments thereof, 1 of over 40 different TTR variants is
found to predominate in the amyloid deposits of FAP patients
(Saraiva et al., 1983, 1984, 1988; Cornwell et al., 1988;
Westermark et al., 1990; Benson, 1989; Benson & Wallace,
1989; Stone, 1990; Saraiva, 1995). SSA affects 25% of the
population over 80 years of age, while FAP affects only 1
in 105-106 individuals. In FAP patients, full-length variant
transthyretin is usually the predominant fibril component
(Benson, 1989). The single site mutations that cause FAP
onset in the second to third decade of life do not significantly
change the tertiary or quaternary structure of tetrameric TTR;
instead they appear to function by destabilizing the TTR
tetramer in favor of the amyloidogenic intermediate, which
self-assembles into amyloid fibrils under mildly denaturing
conditions (McCutchen et al., 1993, 1995; Steinrauf et al.,
1993; Hamilton et al., 1993; Terry et al., 1993).
Amyloid fibrils, regardless of clinical syndrome, are

insoluble deposits of otherwise soluble protein or protein
fragments which self-assemble into fibrils of≈100 Å in
diameter and of variable length as discerned by electron
microscopy (Cohen & Calkins, 1959; Eanes & Glenner,
1968; Pras et al., 1968; Lansbury, 1992). The most
distinguishing characteristics of amyloid are its X-ray dif-
fraction pattern, which is consistent with a cross-â structure,
and its ability to form a complex with the dye Congo red
which exhibits apple green birefringence when viewed in a
polarized light source (Glenner, 1980; Kirschner et al., 1986,
1987; Jarvis et al., 1993; Fraser et al., 1994). The 16
currently known human amyloidogenic proteins have little
sequence or structural homology, yet they all seem to be
able to form a similar amyloid fibril structure (Kelly, 1996;
Sipe, 1992, 1994). Our hypothesis is that the relatedness of
these proteins is not at the level of their folded structures,
but rather in their ability to adopt a common intermediate
conformation upon partial denaturation which renders them
capable of self-assembly into amyloid (Colon & Kelly, 1992;

Kelly & Lansbury, 1994; Kelly, 1996). This hypothesis
appears to be gaining experimental support, as recently
conformational changes have been shown to be sufficient
for conversion of the light chain (Hurle et al., 1994),
â-peptide (Fraser et al., 1994; Simmons et al., 1994;
Sorgehan et al., 1994; Howlett et al., 1995; Lee et al., 1995),
transthyretin (Colon & Kelly, 1991, 1992; Gustavsson et al.,
1991; McCutchen et al., 1993, 1995), and lysozyme (Pepys
et al., 1993) into amyloid fibrils. Interestingly, a confor-
mational change also appears likely for the conversion of
Prpsol into a prion-like particle in scrapie (Caughey et al.,
1991; Prusiner, 1991; Pan et al., 1993; Safar et al., 1993,
1994; Come & Lansbury, 1994; Huang et al., 1994; Kocisko
et al., 1994; Baldwin et al., 1995a,b; Bessen et al., 1995;
Daggett, 1995; Goldfarb & Brown, 1995; Kocisko et al.,
1995; Lansbury, 1995; Nguyen et al., 1995; Zhang et al.,
1995). The means by which these conformational changes
are achievedin ViVo is still an unanswered question. One
possibility is the acidic lysosomal organelles within cells
through which many proteins pass during protein turnover.
Our previous biophysical studies simulating the pH of a
lysosome demonstrate that partial acid-mediated denaturation
of TTR is sufficient for amyloid fibril formationin Vitro
(Colon & Kelly, 1992; McCutchen et al., 1993).
Lysosomes utilize acidic denaturation and proteolysis for

protein degradation and are a possible site for amyloid fibril
formationin ViVo. Cohen, Glenner, and others have evidence
that amyloid is present proximal to and inside lysosomes in
reticuloendothelial cells in animals with amyloid disease
(Glenner et al., 1971; Cohen et al., 1983). One reasonable
scenario for the creation of amyloid from the amyloidogenic
proteins in lysosomes is as follows. Amyloidogenic proteins
selected for degradation/turnover are sent to the lysosome
where the acidic environment effects partial acid denaturation
and/or proteolysis, affording an amyloidogenic intermediate
which can associate into amyloid fibrils at a rate competitive
with normal degradation. Recycling of protease-resistant
soluble pre-amyloid (assembled but not high enough mo-
lecular weight to be insoluble) and insoluble amyloid to the
extracellular space may explain the location of amyloid
deposits. It appears that amyloid in the extracellular space
requires interactions with extracellular matrix components
and other proteins for stability. It is likely that the majority
of amyloid formed is catabolized by normal pathways; in
fact, there is now good evidence for constant clearance of
amyloid in ViVo, even when the amyloid fibrils are stabilized
by the interactions with other proteins (Tan et al., 1995). It
appears that both denaturation-mediated amyloid formation
and clearance pathways may be in delicate balance in normal
individuals and become unbalanced in certain individuals,
allowing amyloid to accumulate and become problematic.
This paper is focused on understanding the tertiary and
quaternary structural changes which facilitate acid-mediated
transthyretin fibril formation with the long-term goal of
understanding how to control the rate and extent of fibril
formation in ViVo. Identification of the structure of the
transthyretin conformational intermediate (amyloidogenic
intermediate) that is competent to self-associate into amyloid
fibrils in Vitro is a high priority.

MATERIALS AND METHODS

Transthyretin was purified from anE coli expression
system described previously (McCutchen et al., 1993).

FIGURE 1: Ribbon diagram of the TTR dimer explicitly showing
the indole side chains of the Trp residues. The AB-loops projecting
from the back face in this view facilitate interactions with another
dimer, leading to tetrameric TTR having a central channel at the
dimer-dimer interface (Blake et al., 1978).
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Purification involves liberating TTR and other proteins from
the periplasmic space ofE. coli through osmotic shock
followed by a 8-fold concentration. The protein pellet
produced by 70-85% ammonium sulfate precipitation is then
subject to DEAE ion exchange chromatography, giving
>95% purity. All studies reported in this paper utilize
recombinant TTR, since TTR isolated from aged plasma is
typically heterogeneous and not representative of the protein
found in ViVo, which is constantly turned over (Makover et
al., 1988). The detergent Z 3-14 was obtained from
Calbiochem. The Congo red used in these studies (Sigma)
was recrystallized 2 times from water/ethanol by dissolving
Congo red in water and crystallizing it by ethanol vapor
diffusion. The vacuum-dried recrystallized Congo red was
dissolved in 5 mM phosphate, 150 mM KCl, pH 7.5, and
filtered 3 times through a 0.22µm filter before it was used
to evaluate the extent of fibril formation. The silver stain
kit for PAGE gels was obtained from Sigma as was ANS
which was used without further purification. Other reagents
used were of highest purity available from Sigma or USB.
Amyloid Fibril FormationVia Denaturation and Recon-

stitution. A 4-5 mg/mL TTR stock solution (10 mM
phosphate, pH 7.4, 100 mM KCl, and 1 mM EDTA) was
diluted into 50 mM sodium acetate or sodium phosphate
buffered 100 mM KCl at the desired pH in an Eppendorf
tube to obtain a final TTR concentration of 0.2 mg/mL to
evaluate amyloid fibril formation via partial TTR denatur-
ation. The resulting stationary solutions were incubated at
37°C for 72 h before they were vortexed to equally distribute
the fibrils, if present. The extent of fibril formation was
probed by an optical density (OD) measurement at 330 nm
in a standard UV cell (Andreu & Timasheff, 1986; Mulkerrin
& Wetzel, 1989) and utilizing a quantitative Congo red
binding assay. Adapting the procedure of Klunk et al., 50
µL of the vortexed TTR amyloid suspension was added to
1150µL of a 10µMCongo red solution (in 5 mM phosphate,
150 mM NaCl, pH 7.5) to provide an independent measure-
ment of the mass of fibrils formed (Klunk et al., 1989;
Glenner et al., 1974). The absorbance of the suspension at
477 and 540 nm was measured, and the amount of Congo
red bound to amyloid fibrils is used to determine the quantity
of fibrils in the suspension: mol of Congo red bound/L of
amyloid suspension) A540nm/25 295- A477nm/46 306. This
method proved problematic and was not used for fibrils
formed at pHs below pH 4.4 due to precipitation of Congo
red. There is good agreement regarding the extent of fibril
formation as a function of pH using both OD330 and the
quantitative Congo red binding method (above pH 4.4). A
time course of TTR amyloid fibril formation in the de-
naturation mode was carried out by diluting the TTR stock
solution into acetate buffer at pH 4.4 using a single
Eppendorf for each time point (Figure 2B). This method of
fibril formation exhibits excellent reproducibility and is the
method of choice for evaluating kinetics, inhibitors, etc.
Reconstitution (renaturation)-induced amyloid fibril forma-
tion was also studied by first diluting a stock TTR solution
into a pH 2.0 HCl solution with added 50 mM acetic acid,
100 mM KCl at 4°C forg30 min to achieve “denaturation”.
This pH 2.0 solution was then incubated at 37°C for 20
min before the pH was rapidly increased by adding a fixed
amount of NaOH to bring the solution to desired pH. The
final concentration of TTR was 0.2 mg/mL. The extent of
fibril formation was evaluated by OD and Congo red binding

as decribed above. To further demonstrate the integrity of
the amyloid fibrils formed in Vitro using the methods
decribed above, the resulting fibrils were further studied by
light and electron microscopy for comparison to authentic
fibrils producedin ViVo. For those samples exhibiting Congo
red binding, the amyloid fibril-Congo red complex was
viewed under a light microscope with a polarized light source
to observe the expected apple green birefringence. Amyloid
fibrils for electron microscopy evaluation were manipulated
as described previously (Colon & Kelly, 1992; McCutchen
et al., 1993). Briefly, dilute solutions of the amyloid fibrils
were placed on carbon-coated copper grids, and allowed to
stand for 2 min before the excess solution was removed. The
grid was treated with fresh 1% uranyl acetate (pH 4.5) for 2
min. Excess staining solution was removed by filter paper
blotting, affording negatively-contrasted TTR fibrils which
were visualized using a Zeiss 10-C electron microscope as
described previously (Colon & Kelly, 1992; McCutchen et
al., 1993). The fibrils exhibited the characteristic dimensions
reported previously (Colon & Kelly, 1992; McCutchen et
al., 1993).
Probing the pH-Dependent Quaternary Structure Changes

by SDS-PAGE. In order to monitor the quaternary structural
changes that TTR undergoes during acid-induced denatur-
ation, an SDS-PAGE method previously developed by our
laboratory was used which facilitates measuring the fraction
of tetramer and monomer present at a given pH using
densitometry. When tetrameric TTR is incubated in SDS
sample buffer at room temperature and loaded onto a SDS-
PAGE gel, the tetramer dissociates and runs as a dimeric
species, unlike monomeric TTR which migrates through the
gel as expected (Colon & Kelly, 1992). The dimer band on
the gel will faithfully represent the amount of tetramer present
in solution as long as a dimeric species is not present in
solution. The absence of dimeric intermediates in the pH-
mediated denaturation of TTR was verified by glutaraldehyde
cross-linking experiments which show only negligible amounts
of dimeric TTR under the conditions used within (Colon &
Kelly, 1992). Transthyretin (0.2 mg/mL) was incubated at
25 °C (37°C would produce fibrils) in the appropriate buffer
to establish the tetramer-monomer equilibrium as a function
of pH. To prevent the refolding of an equilibrium mixture
of tetramer and monomer at a given acidic pH upon
neutralization required for gel loading, the micellar detergent
Z 3-14 is added to the sample to achieve a final Z 3-14
concentration of 0.5 mg/mL. Control experiments outlined
previously demonstrate that Z 3-14 does not allow recon-
stitution nor does it dissociate the tetramer present in the
mixture; effectively, it prevents quaternary structural changes
upon neutralization (Colon & Kelly, 1992). The quaternary
structure stability of wild-type TTR as a function of pH was
evaluated with samples incubated in 50 mM phosphate or
acetate buffer, 100 mM KCl (25°C) at the desired pH. The
final TTR concentration was either 0.01 or 0.2 mg/mL, and
the final sample volume was 200µL. After 40-44 h, Z
3-14 from a 25 mg/mL stock was added to each solution to
afford a final Z 3-14 concentration of 0.5 mg/mL. Afterward,
60µL of a 0.6 M phosphate buffer containing 0.5 mg/mL Z
3-14 was added to each TTR solution to neutralize the
sample. A 20µL sample was removed from each Eppendorf
tube and mixed with 10µL of 5% SDS sample buffer. These
unboiled samples were loaded onto a 12% SDS-PAGE gel
which was stained either by Coomassie blue (0.2 mg/mL)
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or by silver stain (0.01 mg/mL), and analyzed by a Molecular
Dynamics Model 300A computing densitometer. The mid-
point (pHm) of the acid-mediated tetramer to monomer
transition is the pH at which half of the TTR is in tetrameric
form by weight. Figure 3 summarizes the SDS-PAGE
experimental procedure for evaluating the pH-dependent
quaternary structural changes exhibited by TTR.
Probing the pH-Dependent Quaternary Structure Changes

by Analytical Equilibrium Ultracentrifugation. The weight-
averaged molecular weights of TTR at pH 7.0, 5.05, 4.10,
and 2.0 were obtained from data collected on a Beckman
XL-A analytical ultracentrifuge with absorption optics. TTR
solutions (0.2 mg/mL) at the desired pH (50 mM phosphate
or acetate buffer) in 100 mM KCl were prepared and
incubated at 4°C for at least 12 h, and then brought up to
25 °C for another 12 h, except in the case of pH 2 sample
where a 0.05 mg/mL solution was used. A double-sector
cell equipped with a 12 mm Epon centerpiece and quartz
windows was loaded with a blunt-end microsyringe, resulting
in a column height of approximately 3 mm. Data monitoring
the absorbance at 234 nm were collected at 25°C, using a
speed of 17 000 rpm and an average of 20 scans per point.
A partial specific volume of 0.75 was determined by fitting
the data to the expected molecular mass of 54 kDa at pH 7.
This value is similar to that used previously by Branch (0.73)
for their ultracentrifugation studies on TTR (Branch et al.,
1971). It was assumed that the partial specific volume would
not change significantly for monomeric TTR, which appears
to be valid based on MW determinations under conditions
known to give monomeric TTR in our laboratory and based
on the earlier work of Branch.
pH-Dependent Far- and Near-UV Circular Dichroism.

The CD spectra of TTR were recorded on an Aviv Model
62DS spectrometer at 25°C using a bandwidth of 0.5 nm,
a time constant of 2 s, and a step size of 0.2 nm employing
4 averages. TTR solutions (0.2 mg/mL) at the desired pH
(50 mM phosphate or acetate buffer) in 100 mM KCl were
prepared at 4°C and incubated for 12 h, and then brought
up to 25 °C for another 12 h, taking advantage of the
observation that TTR does not aggregate at temperaturese25
°C (Vide supra). The far-UV CD spectra were recorded from
196 to 250 nm using a 1 mm quartz cell whereas the near-
UV CD spectra of the above solutions were recorded from
250 to 320 nm in a 2 cm quartz cell. All data are reported
in units of mean residue ellipticity (Schmid, 1989). The far-
UV CD spectra were smoothed using a Stineman function
(KaleidaGraph software) which removed the noise without
perturbing the appearance of the data. The near-UV CD data
were reported without manipulation to preserve all the detail.
Acid Denaturation of TTR by Fluorescence Spectroscopy.

Fluorescence measurements of TTR were recorded on a 8000
SLM Aminco fluorometer at 25°C in a 1 cm path length
quartz cell, using an excitation slit width of 4 nm and an
emission slit width of 8 nm. The TTR samples made up at
0.01 mg/mL at the desired pH in 50 mM phosphate or acetate
buffer, 100 mM KCl were incubated at 25°C for 40-45 h,
unless specified as being without added KCl. The excitation
wavelength was set at 295 nm and the emission wavelength
monitored at 340 nm to measure exclusively the tryptophan
fluorescence. In another experiment, the excitation wave-
length was set at 278 nm and emission at 340 nm to measure
the tyrosine to tryptophan energy transfer via tryptophan
fluorescence.

ANS Binding. A concentrated stock of ANS was made
by dissolving ANS in water: the concentration was deter-
mined by its absorption at 351 nm (ε ) 6240 M-1 cm-1).
Fluorescence spectra were obtained with an Aminco SLM
8100 spectrofluorometer in 1 cm path length quartz cells at
25 °C by photon counting methods with the excitation
wavelength set at 410 nm and the emission spectra recorded
from 420 to 600 nm. Both of the excitation slits were set at
2 nm, while the emission slits were set at 2 and 4 nm,
respectively. Low TTR (0.01 mg/mL) and ANS (48µM)
concentrations were used such that the absorbance was less
than 0.1 at both the excitation and emission wavelengths to
minimize the inner filter effect. For the tryptophan to ANS
energy transfer fluorescence spectra, 0.01 mg/mL TTR and
0-48 µM ANS were used. The excitation wavelength was
set at 295 nm, and the emission spectra were recorded from
300 to 580 nm. The inner filter effect at 48µM ANS was
not corrected for since these data were not analyzed
quantitatively.
To measure the binding of ANS to TTR as a function of

pH, 3 mL of a 0.01 mg/mL TTR solution in buffers of
differing pH containing 100 mM KCl was prepared and
equilibrated at 25°C for 40-44 h. An aliquot of an ANS
stock solution was then added to each solution to make the
final ANS concentration 48.0µM. The resulting solutions
were incubated for an additional 24 h, and fluorescence
intensities were measured using an excitation wavelength of
410 nm and an emission wavelength of 490 nm. Fluores-
cence intensities reported were relative to that of a solution
of TTR and ANS at pH 2.0. To evaluate the pH-dependent
quaternary structure of TTR in the presence of ANS, samples
prepared according to the above procedure were subjected
to SDS-PAGE gel analysis described above (refer to the
experimental section describing the determination of TTR
quaternary structure by SDS-PAGE).
Probing Acid Denaturation of TTR Using Single Tryp-

tophan Containing Variants.Two single tryptophan contain-
ing TTR mutants, Trp-41-Phe and Trp-79-Phe, were prepared
utilizing site-directed mutagenesis as described previously
(McCutchen et al., 1993, 1995). The extinction coefficients
for W41F (ε280nm) 54 781 M-1 cm-1) and for W79F (ε280nm
) 51 300 M-1 cm-1) were determined according to the
method of Gill et al. (Gill & von Hippel, 1989). The SDS-
PAGE quaternary analysis and fluorescence-monitored acid
denaturation of these two mutants were carried out following
the procedures described above. The fluorescence denatur-
ation curves probe the proximity of each Trp to the acid-
mediated structural rearrangement in TTR via their change
in local environment.

RESULTS

Amyloid Fibril Formation. Transthyretin amyloid fibril
formation was monitored by the turbidity at 330 nm and/or
Congo red binding as a function of pH, both during acid
denaturation and during pH-mediated reconstitution (Figure
2) in a stagnant assay. The amyloid-like structure of these
aggregates was confirmed by Congo red binding and
polarized microscopy, as well as by electron microscopy
(Colon & Kelly, 1992; McCutchen et al., 1993, 1995). The
amount of amyloid formed at pH 4.4 in the stagnant
reconstitution-mediated process (Figure 2C) is greater than
that formed in the stagnant denaturation mode of fibril
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formation (Figure 2A) at equal TTR concentrations (0.2 mg/
mL), demonstrating that fibril formation occurs to a greater
extent in the reconstitution mode. These results imply that
a kinetic barrier exists between the amyloidogenic intermedi-
ate and the nonamyloidogenic tetramer during reconstitution,
resulting in a higher concentration of the amyloidogenic
intermediate. The pH associated with maximal fibril forma-
tion in both modes is observed to be near pH 4.4 (Figure
2A,C), close to the isoelectric point of TTR (4.6-4.95 for
tetrameric TTR from human plasma; Pettersson et al., 1987).
The mass of amyloid formed over a 3 day period as a
function of pH in the stagnant assay was evaluated by optical
density measurements and by determining the extent of

Congo red binding, (Figure 2A,C). It was reassuring to see
that the optical density and Congo red binding method
generally agree on the relative mass of amyloid formed at a
given pH. The observation of transthyretin amyloid fibril
formation without stirring demonstrates that shear forces are
not necessary for TTR fibril formation. A time course of
TTR (0.2 mg/mL) fibril formation at pH 4.4 reveals what
appears to be a nucleated condensation mechanism of fibril
formation (Figure 2B). In this mechanism, several subunits
must associate to form a nucleus in an energetically unfavor-
able process which is generally associated with a lag phase,
as seen in the time course shown in Figure 2B. A
cooperative growth phase is also observed where the addition
of the amyloidogenic monomer to the growing fibril occurs
with a favorable equilibrium constant. Fibril growth begins
to plateau at ca. 50 h, consistent with depletion of the
monomeric amyloidogenic intermediate below the critical
concentration which is required for growth. A similar
mechanism has also been shown to govern fibril formation
of TTR isolated from plasma where a stirred solution was
studied (Colon & Kelly, 1992).
Inhibiting TTR Fibril FormationsFacilitating Studies on

the Denaturation Pathway. Since partial denaturation and
amyloid fibril formation are competing processes, it is
possible to identify the intermediates that partition into
amyloid by carefully studying the acid denaturation pathway.
To probe the denaturation pathway, it is necessary to inhibit
fibril formation, which can be accomplished by lowering the
protein concentration and/or the temperature. Since the self-
assembly of a folding intermediate is at the minimum a
second-order process, fibril formation during denaturation
can be inhibited by studying the denaturation pathway at low
transthyretin concentration (0.01-0.2 mg/mL) at 25°C. On
the upper end of the TTR concentration range (0.2 mg/mL),
it is necessary to work at 25°C instead of 37°C to avoid
fibril formation. The self-assembly of the amyloidogenic
intermediate at 37°C but not at 25°C (0.2 mg/mL) is most
likely a result of the temperature dependence of the
hydrophobic effect (Dill, 1990).
TTR Quaternary Structural Changes EValuated by SDS-

PAGE and Analytical Equilibrium Ultracentrifugation. TTR
exists as an equilibrium mixture of tetramer and monomer
at acidic pHs as discerned from SDS-PAGE gel studies and
analytical equilibrium ultracentrifugation data. Ultracentri-
fugation analysis gives a weight-averaged molecular mass
of 54.4 kDa at pH 7, 51.1 kDa at pH 5.05, and 44.7 kDa at
pH 4.1. Below pH 4, TTR aggregates in the centrifugation
experiments carried out at 0.2 mg/mL, likely as a result of
the centrifugal force which concentrates the sample at the
bottom of the cell (similar behavior is not observed in the
absence of centrifugal force). Therefore, 0.05 mg/mL TTR
solutions were used at pH 2.0 in the ultracentrifuge, which
gives an apparent mass of 17 kDa for the supernatant
component in the cell (an estimated 30-40% of TTR still
sedimented to the bottom of the cell). At physiological
concentration (0.2 mg/mL), TTR exists primarily in tetra-
meric form from pH 7 to 5 according to SDS-PAGE and
ultracentrifugation data. From pH 5 to pH 3.5, TTR
undergoes a tetramer to monomer transition, with a midpoint
around pH 4.3 (Figure 4), as determined by the SDS-PAGE
method outlined in Figure 3. At pHs below 3, monomeric
TTR is observed as discerned from SDS-PAGE analysis
and analytical ultracentrifuge data. Transthyretin will not

FIGURE 2: (A) Bar graph depicting the extent of TTR fibril
formation after 72 h upon partial denaturation at the pHs indicated.
Two methods were used for measuring the extent of fibril formation
at each pH; the black bars represent the OD measurements while
the lightly shaded bars represent the quantitative Congo red
determinations. (B) Time course of TTR fibril formation facilitated
by partial denaturation at pH 4.4. The extent of fibril formation
was evaluated using both OD (O) and the quantitative Congo red
method (×). (C) Bar graph depicting the extent of TTR fibril
formation after 72 h upon reconstitution from the denatured state.
Two methods were used for measuring the extent of fibril formation
at each pH; the black bars represent the OD measurements while
the lightly shaded bars represent the quantitative Congo red
determinations.
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form fibrils or aggregate (no increase in OD) below pH 3.5
at 37°C for 3 days (see Figure 2A), demonstrating that the
aggregation observed in the ultracentrifuge is likely a result
of the centrifugal force and is not representative of what
occurs in solution. To further understand the denaturation
curve detected by the fluorescence at 0.01 mg/mL, we also
performed SDS-PAGE analysis of quaternary structural
changes at a TTR concentration of 0.01 mg/mL. A
comparison of the tetramer to monomer transitions of TTR
as a function of concentration reveals that this transition is
concentration-dependent: the lower the concentration of
TTR, the more the tetramer-monomer equilibrium will be
shifted toward monomer at a given pH (Figure 4). When a
0.01 mg/mL solution of TTR is incubated at 25°C at pH
7.0, approximately 15% monomeric TTR is observed in
solution. As the pH decreases, from pH 5.3 to pH 4, TTR
undergoes a tetramer to monomer transition, the midpoint
being around pH 4.7.
pH-Mediated Tertiary Structural Changes Monitored by

Fluorescence Spectroscopy.The acid-mediated denaturation
of wild-type TTR monitored by Trp fluorescence exhibits
biphasic behavior (Figure 5). The fluorescence intensity over
the pH range of 7-5.2 exhibits a fluctuating increase which
may reflect a subtle tertiary structural rearrangement within
tetrameric TTR. In the pH range of 5.2-4.3, the first
significant tertiary structural transition is observed, which
does not appear to be directly coupled to the tetramer to

monomer quaternary structural transition,Vide infra. Inter-
estingly, a fluorescence plateau is observed from pH 4.3 to
3.3 which likely reflects the buildup of a steady-state
concentration of an amyloidogenic intermediate(s) (Mc-
Cutchen et al., 1995). This interpretation of the plateau in
the fluorescence denaturation curve is consistent with the
ability of TTR to make amyloid fibrils over the pH range of
5-3.9, albeit at a higher TTR concentration. The fluores-
cence plateau and fibril-forming pH ranges should not be
exactly the same, for the TTR concentrations in these
experiemnts are different. The fluorescence denaturation
curve should not plateau until the monomer with an altered
tertiary structure (amyloidogenic intermediate) is the pre-
dominant contributor. However, OD measurements can
detect a relatively low concentration of the monomeric
amyloidogenic intermediate because it can self-assemble into
amyloid at pHs<5. Over the pH range of 3.5-2, a second
significant transition is observed by Trp fluorescence, which
appears to reflect the transition from a structured monomeric
intermediate to a molten globule-like acid-denatured state
(A-state),Vide infra. As the pH is lowered from 7.0 to 2.0,
the maximum emission wavelength of TTR only exhibits a
slight red shift from 334 to 337 nm (McCutchen et al., 1995),
indicating that the tryptophan residues in TTR are still buried
in a nonpolar, but altered environment. The intensity is
quenched by 30% at pH 2.0, which is likely to be due to
dynamic quenching as a result of increased side chain
mobility. The fluorescence-monitored denaturation of TTR
appears to be rather insensitive to quaternary structural
changes, based on the observation that amyloidogenic
variants of TTR having single site mutations which de-
stabilize tetrameric TTR exhibit similar fluorescence de-
naturation curves (McCutchen et al., 1995). This result
implies that the fluorescence-based denaturation curves result
largely from a rearrangement in the tertiary structure of TTR,
which is clearly demonstrated in the studies on the W-79-F
TTR variant discussed below. Fluorescence spectroscopy
is expected to be rather insensitive to quaternary structural
changes based on what has been described for other proteins
in the literature, except in those cases where quaternary
structural changes significantly alter the environment of one
or more Trp residues (Fernando & Royer, 1992).
Fluorescence-Monitored Denaturation of W-79-F and

W-41-F TTRsProbing the Location of the pH-Mediated

FIGURE 3: Flow chart summarizing the SDS-PAGE method used
to evaluate the pH-dependent TTR quaternary structural changes.

FIGURE 4: pH-dependent quaternary structural changes in wild-
type TTR as a function of pH at two concentrations, 0.2 mg/mL
(×) and 0.01 mg/mL (O). Samples were incubated at the desired
pH for 40-44 h and manipulated as outlined in Figure 3. SDS-
PAGE gels were scanned by densitometry to measure the relative
amount of tetramer and monomer at each pH.

FIGURE 5: Acid denaturation curve of wild-type TTR (0.01 mg/
mL) monitored by changes in the tryptophan fluorescence intensity
(0) at 340 nm (excitation at 295 nm). The pH-dependent equilib-
rium between the tetramer and monomer as monitored by the SDS-
PAGE method is shown (×) to aid in interpretation.
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Tertiary Structural Rearrangement. TTR has two Trp
residues in each of its four identical subunits. Fortunately,
the Trp residues are located far apart in the TTR tertiary
structure: W-79 is located in the helix intervening between
strands E and F, and W-41 is in the loop proximal to the
beginning of strand C (Figure 1). The fluorescence-
monitored denaturation of the single Trp containing TTR
variants (W-41-F and W-79-F) allows us to better understand
the location of the pH-mediated tertiary structural changes
in wild-type TTR which leads to the formation of the
amyloidogenic intermediate. Interestingly, the W-41-F vari-
ant does not exhibit W-79 fluorescence over the pH range
of 7-5, implying the presence of an intrinsic quencher in
TTR’s normally folded structure. This quencher is relocated
relative to W-79 in the rearrangement occurring between pH
5 and 3.7 as discerned from increased W-79 fluorescence
(Figure 6A). Below pH 3.7, the fluorescence of the W-79
is invariant, indicating that no further fluorescence-detectable
changes in tertiary structure occur in this region of the
molecule. The tetramer to monomer transition in the case
of the W-41-F variant of TTR is largely centered between 5
and 4, leading one to speculate that the dissociation of the
tetramer may relocate the quencher if the quencher is located
in a different subunit. Alternatively, it may be a monomer
rearrangement that relocates the Trp-79 relative to the
quencher, assuming that the quencher is located in the same
subunit. Since the tetramer-monomer transition and the
fluorescence transition overlap (see Figure 6A), it cannot be
stated with certainty which is the case at this time.

The W-79-F TTR variant exhibits a pH-mediated fluo-
rescence denaturation curve with a wealth of information
relative to the location of the tertiary structural rearrange-
ment(s) in TTR. The pH-dependent tetramer to monomer
transition (0.01 mg/mL) of W-79-F is overlaid on the pH-
dependent fluorescence denaturation curve in Figure 6B.
From these data, it is clear that the tetramer is dissociated
into monomer almost completely at pH 6; yet the majority
of the fluorescence changes occur at pHs<6, consistent with
the literature consensus that fluorescence spectra predomi-
nantly monitor tertiary structural changes. It is interesting
that the W-79-F mutation significantly destabilizes the
tetramer, probably because the W-79 is located proximal to
the AB loop which facilitates the dimer-dimer interaction
to form the tetramer. The decrease in fluorescence from pH
7 to 5 is linear with decreasing pH, suggesting that Trp-41
is located in or near the portion of TTR that is undergoing
a tertiary structural rearrangement. From pH 5.5 to 3.9, the
change of fluorescence with pH is also linear, but the steeper
slope suggests a more pronounced pH dependence, perhaps
indicating a further rearrangement in this region within the
monomer. Importantly, the W-79-F variant exhibits a plateau
in fluorescence from pH 4.1 to 3, consistent with the
formation of the amyloidogenic intermediate building up to
a steady-state concentration. In support of this interpretation,
the W-79-F variant readily makes amyloid over this pH
range, albeit at higher concentrations. A second transition
over the pH range of 3-2 is also evident for W-79-F, in
accord with a structured monomer to A-state conformational
change also exhibited by wild-type TTR,Vide supra. The
A-state is not capable of self-assembling into amyloid. The
pH-dependent fluorescence denaturation curve of the W-79-F
TTR variant, when considered in the context of pH-
dependent TTR V8 protease sensitivity data emerging from
this laboratory, is consistent with a rearrangement in TTR
involving the C-strand-loop-D-strand region of TTR which
is proximal to W-41 (Figure 1) (Miroy and Kelly, unpub-
lished results). This rearrangement appears to occur in the
monomer and possibly to a limited extent in the tetramer.
Far- and Near-UV CD of TTR as a Function of pH.To

further evaluate the conformational changes occurring in TTR
as a function of pH, far- and near-UV CD studies were
employed to probe the secondary and tertiary structural
changes, respectively. A series of pH-dependent far-UV CD
spectra were obtained (Figure 7A). The far-UV CD spectra
of TTR exhibit little change from pH 7.5 to pH 4.4.
However, the signal at 215 nm, which reports onâ-sheet
content, displays an increase at pHs<4.4, possibly due to
the attenuation of the aromatic contribution to the far-UV
CD region upon tertiary structural changes (the aromatic
contribution is usually positive in this wavelength range). It
is important to keep in mind that there is approximately half
TTR monomer and half tetramer at pH 4.4 (0.2 mg/mL)
which complicates the interpretation of the CD spectra. A
conservative interpretation of the far-UV CD data is that
slight alterations in the secondary structure are occurring
below pH 4.4. The data to follow below suggest that a
secondary structural rearrangement in the C-strand-loop-
D-strand portion of TTR is occurring and since this region
is highly twisted to begin with it most likely makes an
unpredictable contribution (perhaps positive) to the far-UV
CD spectrum in the 215 nm region. The near-UV CD spectra
of TTR, resulting from the asymmetric packing of the

FIGURE6: (A) Acid denaturation curve of the W-41-F TTR variant
(0.01 mg/mL) monitored by changes in the Trp-79 fluorescence
intensity at 340 nm (O). The pH dependent equilibrium between
the tetramer and monomer as monitored by the SDS-PAGEmethod
is shown (0) to aid in interpretation. (B) Analogous fluorescence
denaturation curve of the W-79-F TTR variant exhibiting Trp-41
fluorescence at 340 nm (O) and pH-dependent tetramer-monomer
equilibrium (0) for the W-79-F variant monitored by SDS-PAGE.
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tryptophan and tyrosine side chains, exhibit significant pH-
dependent changes (Figure 7B). The near-UV CD signal
from pH 7.5 to 5 exhibits little change, consistent with a
largely unchanged tertiary structure over this pH range
(Colon & Kelly, 1992). Two of the characteristic positive
near-UV CD peaks, one at 283 nm and the other at 291 nm,
become less intense over the amyloid-forming pH range of
5-4, implying a change in tertiary structure over this pH
range (Woody, 1985; Buchner et al., 1991). Below pH 4,
TTR exhibits negative ellipticity in the near-UV CD region
which implies a rearranged and poorly defined tertiary
structure consistent with its inability to make amyloid. The
significant conformational changes leading to the amyl-
oidogenic intermediate occur between pH 5 and 4, implying
that the intermediate with a defined tertiary structure
observed between pH 5 and 4 is the amyloidogenic inter-
mediate.
The far-UV CD spectrum of TTR in HCl solution at pH

2 in the absence of salt exhibits a minimum at 200 nm, which
is characteristic of a random coil (largely unstructured)
conformation (Figure 8A). The absence of added chloride
ions to bind and neutralize the ammonium groups creates a
high positive charge density in TTR facilitating chain
unfolding. The retention of secondary structure at pH 2 in
the presence of added salt and the loss of structure upon
addition of HCl without added salt are characteristic of the
behavior of many proteins, which adopt an A-state-like
conformation at low pH (Goto & Fink, 1989; Goto et al.,
1990a,b; Fink et al., 1994). Unfolding of TTR under acidic
low-salt conditions is further supported by the trytophan

fluorescence emission maximum at 345 nm with reduced
intensity when compared to the more intense fluorescence
emission maximum at 337 nm in the A-state conformation
(with added KCl). The 8 nm red shift and quenching
strongly support greater solvent exposure of the Trp residues
in the absence of added KCl (Figure 8B).
ANS Binding.Figure 9 shows spectra of a solution of ANS

and TTR at pH 7, pH 4.4, and pH 2 compared to ANS alone
at pH 7 (the fluorescence spectrum of ANS alone at pH 2 is
very similar to the pH 7 spectrum shown). Pronounced
increases in the intensity of ANS fluorescence as well as a
shift of the fluorescence maximum to shorter wavelengths
are observed when ANS binds to TTR. When ANS binds
to TTR at pH 7, the maximum wavelength of ANS emission
shifts from 525 nm (free) to 470 nm (bound), and exhibits

FIGURE 7: (A) Far- and (B) near-UV CD study of wild-type TTR
at 0.2 mg/mL as a function of pH at 25°C.

FIGURE 8: (A) Comparison of the far-UV CD spectra of wild-type
TTR (0.2 mg/mL) in the presence (s) and absence (‚‚‚) of 0.1 M
KCl at pH 2.0. (B) Tryptophan fluorescence spectra of TTR (0.01
mg/mL) in the presence (s) and absence (- - -) of 0.1 M KCl at
pH 2.0, excitation at 295 nm.

FIGURE 9: Comparison of ANS fluorescence in solution at pH 7
in the absence of TTR (‚‚‚) with ANS bound to TTR at pH 7
(- -), pH 4.4 (- - -), and pH 2 (s). ANS was excited at 410
nm.
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a 10-fold increase in intensity, consistent with the binding
of ANS to the hydrophobic channel in TTR. Robbins et al.
analyzed thyroid hormone binding to TTR employing ANS
fluorescence and found that at pH 7.4 2 mol of ANS binds
to 1 mol of tetrameric TTR (Cheng et al., 1977). The ANS
and thyroxin binding sites overlap in the central channel
formed by the association of the four subunits. At pH 2.0,
ANS binds to monomeric TTR, leading to a large increase
in fluorescence intensity as well as a further red shift to 490
nm when compared to the 470 nm (bound) emission maxima
at pH 7. This suggests that ANS binds to TTR at pH 7 and
pH 2 at different sites. At pH 2 under physiological salt
conditions, TTR adopts an A-state conformation in solution,
which exhibits native-like secondary structure, as determined
by far-UV CD, but lacks native tertiary structure as discerned
by the near-UV CD spectral changes. The fact that TTR
binds to ANS at pH 2 and exhibits greatly enhanced ANS
fluorescence intensity further supports the assignment of the
pH 2 conformation to an A-state (Fink et al., 1994). Titration
of TTR at pH 2 with ANS and titration of a fixed amount of
ANS with an increasing concentration of TTR yield a
Scatchard plot for ANS binding which was not linear,
indicating multiple binding sites with different affinities.
Double-reciprocal analysis gave an apparent dissociation
constant of 200µM and the number of ANS molecules bound
as approximately 50 (Horowitz & Criscimagna, 1985).
These data suggest that there is a large hydrophobic surface
area exposed at pH 2 which can bind numerous ANS
molecules. To study the binding of ANS to the acid-
denatured state of TTR at pH 2, energy transfer experiments
were performed with increasing amounts of ANS (Figure
10) relative to TTR. The intensity of the intrinsic fluores-
cence of tryptophans diminishes in parallel with the increas-
ing ANS emission intensity. This demonstrates that the
quenching of the tryptophan fluorescence is due to ANS
binding and that some ANS binding sites are in close
proximity to one or both of the tryptophans in TTR. Now
that the binding of ANS to the nonamyloidogenic intermedi-
ates formed at the extremes of pH used in this study is
understood, focus was turned to the intermediates populated
between these limits.
1-Anilino-8-naphthalenesulfonate binding to TTR as a

function of pH was employed to follow denaturation and to

evaluate the relative hydrophobicity of the amyloidogenic
intermediate (Figure 11). The first transition is observed over
the pH range of 5.5-4.4. Since the binding of ANS to TTR
at neutral pH occurs in the central channel formed by the
TTR tetramer, the reduction in ANS binding as the pH is
lowered is consistent with a increasing monomer population
which apparently cannot bind ANS with high affinity. This
was confirmed by directly monitoring the tetramer to
monomer transition by the SDS-PAGE method described
here with TTR solutions preincubated at various pHs,
followed by the addition of ANS 40 h later (Figure 11). At
pH 4.4, the majority of tetrameric TTR is dissociated into
monomer as discerned from the reduced ANS binding and
the SDS-PAGE analysis. Interestingly, the monomeric
conformer of TTR formed at pH 4.4 (80% monomer based
on SDS-PAGE analysis) does not bind to ANS as strongly
as TTR at pH 2 or at pH 7, consistent with an amyloidogenic
intermediate that retains most of its tertiary structure and
has properties of a structurally defined protein. Importantly
the pH associated with maximal amyloid fibril formation (pH
4.4) exhibits a minimum in ANS binding, demonstrating that
the amyloidogenic intermediate is not markedly hydrophobic
and is certainly not molten-globule-like. When the pH is
lowed below 4, the ANS fluorescence intensity increases
considerably due to the increased hydrophobic surface area
exposed upon rearrangement of the structured monomeric
amyloidogenic intermediate to an A-state-like conformation.
The fluorescence emission maximum of ANS bound to TTR
at pH 4.4 is at 480 nm, which lies in between that of ANS
bound to TTR at pH 7 (470 nm) and ANS bound to TTR at
pH 2 (490 nm) (Figure 9). The 480 nm emission from the
predominantly monomeric TTR amyloidogenic intermediate
at pH 4.4 suggests that the ANS binding site(s) on TTR at
pH 4.4 is (are) more hydrophobic than the binding sites at
pH 2, but less hydrophobic than the channel which binds 2
mol of ANS in the tetramer at pH 7.

DISCUSSION

The earlier observation by our laboratory that partial
denaturation is sufficient to populate a conformational
intermediate that can self-assemble into transthyretin amyloid
in Vitro has since proven to be general for several immuno-
globulin light chain and lysozyme variants (Hurle et al., 1994;
Pepys et al., 1993). Transthyretin amyloid fibril formation

FIGURE10: Tryptophan to ANS energy transfer study as a function
of increasing ANS added to TTR at pH 2. The Trp residues were
excited at 295 nm and emit at 340 nm in the absence of added
ANS. Energy transfer to ANS is observed by ANS fluorescence
from 440 to 570 nm.

FIGURE 11: ANS (48µM) binding to TTR (0.01 mg/mL) as a
function of pH monitored by ANS fluorescence. Dissociation of
the TTR tetramer to monomer as a function of pH in the presence
of ANS (48µM) is shown (O) as monitored by the SDS-PAGE
method.
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is observed during both pH-induced denaturation and recon-
stitution. The optimum pH for fibril formation is around
pH 4.4 in both cases, suggesting that acid denaturation and
reconstitution from denatured TTR proceed through a com-
mon conformational intermediate (amyloidogenic intermedi-
ate) which self-associates into amyloid. Fibril formation
affected by reconstitution (0.2 mg/mL at 37°C) versus that
mediated by denaturation (0.2 mg/mL, 37°C) yields more
fibrils, implying that the reconstitution mode is more
efficient. During reconstitution (pH jump from 2 to 4.4),
TTR refolds from the A-state (denatured state) to an
amyloidogenic intermediate which can only progress further
along the reconstitution pathway via a step with high
activation energy. Thus, TTR falls into a kinetic trap where
the amyloidogenic intermediate concentration builds up and
forms amyloid in competition with the normal reconstitution
pathway to tetramer. The time course of TTR fibril
formation employing the denaturation-mediated approach
(Figure 2B) is consistent with a nucleated condensation
polymerization where a nucleus is formed in an energetically
unfavorable step, followed by a rapid energetically favorable
growth step which affords the amyloid fibrils.
The generality of denaturation-induced amyloid fibril

formation has led us to study the denaturation pathway and
amyloidogenicity of TTR in detail using a variety of
biophysical methods to better understand the transthyretin
amyloidogenic intermediate. It is reasonable to expect that
the core structure of the TTR amyloidogenic intermediate
will be representative of core structures of other amyl-
oidogenic intermediates, since the structure of amyloid
derived from the 16 known human amyloidogenic proteins
appears to be very similar based on X-ray diffraction analysis
(Kelly, 1996). The ability of these proteins to populate a
common amyloidogenic intermediate core structure upon
partial denaturation may be the common link between the
human amyloidogenic proteins, which do not have apparent
primary or tertiary structure homology. This hypothesis
implies that there are subtle similarities in the linear
sequences of the amyloidogenic proteins which scientists
cannot yet appreciate (Kelly, 1996).
Identification of the TTR amyloidogenic intermediate is

complicated by the fact that fibril formation occurs over a
pH range where an equilibrium mixture of tetrameric and
monomeric TTR exists at physiological concentrations.
Analytical equilibrium ultracentrifugation results, SDS-
PAGE analysis, the X-ray crystallography work of Blake,
and also the ANS and thyroxin binding data all support a
tetrameric predominantlyâ-sheet structure for TTR at pH
7.5. As the pH of the tetramer is decreased to≈pH 5, the
transthyretin tetramer begins to dissociate (Figure 4). Far-
and near-UV CD indicates that the secondary structure and
tertiary structure are wild-type-like down to pH 5 (0.2 mg/
mL), indicating the retention of native-like structure in the
tetramer under these conditions (Figure 7). The tetramer
appears to be incapable of amyloid fibril formation based
on the observation that whenever the TTR tetramer is
exclusively populated, fibril formation is not observed. This
is true in the case of several TTR amyloidogenic variants
studied previously (data not shown here) exhibiting decreased
stabilities relative to wild-type TTR such that amyloid fibril
formation is observed at a much higher pH than with wild-
type TTR because the amyloidogenic intermediate can be
formed at a higher pH. It is not sufficient simply to have

dissociation to a monomeric intermediate having native-like
tertiary structure; both dissociation and a tertiary structural
rearrangement are necessary as shown by a Y78L TTR
variant which is predominantly monomeric at pH 7, but will
not form fibrils until the tertiary structure is altered by
lowering the pH slightly (Z. Lai, unpublished results).
Additional evidence against tetrameric TTR as the amyl-
oidogenic intermediate is that tetrameric TTR is resistant to
SDS denaturation (runs as a dimer in an SDS-PAGE) but
the fibrils themselves are SDS-sensitive (dissociate to a
monomer in an SDS gel) (McCutchen & Kelly, 1993). This
result implies that the conformation of TTR composing the
amyloid fibril is different than that observed in the tetramer.
In all cases studied thus far, transthyretin amyloid begins

to form when the tetramer starts to dissociate to a monomeric
species having an altered tertiary structure. As the pH of
the TTR solution (0.2 mg/mL) is decreased below pH 5.0,
the tetramer begins to dissociate to the monomeric amyl-
oidogenic intermediate which can partition into amyloid or
remain soluble and monomeric until≈ pH 4 depending on
the concentration and temperature. The range and exact
midpoint (pHm) of the pH mediated tetramer to monomer
transition are concentration dependent as expected (Figure
4). A 20-fold concentration difference (0.2 vs 0.01 mg/mL)
lowers the pHm of the more concentrated sample by 0.4 pH
unit, which is quite significant (makes the tetramer more
resistant to dissociation). Amyloid formation during TTR
pH-mediated denaturation is favored by high (physiological)
concentrations (g0.2 mg/mL) and physiological temperature
(37 °C). The self-assembly of the amyloidogenic intermedi-
ate is very sensitive to temperature; effectively no amyloid
is formed at 25°C (0.2 mg/mL), where we carry out
spectroscopic studies to evaluate the denaturation pathway,
presumably as a result of the temperature dependence of the
hydrophobic effect (Dill, 1990). Interestingly, ANS binding
probed by fluorescence is at a minimum at pH 4.4 [TTR is
predominantly monomeric at the 0.01 mg/mL concentration
used for fluorescence (pH 4.4)], indicating that the
monomeric amyloidogenic intermediate that appears to build
up to a steady-state concentration has a defined tertiary
structure with minimal hydrophobic surface area exposed
(Figure 11). The plateau in the pH-dependent Trp fluores-
cence denaturation curve (Figures 5 and 6) also supports the
buildup of a steady-state concentration of the amyloidogenic
intermediate over the amyloid-forming pH range. Because
fluorescence is being carried out at a much lower concentra-
tion (0.01 mg/mL) where TTR is>80% monomeric,
contributions from the nonamyloidogenic tetramer are not
substantive, making the resulting interpretation easier than
in the case of CD, for example, where different quaternary
forms complicate interpretation. The Trp fluorescence
transition preceding this plateau (Figure 5) is indicative of
tertiary structural changes within the native TTR fold as
depicted in Figure 1. The tertiary structural changes leading
to the amyloidogenic intermediate are also strongly supported
by the near-UV CD spectra at pH 4.4 (pH of maximal fibril
formation at 37°C), which suggests a slightly altered tertiary
structure (Figure 7B). The far-UV CD spectra of TTR at
pH 4.4 indicate native-like secondary structure for the
amyloidogenic intermediate, implying that the rearrangement
either is conservative in secondary structure content or
involves regions not having a regular secondary structure to
begin with (Figure 7A). The extent of fibril formation
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decreases markedly below pH 3.9 (0.2 mg/mL), consistent
with the loss of tertiary structure in the TTR monomer as
seen in the near-UV CD spectrum (Figure 7B). These data
collectively indicate that the amyloidogenic intermediate is
a monomeric structurally well-definedâ-sheet having a near-
native tertiary structure. The dimeric state has never been
observed to be significantly populated over the amyloid-
forming pH range (by glutaraldehyde cross-linking studies
etc.), but the tetramer almost certainly dissociates to the dimer
first and then to the monomer (Jaenicke & Rudolph, 1986;
Jaenicke, 1987). However, since its steady-state concentra-
tion is always low, it is hard to envision how the dimer could
play a role in an intermolecular association process like
amyloid fibril formation.
The fluorescence denaturation curves for single Trp

containing transthyretin variants (W-41-F and W-79-F),
where these Trp residues are far apart in the native tertiary
structure, prove to be very useful in identifying regions of
TTR that rearrange in going from the native structure to the
monomeric amyloidogenic intermediate structure having an
altered tertiary structure. The fluorescence spectrum of the
W-79-F variant is particularly useful (Figure 6B) in that it
strongly suggests that Trp-41 is in or close to the portion of
transthyretin that undergoes this tertiary structural rearrange-
ment as the pH is decreased. Significantly, the pH-dependent
fluorescence curve derived from the single Trp-41 residue
appears to be primarily responsible for the denaturation curve
exhibited by wild-type TTR (compare Figures 5 and 6B).
This observation implies that the conformational changes
occurring in the W-79-F mutant also occur in the wild-type
protein. These data and other pH-dependent proteolysis
sensitivity data emerging from the laboratory suggest that
the C-strand-loop-D-strand region of TTR undergoes a
rearrangement between pH 5.1 and 4, leading to what appears
to be a monomeric amyloidogenic intermediate having
strands A, B, F, and H exposed (Figure 12). Careful
inspection of the structure of TTR reveals that the exterior
strands C and D, which are part of a contiguous sequence,
interact weakly (few H-bonds and hydrophobic contacts) with
the coreâ-sheet of TTR such that mild denaturing conditions
could convert the C-strand-loop-D-strand region into a
large unstructured region exposing the A and B strands in
the monomer (Figure 12). Hence, the simplest reasonable
working model of the monomeric amyloidogenic intermedi-
ate would be to assume that it is similar to the wild-type
tertiary structure except that the C-strand-loop-D-strand
region is displaced from the core of the protein in an
unordered conformation. This model is strongly supported
by the fragments found in human amyloid fibrils where
cleavage is observed to occur in the C-strand-loop-D-strand
regions in ViVo (Gustavsson, 1995). This model is also
consistent with all spectroscopic data collected to date.
Monomeric wild-type TTR is incapable of fibril formation

below pH 3.9, most likely due to a loss of tertiary structure
which is observed in the near-UV CD spectrum (Figure 7B).
This loss of tertiary structure is also supported by the second
(low pH) transition in the Trp fluorescence denaturation curve
(Figure 5) as well as the observed increase in ANS binding
detected by fluorescence, indicating that an A-state is forming
at pH 2 (Figure 11). TTR exists in an A-state conformation
stabilized by anion (Cl-) binding with native-like secondary
structure, as discerned from the far-UV CD spectrum, and
non-native tertiary structure exhibited by the near-UV CD

spectrum at pH 2. The A-state ANS emission spectrum
exhibits a red shift (from 470 to 490 nm) relative to the ANS
emission when bound to TTR at pH 7, implying more solvent
exposure of the ANS binding sites. In the absence of added
salt, theâ-sheet secondary structure of TTR is largely lost
at pH 2.0 as discerned by the random coil far-UV CD
spectrum (Figure 8A). A significant red shift in the
tryptophan emission maximum of TTR to 345 nm is also
consistent with further unfolding of TTR in the absence of
added anions. Goto and Fink have shown that several
proteins adopt an A-state conformation, which is character-
ized by a native-like secondary structure and a non-native
tertiary structure at low pH in the presence of added salt.
Anion binding to the ammonium groups appears to be the
key factor for the formation of the compact acid-denatured
state (A-state).
From the data presented within, it is very clear that acid-

induced denaturation of TTR is not a two-state transition,
even though tetramer and monomer comprise the vast
majority of the quaternary species present at a given pH.
Our current understanding of the transthyretin denaturation
pathway is summarized in Figure 12. At physiological
concentrations, tetrameric TTR remains associated from pH
7 to pH 5 and is incapable of amyloid fibril formation.
Tetrameric TTR dissociates to a monomer in a process that
is dependent on both pH and protein concentration below
pH 5. The extent of amyloid fibril formation correlates with
the concentration of the TTR monomer having an altered,
but defined, tertiary structure over the pH range of 5.0-3.9
(Figure 12). The structurally defined monomeric amyl-
oidogenic intermediate begins to adopt alternative conforma-
tions around pH 4 that are not amyloidogenic, ultimately
forming an A-state conformation below pH 3 which is also
not amyloidogenic.
Branch et al. studied the conformation of TTR in aqueous

solutions in the early 70’s and concluded that there were no
significant changes in the tertiary structure of TTR between
pH 3.5 and pH 12 based on UV, fluorescence, fluorescence
anisotropy, circular dichroism, and analytical equilibrium

FIGURE 12: Summary of the acid denaturation pathway of wild-
type TTR based on our current biophysical data. The structural
model of the amyloidogenic intermediate shown is consistent with
the data obtained thus far and is structurally very closely related to
the tertiary structure of TTR at pH 7.5 in the tetramer (Figure 1).
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ultracentrifugation data (Branch et al., 1971). The acid-
mediated denaturation curve monitored by Trp fluorescence
recorded by Branch et al. is in good agreement with our own,
and by today’s standard implies significant tertiary structural
changes. Their fluorescence anisotropy data collected on
DNS-modified TTR are likely to be misleading with regard
to the lack of perceived pH-induced structural changes
because the DNS label is in a very flexible N-terminal region
of the protein to begin with. The changes they observed in
the CD and UV spectra were ascribed to quaternary structural
changes; however, we now know that this is only partly true.
In summary, most of Branch’s data agrees with our own;
however, their interpretation was based on what was known
in 1971 and would undoubtedly be much different today.
Summary. The acid denaturation of pathway of TTR is

characterized by several different intermediates having
variable quaternary, tertiary, and secondary structures. Tet-
rameric TTR dissociates to a monomer in a process that is
dependent on both pH and protein concentration below pH
5. The extent of amyloid fibril formation observed correlates
with the concentration of the TTR monomer having a
defined, but non-native tertiary structure. Further denatur-
ation of TTR leads to an A-state which is not amyloidogenic.
The biophysical data presented on the wild-type and single
Trp containing TTR variants indicate that TTR rearranges
in the C-strand-loop-D-strand region such that a mono-
mericâ-sheet sandwich is afforded having the A, B, F, and
H strands exposed which is capable of self-assembly into
amyloid (Figure 12). Our improving understanding of the
structure of the amyloidogenic intermediate and the mech-
anism of amyloid formation should make it possible to test
therapeutic strategies for intervention in systemic amyloid
diseases.
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