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ABSTRACT: Urea denaturation studies were carried out as a function of transthyretin (TTR) concentration
to quantify the thermodynamically linked quaternary and tertiary structural stability and to improve our
understanding of the relationship between mutant folding energetics and amyloid disease phenotype. Urea
denaturation of TTR involves at least two equilibria: dissociation of tetramers into folded monomers and
monomer unfolding. To deal with the thermodynamic linkage of these equilibria, we analyzed concentration-
dependent denaturation data by globally fitting them to an equation that simultaneously accounts for the
two-step denaturation process. Using this method, the quaternary and tertiary structural stabilities of well-
behaved TTR sequences, wild-type (WT) TTR and the disease-associated variant V122I, were scrutinized.
The V1221 variant is linked to late onset familial amyloid cardiomyopathy, the most common familial
TTR amyloid disease. V1221 TTR exhibits a destabilized quaternary structure and a stable tertiary structure
relative to those of WT TTR. Three other variants of TTR were also examined, L55P, V30M, and A25T
TTR. The L55P mutation is associated with the most aggressive familial TTR amyloid disease. L55P
TTR has a complicated denaturation pathway that includes dimers and trimers, so globally fitting its
concentration-dependent urea denaturation data yielded error-laden estimates of stability parameters.
Nevertheless, it is clear that L55P TTR is substantially less stable than WT TTR, primarily because its
tertiary structure is unstable, although its quaternary structure is destabilized as well. V30M is the most
common mutation associated with neuropathic forms of TTR amyloid disease. V30M TTR is certainly
destabilized relative to WT TTR, but like L55P TTR, it has a complex denaturation pathway that cannot
be fit to the aforementioned two-step denaturation model. Literature data suggest that V30M TTR has
stable quaternary structure but unstable tertiary structure. The A25T mutant, associated with central nervous
system amyloidosis, is highly aggregation-prone and exhibits drastically reduced quaternary and tertiary
structural stabilities. The observed differences in stability among the disease-associated TTR variants
highlight the complexity and heterogeneity of TTR amyloid disease, an observation that has important

implications for the treatment of these maladies.

Transthyretin (TTR)' is one of more than 30 amy-
loidogenic proteins that, when partially denatured, can
misassemble into several aggregate structures, including
cross-f3 sheet amyloid fibril quaternary structures (/—6). The
process of amyloidogenesis is causatively linked to numerous
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human diseases, many of which are associated with
neurodegeneration (/-3). To date, all of the TTR variants
associated with familial amyloidosis that have had their
folding energetics characterized, 21 of them, are destabilized
relative to WT TTR, based on the observation that their
denaturation transitions occur at lower concentrations of urea
than those of WT TTR (7-15). TTR is tetrameric under
physiological conditions. The thermodynamic linkage of the
TTR tetramer dissociation and monomer unfolding equilibria
makes it challenging to extract thermodynamic data from
the urea denaturation curves (7). How disease-associated
mutations influence quaternary and tertiary structural stability
and how folding and tetramerization energetics correlate with
disease phenotypes are some of the valuable insights sought
herein.

Generally, rate-limiting tetramer dissociation enables
monomer misfolding that is required for TTR to form
amyloid (5, 16-22), by a very efficient downhill polymeri-

© 2008 American Chemical Society

Published on Web 06/07/2008



6970 Biochemistry, Vol. 47, No. 26, 2008

zation process (23). Most of the disease-associated TTR
mutant proteins form normal tetrameric structures based on
crystallographic analysis (24) and function normally, includ-
ing binding and transporting thyroid hormone and holoretinol
binding protein in the plasma and cerebrospinal fluid (CSF).
Thus, it is the propensity of these variants to misfold, not
their inability to fold and function, that results in disease
through a gain-of-toxic-function mechanism(s), the details
of which remain elusive but appear to be associated with
TTR aggregation (7, 17, 18, 25, 26).

Senile systemic amyloidosis (SSA) is a disease that
typically presents after age 60, characterized by the deposi-
tion of WT TTR in the heart, ultimately leading to congestive
heart failure (27). SSA appears to affect as much as 25% of
the population that is more than 80 years old (27). A number
of autosomal dominant TTR amyloidoses have also been
described that are associated with the deposition of variant
transthyretin. These disorders have been subcategorized as
familial amyloid polyneuropathy (FAP), familial amyloid
cardiomyopathy (FAC), and central nervous system selective
amyloidosis (CNSA), depending on the tissue(s) affected by
deposition of the mutant TTR proteins (8, 12, 13, 28, 29).

The liver secretes TTR into the blood, whereas the choroid
plexus secretes TTR into the CSF; secreted TTR from the
liver and the choroid appears to be the source of amy-
loidogenic transthyretin in the periphery and brain, respec-
tively. Gene therapy mediated via replacement of a disease-
associated variant TTR/WT TTR-expressing liver with a WT
TTR/WT TTR-expressing liver through transplantation has
proven to be a useful strategy for treating familial amyloid
polyneuropathy (30). We have discovered small molecule
TTR tetramer binders that impose kinetic stability on the
tetramer, preventing dissociation required for amyloidogene-
sis (20, 31-34). Two such small molecules are currently
being tested as agents to ameliorate FAP in placebo-
controlled clinical trials (see http://www.clinicaltrials.gov/).
This approach is expected to be efficacious because kinetic
stabilization of tetrameric transthyretin containing disease-
associated subunits by interallelic trans suppression (the
incorporation of T119M TTR subunits) ameliorates FAP
(17, 18, 20, 35).

Since TTR tetramer dissociation, partial monomer dena-
turation, and amyloidogenesis are associated with several
familial gain-of-function proteotoxicity diseases, we set out
to examine the correlation between the quaternary and tertiary
structural stabilities of TTR and disease phenotype. Folding
and association energetics can be quantified by globally
fitting chaotrope denaturation data obtained at several protein
concentrations (36—40). Systematic urea denaturation studies
were therefore carried out as a function of the concentration
of TTR. These data corroborated our previous report that
the tetramer dissociation and monomer unfolding equilibria
are thermodynamically linked (7). For well-behaved TTR
sequences, we analyzed the concentration-dependent dena-
turation data by globally fitting them to an equation that
simultaneously accounts for the two-step denaturation process
(tetramer to folded monomer and folded monomer to
unfolded monomer). The concentration-dependent denatur-
ation data for less-well behaved variants were analyzed
qualitatively. Quantitative and qualitative analysis of the
denaturation data, combined with literature reports on TTR
folding energetics, reveals that each TTR variant has a unique
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stability profile that can be used to rationalize their disease
phenotypes by considering how their folding energetics
influence factors like their in vivo aggregation propensities
and their interaction with the endoplasmic reticulum-associ-
ated degradation (ERAD) machinery (13, 41).

EXPERIMENTAL PROCEDURES

Expression and Purification of TTR. All TTR variants were
expressed in BL21(DE3) Epicurian Gold Escherichia coli
cells (Stratagene, La Jolla, CA), transformed with the
appropriate pMMHa expression vector containing the TTR
and ampicillin resistance genes (42). E. coli cultures were
grown, harvested, and lysed in the presence of protease
inhibitors, and the cell lysates were centrifuged, as previously
described (23). All of the variants examined were expressed
as soluble proteins and were therefore purified from cell
supernatants.

(a) Tetrameric TTR Variants (WT TTR, V30M, L55P,
VI22I, and A25T). The supernatant was fractionated by
ammonium sulfate precipitation; the 50—100% ammonium
sulfate pellet was resuspended in a minimal volume of 25
mM Tris and 1 mM EDTA (pH 8.0) and was dialyzed in
10000 molecular weight cutoff (MWCO) dialysis tubing
(Snakeskin from Pierce Biotechnology, Rockford, IL) against
4 L of 25 mM Tris and 1 mM EDTA (pH 8.0) overnight at
4 °C. After dialysis, the sample was filtered through 0.22
um filters and applied to a Source 15Q anion exchange
column (Amersham Biosciences, Piscataway, NJ), which had
been equilibrated with 25 mM Tris, | mM EDTA, and 50
mM NaCl (pH 8.0) and was run at 4 °C. TTR was eluted
with a linear gradient from 50 to 350 mM NaCl in 1.5
column volumes followed by a 350 mM NaCl wash for 1.5
column volumes. Fractions containing TTR (the major peak
in all cases) were pooled, concentrated, and further purified
on a Superdex 75 gel filtration column (Amersham Bio-
sciences) in 50 mM sodium phosphate, 100 mM KClI, and 1
mM EDTA (pH 7.4) at 4 °C, to remove any soluble TTR
aggregates. The identity of each purified TTR variant was
confirmed by its mass, determined by electrospray liquid
chromatography and mass spectroscopy (LC—MS) on a HP
Series 1100-MSD liquid chromatography/mass spectrometer
(Agilent Technologies, Palo Alto, CA), as previously de-
scribed (8). The masses determined for each TTR protein
(WT TTR, 13890 Da; V122I, 13904 Da; L55P, 13874 Da;
V30M, 13922 Da; A25T, 13920 Da; M-TTR, 13892 Da)
are consistently ~2 Da lower than the calculated values,
which include the expected extra N-terminal Met present in
all of our recombinant TTR variants. Concentrations of TTR
solutions are expressed in micromolar units and were
determined spectrophotometrically, using an €559 of 1.88 x
10*M~! em™!. A typical purification yields 60—100 mg of
tetrameric TTR from 2 L of cell culture. All TTR solutions
were stored at 4 °C and were used within a week of
purification, except for solutions of the aggregation-prone
A25T variant, which were used immediately following
purification.

(b) Monomeric TTR Variant (M-TTR). M-TTR was puri-
fied using the procedure described above, with slight
modifications to the ammonium fractionation step. A 25 to
90% ammonium sulfate pellet was obtained, resuspended,
and dialyzed in 3500 MWCO Snakeskin dialysis tubing
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(Pierce Biotechnology). The typical yield is 40—60 mg of
M-TTR from 2 L of cell culture; M-TTR thus obtained is
>95% monomeric, as previously reported (19, 23).

Urea Denaturation. Stock solutions of urea were prepared
in buffer, with final concentrations of ~10 M urea, 50 mM
sodium phosphate, 100 mM KCI, 1 mM EDTA, and 1 mM
DTT (pH 7.4); the exact concentration of urea was deter-
mined from refractive index measurements (43). Denaturation
reaction mixtures (total volume of 200 uL) containing
varying concentrations of TTR (0.72—144 uM) and urea
(0—8 M) in 50 mM sodium phosphate, 100 mM KCI, 1 mM
EDTA, and 1 mM DTT (pH 7.4) were incubated for 96 h at
4 °C, unless otherwise noted. This incubation time was found
previously to be sufficient for the samples to reach equilib-
rium (44), with the exception of V30M (see Results and
Discussion); incubation times of >96 h were avoided,
because they resulted in some urea-mediated covalent
modifications of TTR, as previously reported (44). After 96 h,
the samples were removed from the cold room and equili-
brated for 1 h at 25 °C prior to the acquisition of fluorescence
data. For each TTR wvariant, denaturation curves were
obtained at seven different TTR concentrations. Each dena-
turation curve, at a given TTR concentration, was derived
from 20 separate denaturation reactions at different urea
concentrations, to accurately define the pre- and post-
transition baselines and the transition region of each curve.

Renaturation Experiments. For some experiments, TTR
was first completely denatured at a high urea concentration
and then allowed to undergo renaturation triggered by
dilution of the chaotrope. TTR was concentrated in centrifu-
gal filters (Centriprep or Microcon from Millipore Corp.,
Billerica, MA; 10000 MWCO for tetrameric TTR variants
and 3000 MWCO for M-TTR) to the desired concentration
and filtered or spun to remove any aggregates. Denaturation
reaction mixtures containing 8 M urea and TTR at high
concentrations (360—720 uM) were incubated for 96 h at 4
°C in 50 mM sodium phosphate buffer (pH 7.4), containing
100 mM KCI, 1 mM EDTA, and 1 mM DTT. After 96 h,
complete denaturation was verified using intrinsic tryptophan
fluorescence, and renaturation assays were initiated by
dilution of the denatured TTR sample into buffer containing
varying concentrations of urea (up to 8 M). The lowest
concentration of urea achievable in the renaturation reactions
depended on the exact experiment but was always >0 M,
due to the presence of urea in the denatured TTR sample.
Reaction mixtures were incubated for an additional 24 h at
25 °C to allow complete refolding of TTR monomers and
reassembly of TTR tetramers (renaturation) prior to fluo-
rescence measurements.

Tertiary Structure Assessed by Tryptophan Fluorescence.
The extent of unfolding of TTR was evaluated by intrinsic
protein fluorescence spectroscopy (44). Samples were excited
at 295 nm (2 nm bandwidth), and fluorescence emission
spectra were recorded from 310 to 410 nm (6 nm bandwidth)
at | nm intervals with an averaging time of 0.3 s on an AVIV
ATEF-105 fluorometer (AVIV Instruments, Lakewood, NJ).
This excitation wavelength was chosen to allow selective
excitation of the tryptophan residues in TTR (Trp41 and
Trp79). Upon denaturation, these tryptophan residues become
more solvent-exposed, and Amax emission Shifts from ~335 nm
in the native state to ~355 nm in the unfolded state; the
tryptophan emission spectrum is therefore a sensitive probe
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of the tertiary structure of TTR. Spectra were corrected by
subtraction of a buffer blank, and the fluorescence intensities
at 335 and 355 nm were recorded for each sample. The ratio
of the fluorescence intensities at these two wavelengths (Fss/
F35) was used as a measure of the extent of tertiary structure
unfolding, to allow direct comparisons of the various
denaturation curves. For all of the tetrameric TTR variants,
the F355/F335 ratio for the native state in the absence of urea
is ~0.85, and that of the denatured state in the presence of
8 M urea is 1.3—1.35. The Fsss/F535 ratios for M-TTR are
similar to those of the tetrameric variants, with the ratio for
the native state in the absence of urea consistently being
slightly lower, ~0.82.

Quaternary Structure Assessed by Resveratrol Binding.
The binding of the small molecule resveratrol to the TTR
tetramer was used to assess the quaternary structure of TTR
as a function of urea concentration and TTR concentration,
as previously described (7, 12). Resveratrol binding to
tetrameric TTR (occupying at least one of the two thyroxine-
binding sites) results in a blue shift in the fluorescence
spectrum of resveratrol and a concomitant large increase in
its fluorescence quantum yield. In contrast, studies with
M-TTR have shown that resveratrol does not bind to
monomeric TTR (X. Jiang and J. W. Kelly, unpublished
results). An aliquot (1.44 ul) of a stock solution of
resveratrol (0.5—12.5 mM in DMSO) was added to denatured
TTR samples (200 uL containing 1.44, 7.2, or 36 uM TTR)
immediately prior to fluorescence measurements, to mini-
mally perturb the slowly attained tetramer—monomer equi-
librium. The final concentration of resveratrol (3.6, 18, or
90 uM) varied according to the concentration of TTR and
was present in each assay at a 10-fold stoichiometric excess
over the maximum concentration of TTR tetramer (1.44 uM
monomer = 0.36 uM tetramer; 36 uM monomer = 9.0 uM
tetramer). Fluorescence emission spectra were recorded from
350 to 550 nm (5 nm bandwidth, 1 nm data interval, 0.3 s
averaging time) on an AVIV ATF-105 fluorometer (AVIV
Instruments), with an excitation wavelength of 320 nm (2
nm bandwidth). Spectra were corrected by subtraction of a
buffer blank, and the fluorescence intensities at 390 nm (F390)
were used directly as a measure of the amount of tetramer
present in each sample.

Quaternary Structure Assessed by Glutaraldehyde Cross-
Linking and SDS—PAGE. To independently assess the TTR
quaternary structural changes quantified by resveratrol
fluorescence, glutaraldehyde cross-linking was also em-
ployed. Glutaraldehyde [5 uL of a 25% (w/w) solution in
water, from Sigma-Aldrich, St. Louis, MO] was added to
50 uL aliquots of TTR samples in variable concentrations
of urea (containing 7.2, 36, or 144 uM TTR), and the cross-
linking reaction was allowed to proceed for 4 min at room
temperature prior to being quenched with NaBH, [5 uL of
a 7% (w/w) solution made in 0.1 M NaOH]. Samples were
immediately mixed with SDS reducing sample loading
buffer, boiled for 5 min, and analyzed by discontinuous
SDS—PAGE (3.9% acrylamide stacking gel, 12% acrylamide
separating gel). A25T samples were run on gradient gels
(Novex 10 to 20% Tris-glycine precast gels from Invitrogen,
Carlsbad, CA) to allow visualization of high-molecular
weight aggregates present in those samples. The total protein
loaded in each lane was ~1.8 ug for the A25T samples and
~1.0 ug for all other samples. Gels were stained with
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colloidal Coomassie Blue G-250 (GelCode Blue Stain
Reagent from Pierce Biotechnology), and protein bands were
identified by comparison to molecular weight standards
(BenchMark Prestained Protein Ladder from Invitrogen).
After being stained, the gels were scanned, and the bands
were quantified by densitometry, using NIH Image (National
Institutes of Health; http://rsb.info.nih.gov/nih-image).

Data Analysis. Denaturation curves were plotted, and
stabilities of TTR were determined by fitting the data to a
two-state model for either tetramer dissociation or monomer
unfolding in the presence of urea.

(a) Determination of Apparent C,, Values for Monomer
Unfolding (Cy,unfoia). The midpoint urea concentration values
for monomer unfolding (Cp, unfola) Were determined by fitting
individual tryptophan fluorescence denaturation curves to the
following equation (45):

y= {O‘folded + ﬂfo]ded[urea] + (O‘unfolded + ﬂunfolded[urea]) X
exp[munfold( [urea] - Cm,unfold)/RT] }/{ 1 +
exXp [munfold( [urea] - Cm,unfold)/RT] } ( 1 )

where y is the observed signal (F3ss/F33s in this case), Otolded
is the y-intercept, and froied i the slope of the pretransition
baseline, which describes the F355/F335 value of folded TTR
monomer or tetramer at a given concentration of urea; Ouynfolded
is the y-intercept and Suntolded 1S the slope of the post-transition
baseline, describing the Fjss/Fs3s value of the unfolded
monomer at a given concentration of urea; Cpunfold a0d Munfola
describe the transition region of the denaturation curve, with
Cm.unfold corresponding to the urea concentration where the
protein is 50% unfolded (molar urea) and myga to the
constant of proportionality relating the free energy of
unfolding to the urea concentration (kilocalories per mole
per molar urea); and R is the universal gas constant
(kilocalories per kelvin per mole) and T is the absolute
temperature (kelvin). Cpunfold Values thus determined were
used either for comparisons of apparent stability of single
variants as a function of TTR concentration, or for com-
parisons of apparent stability among all TTR variants
examined at the same protein concentration. Apparent
unfolding free energies (AGunfold’apszo) were calculated from
these fits by multiplying Cuunfold BY —Munfold-

(b) Determination of Apparent C,, Values for Tetramer
Dissociation (Cy,aiss). Equation 1 was slightly modified to
analyze the native tetramer—folded monomer equilibrium,
measured either by resveratrol binding or by glutaraldehyde
cross-linking, as follows:

y= {O‘letramer + ﬁ tetramer[urea] + (o‘monomer +
ﬂmonomer[urea]) Xexp [mdiss([urea] -
Cm,diss)/RT]}/{ 1 + eXp[n/ldiss([urea] - Cm,diss)/RT]} (2)

where Otetramer and Prerramer describe the pretransition baseline,
Olmonomer aNd Brmonomer describe the post-transition baseline, and
Chndgiss (molar urea) and my;ss (kilocalories per mole per molar
urea) describe the transition region of each denaturation
curve. For resveratrol binding data, the blank-subtracted
fluorescence intensities at 390 nm were used as the observed
signal, y. For analysis of cross-linking data, the percent
tetramer and percent monomer values derived from densi-
tometry of the various samples were each plotted as a
function of urea concentration, and both curves were fit
separately to eq 2. Cygiss values derived from both measure-
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ments (percent tetramer and percent monomer) were gener-
ally in good agreement, except in cases where intermediates
were detected (dimers and trimers for L55P and aggregates
for A25T; see Results and Discussion).

(c¢) Global Fitting of Concentration-Dependent Data to
Extract Thermodynamic Parameters for TTR Variants.
Fraction unfolded (Funfolq) vValues for all TTR variants were
calculated as follows. The blank-corrected fluorescence
intensity at 355 nm was subtracted from that at 335 nm for
each sample, and these values (F335 — F3s55) were normalized
for each denaturation curve to a value of 1.0 for the spectrum
of native WT TTR in the absence of urea. This transforma-
tion retains the linear dependence of the fluorescence signal
of the folded and unfolded states of the protein on denaturant
concentration and yielded Fs35 — F3s5 values ranging from
1.0 at 0 M urea to approximately —1.8 at 8 M urea (—2.0
for M-TTR). Pre- and post-transition baselines (correspond-
ing to the signal for 100% folded monomer and 100%
unfolded monomer, respectively) were determined from this
data by plotting the F335 — F3s5 values versus urea concentra-
tion and then fitting the linear portions of the plots at low
and high urea concentrations to lines. The fraction of
unfolded TTR (Fuuo1a) Was calculated at each urea concentra-
tion in the transition region, where Funold = (Vsample —
V100%folded)/ (Y100%unfolded — Y100%folded)s WhETE Yi00dfolded 1S the
pretransition baseline and yjpo%unfolded 1S the post-transition
baseline.

For each variant, the Fyyq values determined over a range
of TTR and urea concentrations were fit globally to a three-
state model comprising unfolded monomer, folded monomer,
and tetramer:

K

unfold

MONOMET o 1ded = MONOMET 44
Kdiss
4monomery . = tetramer

where Kunrow 1 the equilibrium constant for monomer folding
and Kjiss 1s the equilibrium constant for tetramer dissociation:
Kiss = [monomeryygeq]¥/[tetramer] (quantities in brackets are
molar concentrations). AGuufoq 18 related to Ky via the
equation AGyniola = —RT In Kynpoig. Similarly, AGys is related
to Kiiss through the equation AGgiss = —RT In Kgiss. AGunfola
and AGyg;s are expected to depend on urea concentration as
follows: A(;unfold = AGunfoldeO - munfnld[urea] and AGdiss =
AGiss20 — mgii[urea], where AGunioid™° and AGyi™2° are
the standard state free energies of monomer unfolding and
tetramer dissociation in O M urea, respectively. These
equations can be combined to yield

— H,O__

(AGunfold™29—mynforalurea] YRT and e =

e—(AGdiSSHZO—lndiSS[urea])/RT (3)

Kunfold =€

The fraction of unfolded protein at a given urea and protein
concentration can be calculated for given values of
AGunio1d™©, Mungod, AGuaiss ™0, and mgiss using the relation

[monomer,,o;geql

F N = .
unfolded [total protein]

where the numerator is the real solution of the following
polynomial equation such that 0 < [monomerypsoiaea] < [total
protein]
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[total protein] = [monomer ¢ 4.q] + [Monomer; ;.1 +
4[tetramer]

_ -1
- [monomerunfolded] (1 + Kunfold +

-1 —4 3
4Kdiss Kunfold [monomerunfolded])

AG Hy0— T
= [monomerunfolded]{l + ¢(ACutoia 2~ Munforalureal YRT 1
4e[(AdeHZOﬂndm[urea])vL

4(A HyO— T
(AGyppo1d Munfolalurea]) YR [m onom erunfolded] 3} ( 4)

The Funoldea values were fit by choosing initial values for
AGuniold™P, Munfold, AGaiss ™20, and maiss, computing the sum
of squared differences between the calculated and experi-
mental Fynpouded data at all protein and urea concentrations,
and then varying AGngoid™°, Muntold, AGaiss 29, and myggs until
this sum of squared differences was a minimum. Note that
using the relation AGgiss = —RT In Ky, implies that AG s
values are for a standard state in which the protein
concentration is 1 M.

RESULTS AND DISCUSSION

Characterizing the quaternary and tertiary structural stabil-
ity of the various TTR sequences requires that the energetics
of both tetramer dissociation and monomer unfolding be
examined. Methodology for examining these two equilibria
has already been published: resveratrol binding for monitor-
ing TTR tetramer dissociation (7, /2) and, since tryptophan
fluorescence is largely unaffected by tetramerization (/9),
intrinsic tryptophan fluorescence spectroscopy for following
TTR monomer unfolding (44) in the presence of chaotropic
agents such as urea (see Scheme 1). These methods are useful
for determining thermodynamic parameters for dissociation
and unfolding, provided that the two equilibria can be
examined independently. This is possible when conditions
exist in which only the native tetramer and folded monomer
are in equilibrium (and no unfolding occurs), and in which
only the folded monomer and unfolded monomer are in
equilibrium (and no tetramerization occurs). When this is
the case, the expressions for the dissociation and unfolding
equilibrium constants have the following form: Ky =
256[TTR o ]’[(1 — o)*/a], where o represents the fraction
of tetrameric TTR and the equilibrium position depends on
the total concentration of TTR, and Kyufq = [monomery,-
folded]/[moOnomerfoiged] = Funfold/(1 — Funfola), Where Fungolq 18
the fraction of unfolded TTR and the equilibrium is
independent of TTR concentration.

In contrast to this ideal scenario, results from earlier
denaturation studies suggest that TTR dissociation and
unfolding are thermodynamically linked under the conditions
typically used in these experiments (TTR concentrations of
7.2—36 uM; note that TTR concentrations are reported
throughout in terms of the total monomer concentration; the
maximum possible tetramer concentration is then '/4 of the
total monomer concentration). In particular, it was found that
the urea denaturation curves for tetramer dissociation,
measured by resveratrol binding, are nearly coincident with
those monitoring monomer unfolding, as assessed by intrinsic
protein fluorescence, for all the TTR variants examined (WT
TTR, L55P, V1221, V30M, and T119M) (7). Furthermore,
the urea concentration required for monomer unfolding
appeared to depend on the concentration of TTR (7), even
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Scheme 1: Thermodynamic Stability of Tetrameric TTR”

Kaiss 4 |:| Kunfold 4 A

native folded unfolded
tetramer monomer monomer
Resveratrol binding Yes No No
Trp fluor Amax 335 nm 335 nm 355 nm
F355/F335 ~0.85 ~0.85 ~1.35

“ Denaturation of tetrameric TTR by urea involves at least two
equilibria, as shown: dissociation of the tetramer into its component
monomers, which are still natively folded, and subsequent unfolding
of the monomers. These equilibria are defined by the equilibrium
constants Kgiss and Kunfola, respectively, which can in principle be
determined independently from resveratrol binding and intrinsic Trp
fluorescence, respectively. The data presented herein, however, show
that the equilibria for dissociation and unfolding are thermodynamically
linked. When the equilibria are linked, the apparent value of Kynfold 18
dependent on TTR concentration, and the concentration dependence
of Kunfola is a measure of the magnitude of K. Multiple urea
denaturation curves at varying TTR concentrations can hence be
analyzed simultaneously to determine thermodynamic properties of both
the tetramers (Kgiss) and the monomers (Kunfold) of wild-type and variant
TTRs. Attempts to unlink the equilibria by decreasing the concentration
of TTR were unsuccessful, due to limitations in the sensitivity of the
measurement techniques.

though the equilibrium for this process should be independent
of TTR concentration. These data strongly suggest that TTR
tetramer stability influences the apparent stability of TTR
monomers, and the true thermodynamic parameters for either
of the two equilibria cannot be determined under these
experimental conditions because they are linked.

Our initial studies in this investigation focused on identify-
ing conditions under which the equilibria could be unlinked,
i.e., where the dissociation of TTR tetramers proceeds to
completion (100% of TTR present as the folded monomer)
at denaturant concentrations that are too low to initiate
subsequent unfolding of the monomers. To achieve this goal,
we tried to exploit differences in the TTR concentration
dependence of the two equilibria. Whereas the equilibrium
for monomer unfolding should be independent of TTR
concentration, the tetramer—monomer equilibrium is highly
dependent on the total concentration of TTR, as seen in the
expression for Kgiss (vide supra). A decrease in the total TTR
concentration will shift this equilibrium toward the monomer,
favoring dissociation and increasing the fraction of mono-
meric TTR present [as [TTR.] decreases, the (1 — a)¥/a
term concomitantly increases, which means a smaller fraction
of tetrameric TTR] without affecting the unfolding equilib-
rium. This approach gave encouraging results but was only
partially successful in unlinking the equilibria. For example,
decreasing the concentration of WT TTR to 0.72 uM resulted
in some separation of the Cy, values for tetramer dissociation
and monomer unfolding, determined to be 2.7 and 3.0 M
urea, respectively; nevertheless, the transition regions of the
two denaturation curves still overlapped significantly (data
not shown). Although complete unlinking of the equilibria
could in principle be achieved by decreasing the TTR
concentration further, in practice this is problematic because
the sensitivity of the fluorometric methods used precludes
the use of TTR concentrations of less than ~0.72 uM.
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An alternative approach, described herein, was used instead
to determine the stabilities of TTR tetramers and monomers.
Since the equilibria are thermodynamically linked, the
observed dependence of the monomer unfolding equilibrium
on the concentration of TTR is a measure of the stability of
the TTR tetramer. In other words, not only are the denatur-
ation curves measured by tryptophan fluorescence expected
to shift to higher denaturant concentrations as the concentra-
tion of TTR is increased, as observed, but the extent to
which the curves shift reflects the free energy of tetramer
dissociation, with greater tetrameric stability effecting larger
shifts. Therefore, global analysis of a series of tryptophan
denaturation curves at varying TTR concentrations should
allow the determination of the true thermodynamic param-
eters for both tetramer and monomer stability, provided that
tetramer and monomer are the only species populated during
denaturation. We describe this analysis method and its
application for determination of the thermodynamic stability
of wild-type TTR tetramer and monomer below. We then
use this method to assess the quaternary and tertiary structural
stabilities of known disease-associated variants of TTR,
enabling comparisons with those parameters determined for
WT TTR.

Concentration Dependence of WT TTR Denaturation.
Figure 1A shows the effect of TTR concentration on the
stability of WT TTR to urea denaturation, monitored by
tryptophan fluorescence, for a representative experiment.
Each denaturation curve was fit independently by eq 1 to a
two-state denaturation model; the resulting fits are shown
as curves overlaid with the corresponding data (symbols).
At the lowest WT TTR concentration shown (1.44 uM), the
midpoint for unfolding (or the urea concentration at which
WT TTR is 50% unfolded, Cp,unfoia) Occurs at ~3.1 M urea,
with a value of —myroa (the dependence of the free energy
of unfolding on urea concentration) of ~1.5 kcal mol~! (M
urea)”'. As the concentration of WT TTR is increased, two
obvious changes in the denaturation curves are revealed: (1)
The curves shift to the right, with the apparent Cy,ynfold
gradually increasing up to ~4.0 M urea at 144 uM WT TTR,
and (2) the steepness of the curve in the transition region
increases, which is reflected in larger apparent values of
—Munfold, UP to ~3.9 kcal mol™' (M urea)™! at WT TTR
concentrations of =36 ¢M. The magnitude of —mys1q reflects
the amount of surface area that is exposed upon unfolding
(46). The values of —mynroia are large for TTR at high
concentrations because tetramer dissociation and monomer
unfolding are so tightly linked that the surface area exposed
by these two processes is essentially combined. Tetramer
dissociation and monomer unfolding are less tightly linked
at lower concentrations, and the apparent —mypso1q Values are
correspondingly lower. In contrast to these results, denatur-
ation curves for M-TTR, a monomeric variant of WT TTR,
exhibit no dependence on TTR concentration (Figure 1B;
discussed further below).

The apparent Gibbs free energy of monomer unfolding in
the absence of denaturant, AGunfold,appHZO, can be calculated
by multiplying the values of Cyunfola and —myntoia Obtained
as described above. Calculated values of AGunfold,appﬂzo range
from 4.7 kcal/mol at 1.44 uM WT TTR to > 15 kcal/mol at
72 and 144 uM WT TTR. We call the parameter obtained
from fitting the individual denaturation curves to a two-state
model an “apparent” AGuo1a™° because TTR denaturation
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FIGURE 1: Dependence of urea denaturation of WT TTR (A) and
M-TTR (B) on TTR concentration. Denaturation reaction mixtures
contained TTR (1.44—144 uM) and were incubated for 96 h at 4
°C in the presence of varying concentrations of urea (0—8 M) prior
to fluorescence measurements (see Experimental Procedures for
details). The intrinsic tryptophan fluorescence of TTR shifts from
a maximum emission wavelength of 335 nm in the native state to
355 nm upon denaturation; hence, the ratio of the fluorescence
intensity at these two wavelengths (Fiss/F335) is a measure of the
extent of denaturation. TTR concentrations in this representative
experiment were 1.44 (O), 3.6 (O), 7.2 (®), 14.4 (x), 36 (+), 72
(), and 144 uM (@), and the fits of each denaturation curve to eq
1 are shown as solid lines. The apparent stability of WT TTR
monomers to urea denaturation increases with an increase in TTR
concentration (from Cy,ynfola = 3.1 to 4.0 M urea); in contrast, the
concentration of M-TTR has no effect on its apparent stability
(Cmunfold = 3.1 M urea at all M-TTR concentrations examined).

is a process comprising at least two steps. Since in reality
we are simultaneously evaluating the tetramer dissociation
and monomer unfolding equilibria, AGunf(,ld,appﬂzo is a com-
posite stability parameter that “combines” the free energy
of monomer unfolding and the free energy of tetramer
dissociation. As the TTR concentration is increased, the two
equilibria become more linked, and the free energy of
tetramer dissociation, AGss™°, influences AGunfoldapp 2 t0
a greater extent, resulting in greater values of AGunfold,appHZO.
Although we were unable to measure the folded monomer
and unfolded monomer concentrations independently in these
experiments, the equilibria became less tightly linked at low
TTR concentrations, and hence, the AGunoidapp 2° of 4.7 keal/
mol determined at 1.44 uM begins to approximate the true
stability of the WT TTR monomer. The thermodynamic
parameters (Ci,unfolds —Munfolds aNd AGynfola.app'2°) calculated
from these analyses of the individual tryptophan denaturation
curves are summarized in Table 1.
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Table 1: Apparent Stabilities of WT TTR at Varying TTR Concentrations”

Cm.unfo]db (M urea)

—Munfold” [kcal mol™! (M urea)™!]

AGanfold,app™®” (kcal/mol)

1.44 uM WT TTR 3.14 £ 0.03
3.6 uM WT TTR 332+ 0.02
7.2 uM WT TTR 3.42 £ 0.02
144 uM WT TTR 359+ 0.01
36 uM WT TTR 377+ 0.01
72 uM WT TTR 391 £ 0.01
144 uM WT TTR 4.05 £ 0.01

1.44—72 uM M-TTR® 307+£0.02(n=17)

1.51 £ 0.10 4.7+03

229+ 0.13 7.6 £04

292+ 0.25 10.0 £ 0.9
3.49 £ 0.18 125 £ 0.7
3.86 £ 0.20 14.6 £ 0.8
3.89£0.19 152 £0.7
3.78 £ 0.19 153 £0.8

1.50 £0.07 (n="7) 461+£022(m="7)

“ Apparent stabilities of WT TTR and M-TTR monomers were calculated from fitting of individual data sets at the indicated TTR concentration and
are shown for a representative experiment (see Experimental Procedures for details). ” Apparent values of Cinunfold and —ntustols Were derived from fitting
of the data shown in panels A and B of Figure 1 to eq 1, using the ratio of fluorescence intensities (F3ss/F335) as a measure of the extent of
denaturation; Cpunfold 1S the urea concentration where TTR is 50% unfolded, and —muynfoia is the urea dependence of the free energy of unfolding.
Apparent values of AGunoid™© were determined by multiplying Cmunfola by —7umfola. © Denaturation curves of M-TTR were identical at all
concentrations that were examined (see Figure 1B for data and fits), and the values shown represent the mean and standard deviation of seven different

data sets at varying M-TTR concentrations (1.44—72 uM).

Thermodynamic Stability of Monomeric TTR. Further
evidence that the concentration dependence of monomer
unfolding observed for WT TTR is due to the stability of
the wild-type TTR tetramer is provided by control experi-
ments carried out with M-TTR, an engineered monomeric
variant of TTR that is >95% monomeric as purified and does
not tetramerize under the conditions employed in these
experiments, as determined by gel filtration and cross-linking
studies (19, 23). Hence, urea denaturation of this variant
involves only two species, the folded and unfolded mono-
mers, and as expected, the denaturation curves show no
dependence on M-TTR concentration (Figure 1B). Over a
concentration range that varies more than 50-fold (1.44—72
uM), the M-TTR data are superimposable, allowing the direct
determination of the tertiary structural stability of the M-TTR
monomer from any one of the curves obtained. The Cy, unfold
for M-TTR is 3.07 &= 0.02 M urea, with an —mynro1q of 1.50
4 0.07 kcal mol™! (M urea)™" (n = 7). Calculated values of
AGunioid™® for denaturation curves at varying M-TTR
concentrations are also indistinguishable, with an average
of 4.61 £ 0.22 kcal/mol (n = 7). These values of AGunfoid™2°
and —mygioq for M-TTR are close to those obtained for WT
TTR at the lowest concentration that was examined (1.44
uM) and are in reasonable agreement with the previously
reported stability parameters of M-TTR: AGuyo1d™° of 5.5
4 0.8 kcal/mol and —mynorq 0f 1.7 = 0.2 kecal mol™! (M
urea)”! (19). The small differences in measured stability may
be due to slightly different experimental conditions used in
the two studies. The thermodynamic parameters determined
herein for M-TTR monomers are listed in Table 1, where
they can be readily compared to the apparent stability of
WT TTR monomers at varying TTR concentrations. For each
of these parameters (Cpunfolds —Munfold> aNd AGungo1a™2°), the
apparent values determined from WT TTR experiments at
1.44 uM approach those calculated for M-TTR, suggesting
that the tertiary structural stability of M-TTR is similar to
that of WT TTR monomers.

Evaluating Quaternary Structural Changes in WT TTR.
Although the described behavior for WT TTR monomer
unfolding is that expected for a protein having linked
quaternary and tertiary structural transitions at higher WT
TTR concentrations, we also examined the tetramer—monomer
equilibrium directly by two different methods, to veritfy that
the two equilibria are indeed linked under these experimental
conditions. Figure 2 shows the superposition of resveratrol
binding data, monitoring the dissociation of WT TTR

1.3 1.4
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FIGURE 2: Urea denaturation of WT TTR. The denaturation of WT
TTR (36 uM) was monitored both by intrinsic tryptophan fluores-
cence (O, left y-axis) to assess changes in the tertiary structure and
by resveratrol binding (M, right y-axis) to assess tetramer dissocia-
tion. Samples were incubated for 96 h at 25 °C in the presence of
varying concentrations of urea (0—8 M) prior to fluorescence
measurements. Each data set was fit to a two-state denaturation
model (eq 1 for tryptophan fluorescence data; eq 2 for resveratrol
binding data) to give apparent Cy, values of 3.8 and 3.7 M urea for
tetramer dissociation and monomer unfolding, respectively.

tetramers, with tryptophan fluorescence data, following
tertiary structural changes, in a representative experiment
utilizing 36 uM WT TTR. Independent fitting of each data
set to a two-state denaturation model, corresponding either
to the tetramer—monomer equilibrium in the case of the
resveratrol binding data (fit to eq 2) or to the folded
monomer—unfolded monomer equilibrium for the tryptophan
fluorescence data (fit to eq 1), gave C,, values of 3.8 and
3.7 M urea for tetramer dissociation and monomer unfolding,
respectively. The tetramer—monomer equilibrium as a func-
tion of urea concentration (36 uM WT TTR) was also
assessed by chemical cross-linking quantified by densito-
metric analysis of the SDS—PAGE gel (Figure 3). As the
concentration of urea is increased in these samples, the
fraction of WT TTR present as tetramers (~55 kDa)
decreases, with the concomitant appearance of a diffuse band
corresponding to monomeric TTR (~14 kDa; the band
becomes broad likely because several Lys residues are
covalently modified with glutaraldehyde). Densitometry of
the bands in each lane shows that dissociation proceeds from
tetramer to monomer without any substantial accumulation
of intermediates. The observed bands at ~42 and 28 kDa,
which correspond to the molecular masses of trimeric and
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FIGURE 3: Chemical cross-linking of urea-denatured WT TTR. The
same WT TTR samples (36 uM) analyzed by fluorescence in Figure
2 were also cross-linked with glutaraldehyde and analyzed by
SDS—PAGE with Coomassie Blue staining (see Experimental
Procedures for details). Molecular masses of protein standards (lane
2) are shown on the y-axis, and the urea concentration for each of
the TTR samples is shown on the x-axis. The ~55 kDa bands
correspond to TTR tetramers; these disappear as the concentration
of urea is increased, with concomitant appearance of a diffuse
monomer band at ~14 kDa. The bands observed at ~42 and 28
kDa probably correspond to trimeric and dimeric TTR, respectively.
The intensity of each band was quantified by densitometry (not
shown), and the Cy, 4iss determined by this method was 3.7 or 3.8
M urea, depending on whether the percent tetramer or percent
monomer data were used, in good agreement with the value
determined by resveratrol binding (3.8 M; see Figure 2).

dimeric TTR, respectively, are present in all lanes and
account for ~10% of the total TTR. A small increase in the
intensity of these two bands (up to a maximum of ~18%) is
apparent in lanes 4—7 (corresponding to 2.0—3.5 M urea,
concentrations just below the Cy, g4 determined in this
experiment), which indicates that these may be intermediate
species in the dissociation of tetramers into monomers.
Surprisingly, a small amount of tetrameric WT TTR (~5%)
remains, even in the presence of 8§ M urea, suggesting that
a fraction of WT TTR tetramers is highly resistant to urea
denaturation. Although we cannot rule out the possibility that
this result may be due to a cross-linking artifact, it was only
observed for WT TTR, with none of the other TTR variants
displaying this behavior (vide infra). Fitting the densitometry
data to eq 2 yielded a C,, for tetramer dissociation (Cy, giss)
of 3.7 or 3.8 M urea, depending on whether the percent
tetramer or percent monomer data were used, respectively,
in excellent agreement with the value obtained above from
resveratrol binding (3.8 M urea). As expected, Cpgiss
increases with an increase in TTR concentration and is nearly
coincident with the Cy,unfola Values obtained at all the WT
TTR concentrations examined [0.72—36 uM (data not
shown)]. When considered together, these WT TTR data
strongly support the conclusion that urea-induced tetramer
dissociation and monomer unfolding of TTR occur simul-
taneously in these denaturation experiments, demonstrating
that the equilibria are inextricably linked under these
conditions. Since the concentrations of TTR used in these
experiments represent the physiological concentration range
of TTR (7.2—28.8 uM in plasma and 0.72—7.2 uM in CSF),
it is reasonable to assume that tetramer dissociation and
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monomer unfolding equilibria are also thermodynamically
linked in vivo.

Determining Quaternary and Tertiary Structural Stability
Simultaneously from Concentration-Dependent WT TTR
Denaturation Curves by Global Fitting. Due to the thermo-
dynamic linkage of the WT TTR quaternary (tetramer
dissociation) and tertiary (monomer unfolding) structural
changes, we were unable to find conditions under which we
could evaluate either equilibrium in a manner independent
of the other. Therefore, we globally fit the concentration-
dependent TTR urea denaturation data to a single set of
parameters, allowing simultaneous quantification of quater-
nary and tertiary structural stability parameters. While a
detailed explanation of the equations and methods used to
determine WT TTR tetramer and monomer stabilities can
be found in Experimental Procedures, the methodology is
briefly discussed here. Because the two steps under inves-
tigation are thermodynamically linked, we assume there are
three species (native tetramer, folded monomer, and unfolded
monomer) that coexist in equilibrium, and the concentration
of each species under a given set of conditions depends on
the corresponding equilibrium constants, Kgiss and Kuynfold
(Scheme 1; note that a model that accounted for only two
species, native tetramer and unfolded monomer, gave a poor
fit to the data, as shown in the Supporting Information).
Starting with an equation for the total concentration of TTR
(as the molar concentration of TTR monomers) that accounts
for all three species, [TTR o] = 4[tetramer] + [monomer-
folded] T [MONOMeryyo1dea], and substituting in expressions for
[tetramer] and [monomergeq] in terms of [Monomeryafoided]
and the two equilibrium constants, we obtain [TTR] =
4’( [monomerunfolded]4/ KdissKunfold4) + ([monomerunfolded]/ Kunfold)
+ [monomerynsoided] (see eq 3 in Experimental Procedures).
This equation now relates the total TTR concentration, a
known quantity, to the extent of monomer unfolding, which
can be determined experimentally from the tryptophan
fluorescence measurements, and the two unknowns of
interest, Kgiss and Kunsora. The values of Kgis and Kynrolq are
related to the free energies of tetramer dissociation (AGy;ss)
and unfolding (AGyna), respectively, which are in turn
linearly related to the urea concentration with slopes —mgiss
and —mynrold, Tespectively; this relationship is summarized
by eq 3 in Experimental Procedures. The values of AG;,
AGunfold, —Mdiss, and —Munfola can now be estimated if the
extent of monomer unfolding is determined over a range of
TTR concentrations, and the resulting data are analyzed
globally by fitting them to eq 3.

The power of this method is that we can, for the first time,
assess the true stability of TTR tetramers and monomers, as
long as other intermediates (e.g., dimers or trimers) are not
extensively populated. The free energies determined by this
analysis for tetramer dissociation and monomer unfolding
are actual, rather than apparent, stability values determined
under specified conditions and useful for comparisons among
variants under the same conditions. Hence, the stability of
WT TTR and various disease-associated variants can be
compared and integrated with known dissociation and
unfolding rates (7, 8, 12, 13, 18, 47), to gain insight into
factors that may lead to amyloid disease. Another advantage
of the method is that stability parameters can be derived using
only tryptophan fluorescence data. This advantage is sig-
nificant not only because of the ready availability and
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Table 2: Comparison of Thermodynamic Stabilities of TTR Tetramers and Monomers®

tetramers

monomers

AGiiss!0 (keal/mol)

—mgiss [kcal mol~! (M urea)™!]

AGungold™2© (kcal/mol) —Munfold [kcal mol™! (M urea)™ ]

WT 32.8+22 2.7+0.1
V1221 256+ 1.0 1.5+04
L55P 33+7 2.8+04
V3iOM nd” nd”
A25T nd¢ nd®

40+05 1.440.1
5.14+0.2 1.6 £0.1
20+1.5 1.6 £0.5
nd” nd”
nd¢ nd®

“ Thermodynamic stabilities were calculated by global analysis of concentration-dependent denaturation data, as described in Experimental
Procedures. The stability of TTR tetramers is described by AGyiss"20, the free energy of tetramer dissociation in the absence of denaturant, and —mgss,
the dependence of AGgiss on urea concentration. TTR monomer stability is described by AGynga™, the free energy of monomer unfolding in the
absence of denaturant, and —nunfor, the urea dependence of AGunfoa. ” Thermodynamic stabilities could not be calculated by global fitting because urea
denaturation curves did not fit a two-state model (see Figures 4C, 5C, and 6). < Thermodynamic stabilities could not be calculated by global fitting due

to aggregation of A25T at low urea concentrations (see Figures 4D and 5D).

simplicity of fluorescence spectroscopy but also because
intrinsic protein fluorescence does not perturb the equilibrium
when the extent of denaturation is being assessed. In contrast,
both methods used previously to measure tetramer quaternary
structural stability (resveratrol binding and chemical cross-
linking) have the potential to shift the tetramer—monomer
equilibrium. Globally fitting the concentration-dependent urea
denaturation data obviates our dependence on these tech-
niques for measuring tetramer concentrations as a function
of TTR and urea concentrations.

As described in full detail in Experimental Procedures,
global analysis of concentration-dependent TTR denaturation
data yields information about the thermodynamics of dis-
sociation, expressed as AGis'2° and —myis, and the ther-
modynamics of unfolding, expressed as AGunod™° and
—Munfold- The results of this fluorescence analysis for the
tetrameric TTR variants that conform to the two-step
denaturation model (WT TTR, V1221, and to a lesser extent
L55P) are discussed in turn in the following paragraphs, and
the corresponding data are summarized in Table 2. Other
variants (V30M and A25T) that do not conform to this model
are then discussed in more qualitative terms.

WT TTR Tetramer and Monomer Thermodynamic Stability
Determined by Global Fitting. Global fitting of the concen-
tration-dependent fluorescence-based denaturation data af-
fords the following WT TTR stability parameters: AGgjss 20
= 32.8 4+ 2.2 kcal/mol, and —mygiis = 2.7 + 0.1 kcal mol ™!
(M urea)™!; AGunsod™° = 4.0 & 0.5 kcal/mol, and —munfola
= 1.4 + 0.1 kcal mol™! (M urea)”!. The global fit to the
denaturation data is shown in the Supporting Information.
The thermodynamic stability of the WT TTR monomer
determined by global analysis is lower than that of M-TTR
by ~0.6 kcal/mol (/9), probably because of the two Met
mutations in the latter sequence (F87M and L110M).
Although the nearly superimposable denaturation curves
obtained for M-TTR and 1.44 uM WT TTR seem to indicate
that the stabilities of the monomers of WT TTR and M-TTR
are very similar, it is clear from the results presented above
that WT TTR monomer unfolding is still thermodynamically
linked to tetramer dissociation, even at the lowest WT TTR
concentration examined here. Hence, the true tertiary struc-
tural stability of WT TTR must be lower than the
AG ynfold,app 2° for denaturation of 1.44 uM WT TTR (4.7 keal/
mol), and the value of AGunioid™° of 4.0 kcal/mol obtained
for WT TTR by global fitting is reasonable.

We had previously noted that the WT TTR quaternary and
tertiary structural equilibria appear to become partially
unlinked when the WT TTR concentration is decreased to

<0.72 uM, and it is useful to reexamine how low a
concentration of WT TTR would be needed to completely
unlink these equilibria. The AGgs calculated here, 32.8 kcal/
mol, corresponds to a dissocation constant, Kgs, of 9 x 1072
M3, The magnitude of this tetramer dissociation constant
means that even at a concentration of 0.72 uM, WT TTR is
>95% tetrameric in the absence of urea. Furthermore, if we
assume that >90% dissociation of the tetramer to monomers
(fraction tetramer, o. = 0.10) would be required to completely
unlink the two equilibria, then we can estimate that unlinking
would only be accomplished at WT TTR concentrations of
<3.6 nM, much lower than what is attainable in these
experiments.

Having calculated the thermodynamic parameters for WT
TTR by globally fitting the data, we can now do the same
for the TTR disease-associated variants and comment on the
extent of thermodynamic linkage exhibited by their quater-
nary and tertiary structural transitions. We can also determine
whether the mechanism of denaturation and unfolding of WT
TTR applies to the mutant disease-associated TTR sequences.

VI221 TTR Forms a Destabilized Tetramer and a Stable
Monomer. The V1221 mutation is examined first because it
affects more people than any other TTR mutation; only WT
TTR deposition in senile systemic amyloidosis is clinically
more significant. Figure 4A shows representative concentra-
tion-dependent V1221 denaturation curves monitored by
tryptophan fluorescence. The individual denaturation curves
fit well to eq 1, revealing C,, values ranging from ~3.3 to
~3.8 M urea, and —mypioa values ranging from ~1.5 to ~3.3
kcal mol™! (M urea)~!. Notably, the apparent value of each
parameter increases gradually as the V122I concentration is
increased from 1.44 to 144 uM; however, the denaturation
curves appear to be much closer together, especially for the
first three curves (corresponding to concentrations of 1.44,
3.6, and 7.2 uM), than those observed with WT TTR,
indicating the defect with V1221 may be in tetramer stability.

Global analysis of the concentration-dependent data (see
the Supporting Information) confirms that the quaternary
structure of V1221 is destabilized, as reflected in the
thermodynamic parameters determined for V1221 tetramers:
AGis™2° = 25.6 + 1.0 kcal/mol, and —mygs = 1.5 £ 0.4
kcal mol™! (M urea)~!. This destabilization of the tetramer,
~7 kcal/mol relative to WT TTR, translates into a dissocia-
tion constant for tetramerization that is 6 orders of magnitude
larger for V1221 than for WT TTR (107'8 and 1072* M3,
respectively).

From the global fitting results, it appears that the tertiary
structural stability of V1221 (AGuna™°) equals 5.1 &+ 0.2
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FIGURE 4: Dependence of urea denaturation of V1221 (A), L55P (B), V30M (C), and A25T TTR (D) on protein concentration. Denaturation
reaction mixtures contained TTR (1.44—144 uM) and were incubated for 96 h at 4 °C in the presence of varying concentrations of urea
(0—8 M) prior to fluorescence measurements (see Experimental Procedures for details). TTR concentrations for each variant were 1.44 (O),
3.6(0),7.2 (®), 144 ( x ), 36 (+), 72 (»), and 144 uM (@). The denaturation curves of V1221 (A) and L55P (B) resemble those observed
for WT TTR (see Figure 1A), with the steepness of the transition slope increasing and the curves shifting progressively further to the right
with an increase in the TTR concentration. In contrast, for the remaining variants, V30M (C) and A25T (D), two transitions are observed
in each curve, and the data cannot be fit to a two-state denaturation model (solid lines shown in these panels represent smoothing curves,
rather than fits of the data to eq 1). Nevertheless, for all of the variants, the apparent stability of TTR to urea denaturation increases with
an increase in the TTR concentration (Cy, increases from 3.3 to 3.8 M urea for V122I, from 1.9 to 2.8 M urea for L55P, from 1.5 to 2.5
M urea for V30M, and from 1.7 to 3.1 M urea for the second transition of A25T; note that the panels have different x-axis scales).

kcal/mol with an —miuggoiq of 1.6 & 0.1 kcal mol™ (M urea)™!.
These results indicate that V1221 monomers are more stable
than those of WT TTR, by 1.1 £ 0.5 kcal/mol. However,
the previously reported stability of M-V122I is ~0.8 kcal/
mol lower than that of M-TTR, with a AGy1d™2° of 4.7 £+
0.2 kcal/mol and an —munfoig of 1.4 £ 0.1 kcal mol™! (M
urea) ! (9); compare these values to a AGyygoia™2° for M-TTR
of 5.5 &£ 0.8 kcal/mol under the same conditions (/9). Again,
this discrepancy is likely attributable to the F87M and L110M
mutations in M-TTR constructs and the differences in the
denaturation conditions used in this and previous work.

The effects of the V1221 mutation on tetramer stability
(less stable than WT TTR) and monomer stability (possibly
slightly more stable than WT TTR) offset each other to some
extent, accounting for our previous conclusion that V1221
and WT TTR have similar overall thermodynamic stabilities
(7). However, this offsetting is not perfect, and there are
significant differences between the two proteins at equilib-
rium. In particular, at physiological concentrations ([TTR o]
= 14.4 uM), the amount of unfolded monomer for V1221
TTR (0.15 nM) is 3-fold higher than for WT TTR (0.05 nM).
Although these concentrations of unfolded monomer are low,
this thermodynamic difference, combined with the rate of
dissociation being 2-fold faster than that of WT (f;,, = 19 h

vs 41 h for WT TTR) (7), likely contributes to the relatively
early development of V122I cardiomyopathy.

Chemical cross-linking of V1221 TTR (36 uM) in increas-
ing urea concentrations shows that dissociation of tetramers
of this variant proceeds completely to monomers without a
significant accumulation of intermediates (Figure 5A). Fitting
the densitometry data with eq 2 gives a Cy, giss of 3.5 M (from
percent tetramer data) or 3.6 M urea (from percent monomer
data). This value is in good agreement with the Cygdiss
determined from resveratrol binding (3.4 M urea), and with
the Cy, determined from tryptophan fluorescence (3.6 M urea)
for these same samples (data not shown).

L55P Exhibits a Complex Denaturation Pathway. L55P
is a rare but extremely pathogenic mutation in TTR,
associated with amyloidosis in the second to third decade
of life (the earliest onset amyloid disease known) (48). Urea
denaturation curves for L55P obtained by intrinsic tryptophan
fluorescence over a range of L55P concentrations are shown
in Figure 4B. Although the apparent values of Cy,ynfola are
lower than those obtained for WT TTR at each TTR
concentration examined, the pattern of behavior is similar
to that observed for WT TTR, namely, that each denaturation
curve fits nicely to a two-state denaturation model and that
L55P TTR appears to become more stable (curves shifting
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FIGURE 5: Chemical cross-linking of urea-denatured V122I (A), L55P (B), V30M (C), and A25T (D). TTR samples (36 uM for panels
A—C and 144 uM for panel D) were cross-linked with glutaraldehyde and analyzed by SDS—PAGE with Coomassie Blue staining (see
Experimental Procedures for details). Molecular masses of protein standards are shown on the y-axis, and the urea concentration for each
of the TTR samples is shown on the x-axis. The bands at ~55 kDa correspond to TTR tetramers; these disappear as the concentration of
urea is increased, with the concomitant appearance of a diffuse monomer band at ~14 kDa. The denaturations of V122I (A) and V30M (C)
resemble the data obtained for WT TTR (see Figure 3), in that for these three variants, the main species observed are the native tetramer
and the denatured monomer (although some trimer and dimer are observed for V30M TTR). In contrast, when L55P is denatured (B), a
significant fraction of dimeric TTR species (seen as bands at ~28 and ~23 kDa) accumulates at intermediate urea concentrations. For the
A25T variant (D), aggregation is observed rather than denaturation at low urea concentrations. The aggregates formed are large, do not
enter the gel, and accumulate maximally around 2.0 M urea. Higher concentrations of urea denature the aggregates into monomers.

to higher urea concentrations and to steeper transition
regions) as the L55P concentration increases. Fitting the
individual denaturation curves with eq 1 gives apparent
values of Cpunfoid increasing from ~1.9 to ~2.8 M urea and
of —myntold increasing from ~2.5 to ~3.5 kcal mol™! (M
urea)”! as the concentration of L55P is increased from 1.44
to 144 uM.

Global analysis of the concentration-dependent data affords
the following thermodynamic parameters for L55P (see the
Supporting Information): AGy;™2° = 33 £ 7 kcal/mol, and
—mgiis = 2.8 £ 0.4 kecal mol™! (M urea)™!; AGunoid™° =
2.0 £+ 1.5 kcal/mol, and —mynioq = 1.6 £ 0.5 kcal mol™!
(M urea)”!. The value of AG;™2C for L55P TTR derived
from the fit is similar to that of WT TTR, even though a
plethora of other data suggests that the L55P tetramer is less
stable [e.g., the dissociation rate of the L55P tetramer is ~9-
fold faster than that of the WT TTR tetramer (7), and L55P
TTR tetramers dissociate at higher pH values than WT TTR
tetramers (/0, 42)]. These observations and the large error
in the parameter estimates from the global fit raise the
suspicion that the two-step model used in the global analysis
does not describe the denaturation pathway of L55P TTR
well. Consistent with this supposition, chemical cross-linking
of the same samples reveals several intermediate species
(Figure 5B). Three different bands, with apparent molecular

masses of 42, 28, and 23 kDa, are observed as the tetramer
dissociates. These bands are likely attributable to trimeric
and dimeric TTR, respectively, and appear to be intermedi-
ates in the denaturation of L55P TTR.

The effect of the complicated denaturation mechanism of
L55P TTR on the parameter estimates derived from our
global fit is difficult to predict in detail but should affect
tetramer stability more than monomer stability. Consistent
with this notion, the difference between the values of
AG nio1d™2° for L55P (2.0 kcal/mol) and WT TTR (4.0 kcal/
mol) is 2.0 kcal/mol, consistent with previous experiments
with the engineered monomeric version of L55P (M-L55P,
with L55P, F87M, and L110M mutations), which also
exhibits a destabilization of ~2 kcal/mol relative to M-TTR
(F87M and L110M mutations only). M-L55P affords a
AGunfoid™2° of 3.3 £ 0.1 kcal/mol and an —#niynoig of 1.9 £
0.1 kcal mol™! (M urea)™! (X. Jiang, P. Hammerstrom, and
J. W. Kelly, unpublished results) compared to the AG uo1d™2°
for M-TTR of 5.5 & 0.8 kcal/mol under the same conditions
(19).

V30M TTR Denaturation Cannot Be Fit to a Two-State
Model. The V30M mutation in TTR, which leads to the vast
majority of FAP cases, is second in clinical importance
among the disease-associated TTR mutations (3). Urea
denaturation curves for V30M TTR are shown in Figure 4C,
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FIGURE 6: Urea denaturation of V30M. (A) The denaturation of
V30M (36 uM) was monitored both by intrinsic tryptophan
fluorescence (O, left y-axis) to assess changes in the tertiary structure
and by resveratrol binding (M, right y-axis) to assess tetramer
dissociation. Samples were incubated for 96 h at 25 °C in the
presence of varying concentrations of urea (0—8 M) prior to
fluorescence measurements. Using either method, two transitions
can be clearly seen in the denaturation curves, and the data cannot
be fit to a two-state denaturation model. (B) Curves for the
denaturation (O) and renaturation (M) of V30M (36 uM), assessed
by intrinsic tryptophan fluorescence, are compared. For the
denaturation experiment, samples were incubated for 96 h at 4 °C
in the presence of varying concentrations of urea (0—8 M); note
that the lower temperature used here minimizes but does not
eliminate the second transition (compare with panel A). For the
renaturation experiment, V30M (520 uM) was completely denatured
by incubating the sample for 96 h at 4 °C in 8 M urea. The
denatured V30M was subsequently diluted into renaturation reaction
mixtures containing varying concentrations of urea (0.55—8 M),
and the samples were incubated for 24 h at 25 °C prior to
fluorescence measurements. The second transition observed in the
denaturation curve is absent in the renaturation curve; however,
V30M cannot be completely refolded under these conditions, and
furthermore, the two curves do not overlap in the transition region.
Solid lines in both panels represent smoothing curves of the data.

carried out over a V30M TTR concentration range of
1.44—144 uM. The curves shift to the right with an increase
in V30M concentration, giving apparent C, values for
denaturation (estimated visually from the graph) that increase
from ~1.5 M urea at 1.44 uM V30M to ~2.5 M urea at 144
uM V30M. However, examination of any of the individual
data sets obtained for this mutant reveals an unusual shape
(this is best seen in Figure 6A for data obtained in a separate
experiment at a V30M concentration of 36 uM). Fitting the
concentration-dependent denaturation curves to eq 1 gives
poor fits in all cases, yielding a small amplitude for the
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transition region and an apparently very steep post-transition
slope, with the data points in this region deviating signifi-
cantly and in a nonrandom manner from the fit. In fact, each
individual curve appears to display two transition regions,
both of which vary with the concentration of V30M. When
denaturation curves derived from Trp fluorescence measure-
ments are plotted with resveratrol binding data obtained in
parallel [36 uM V30M, incubation for 96 h at 25 °C instead
of 4 °C (Figure 6A)], the two transition regions observed in
each curve are symmetrical and exactly coincident, with
apparent Cp, values estimated to be ~2.2 and 6.5 M urea.

The same samples were also examined by glutaraldehyde
cross-linking using SDS—PAGE quantification by densito-
metry (Figure 5C). Like those of WT TTR, the cross-linking
data reveal a small accumulation of trimeric and dimeric
V30M quaternary structures between 3.0 and 6.0 M urea
(Figure 5C, lanes 8—11), although with V30M TTR this
accumulation occurs between the two transition regions
observed by Trp fluorescence whereas with WT TTR it
occurs before the single transition. Resveratrol binding is
weakly dependent on urea concentration in this range,
suggesting that V30M TTR dissociation intermediates may
be able to bind resveratrol. Such a dissociation pathway
would be in stark contrast to that of WT TTR, which
dissociates into dimers that do not contain a small molecule
binding site (16, 49).

V30M is kinetically stable relative to WT TTR (7),
consistent with a more robust small-molecule-binding dimer
interface. The possibility that a slow rate of tetramer
dissociation (#;, = 68 h, compared with 41 h for WT TTR)
might be responsible for the biphasic denaturation curves
was examined. The samples were incubated for varying
lengths of time (24—334 h rather than the usual 96 h), and
the extent of denaturation at each time point was measured
by Trp fluorescence. Although longer incubation times do
increase the amplitude of the first transition and decrease
the amplitude of the second transition, both transitions are
still apparent, even after incubation for two weeks [ = 334 h
(data not shown)]. Fitting the time-dependent fluorescence
changes at each urea concentration to single exponentials
indicates that, while the rates of approach to equilibrium
increase nonlinearly with urea concentration, as previously
reported (7), equilibrium should be reached in all cases at ¢
< 334 h (data not shown). Since the two transitions are still
apparent at this time point, where no further changes in the
fluorescence signal are observed, there may be a thermody-
namic as well as a kinetic explanation for the observed
phenomenon, i.e., the stabilization of a TTR dimer that is
not populated during WT TTR denaturation. The amplitude
of the second transition is smaller at lower incubation
temperatures [compare the tryptophan fluorescence denatur-
ation data in panels A (25 °C) and B (4 °C) of Figure 6],
presumably because TTR dissociation is faster at lower
temperatures (47), but it is still present. While the second
transition could be minimized, it could not be eliminated
when equilibrium is approached by denaturing the tetramer.

To gain further insight into the complex behavior exhibited
by V30M TTR, renaturation was studied by diluting a V30M
solution completely denatured in the presence of 8 M urea
(complete within 96 h). Samples diluted to a final urea
concentration of 0.55—8.0 M were incubated for an ad-
ditional 24 h (25 °C) and studied by Trp fluorescence.
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Although the second transition was absent in this renaturation
experiment, and the post-transition region (4.0—8.0 M urea)
appeared to be more typical, V30M did not completely refold
at low urea concentrations (Figure 6B), suggesting significant
kinetic barriers in both directions, especially at intermediate
urea concentrations. Furthermore, the poor overlap of the
two data sets in the transition region is evidence that
denaturation and renaturation are not fully reversible for this
variant. Increasing the incubation time in the renaturation
experiment had no effect on the data (not shown). In contrast
to these observations, coincident denaturation and renatur-
ation curves are observed for WT TTR and several other
TTR variants (L55P, V122I, and M-TTR), demonstrating that
equilibrium is reached regardless of whether it is approached
in a denaturation or renaturation direction (data not shown).

Although V30M is clearly less stable than WT TTR, as
evidenced by its much lower Cy, for denaturation (Cy, of ~1.5
M urea for V30M vs ~3.1 M urea for WT TTR at 1.44 uM),
its peculiar behavior under both denaturation and renaturation
conditions precludes quantification of its thermodynamic
parameters. Previous denaturation studies reveal that M-V30M
is destabilized by ~2.5 kcal/mol relative to M-TTR, with a
AGunoid™2° of 3.0 £ 0.2 kcal/mol and an —#miyyfoig of 2.0 £
0.1 kcal mol™! (M urea)™! (X. Jiang, P. Hammerstrém, and
J. W. Kelly, unpublished results); compare those to a
AGuntold2© for M-TTR of 5.5 & 0.8 kcal/mol under the same
conditions (/9). Furthermore, the magnitude of the shift in
Cn values (to ~1 M higher urea) observed when the V30M
concentration is increased 100-fold, from 1.44 to 144 uM,
is similar to the shift observed for WT TTR (to ~0.9 M
higher urea) over the same concentration range, perhaps
reflecting a similar quaternary structural stability, albeit one
with a distinct mechanism of dissociation. Thus, it appears
likely that V30M TTR tetramers are at least as stable as those
of WT TTR but have an unusual dissociation mechanism
and a destabilized tertiary structure, with the latter two effects
conspiring to predispose individuals with this mutation to
TTR amyloidogenesis. The kinetic stability of the V30M
tetramer probably protects carriers of V30M against a more
severe FAP pathology (7).

A25T Is Highly Destabilized and Prone to Aggregation.
Urea denaturation of A25T shows that this TTR variant
behaves unlike any of the others that were examined. The
concentration-dependent tryptophan fluorescence curves for
A25T TTR are shown in Figure 4D. Denaturation curves
obtained at low A25T TTR concentrations (0.72—7.2 uM)
appear to fit well to eq 1, but unlike what is observed with
the other variants, there is virtually no concentration depen-
dence of the fitting parameters, with values of Cy, of ~1.7
M urea and —mypgoiq Of ~1.3 kcal mol™! (M urea)™! obtained
for each curve in this concentration range (0.72 uM curve
not shown). As the A25T TTR concentration is increased
further (from 7.2 to 144 uM), the characteristic shifting of
the curves to the right and an increased steepness of the
transition region are observed. The most striking feature of
these denaturation curves, however, is the appearance of a
unique second transition region at A25T TTR concentrations
greater than 7.2 uM. The C,, for this second transition,
visually estimated from Figure 4D, increases from ~1.7 M
urea at 7.2 uM A25T TTR to ~3.1 M urea at 144 uM A25T
TTR. The shapes of the curves superficially resemble those
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of V30M TTR, but the nature and origin of the additional
transition are clearly different.

The first indication that these data were unusual came from
direct observation of the fluorescence spectra collected at
low urea concentrations, where dramatic increases in the
fluorescence intensity at each of the wavelengths examined
(335 and 355 nm) were apparent, even when the fluorescence
ratio (Fiss/F33s5) was not changing appreciably (data not
shown). The effect was greater for samples containing higher
concentrations of A25T TTR. The samples were slightly
cloudy to the eye, and turbidity measurements showed a
corresponding increase in turbidity in this same region of
the denaturation curves (data not shown), suggesting that
aggregation of A25T TTR occurs under these conditions.
Additional direct evidence for aggregation was obtained by
cross-linking followed by SDS—PAGE, which clearly shows
the appearance of very large aggregates of A25T at low urea
concentrations (Figure 5D). In the 144 uM samples shown
here (where aggregation is most favored), the aggregates
accumulate maximally at 2.0 M urea (lane 7), where they
represent nearly 85% of the total A25T TTR in the sample.
These large aggregates are apparently disrupted at higher
concentrations of urea (>4.0 M; lanes 10—12), yielding
monomeric A25T TTR as the predominant species. Trimeric
(molecular mass of ~42 kDa) and dimeric (molecular mass
of ~28 kDa) species are observed as intermediates in both
the aggregation and disaggregation of A25T TTR, ac-
cumulating to a maximum of ~30% at 1.0 M urea (aggrega-
tion phase) and ~32% at 4.0 M urea (disaggregation phase).
A25T TTR apparently aggregates in the absence of any
denaturation stress, as evidenced by the presence of a species
with a molecular mass of > 190 kDa (~15% of total A25T)
and the very large aggregates that do not enter the gel (~5%
of A25T), in the 0 M urea sample (lane 1).

Fitting the densitometry data for the disappearance of
A25T TTR tetramers and the appearance of A25T TTR
monomers to eq 2 gives Cp, values of 1.2 and 3.1 M urea,
respectively. The two transitions are coincident with the
appearance (C,, = 1.2 M urea) and disappearance (C, =
3.1 M urea) of the aggregates (data not shown). These
observations suggest that the first transition in the fluores-
cence data corresponds to the aggregation of A25T TTR
(presumably preceded by tetramer dissociation and partial
denaturation of the monomers), and the second transition is
the disaggregation of the large aggregates, resulting in
unfolded monomers. At low A25T TTR concentrations, the
methods employed do not detect aggregates, which presum-
ably would form to a lesser extent at low protein concentra-
tion, and the denaturation curves monitored by tryptophan
fluorescence show a single transition.

Because A25T clearly does not undergo a tetramer-folded
monomer—unfolded monomer denaturation process, the data
cannot be fit by global analysis to yield thermodynamic
parameters. However, fitting the individual denaturation
curves at low A25T TTR concentrations (where aggregation
is not observed) to eq 1 gives us an upper limit on the
stability of the A25T TTR monomer. The apparent tertiary
structural stability, given by a AGngoia™° of 1.8 £ 0.2 kcal/
mol and an —nmugfoiq of 1.1 & 0.0 kcal mol™! (M urea)™! (n
= 3), is lower than the previously reported AGpgoa"2° of
2.8 kcal/mol (12). Although the calculated AGuoa™°
represents an apparent stability value, it may in fact closely
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approximate the true monomeric stability of this variant,
since the overlapping curves over a 10-fold A25T concentra-
tion range (0.72—7.2 uM) suggest that tetramer dissociation
and monomer unfolding are not appreciably linked at low
concentrations. The observation that the equilibria are at least
partially unlinked at A25T concentrations as high as 7.2 uM
indicates that the tetrameric structure is probably highly
destabilized as well, consistent with the disappearance of
tetramer at urea concentrations lower than those of any of
the other TTR variants studied herein (see Figures 3 and 5).

In summary, the thermodynamic stability profile of A25T
shows that both tetramers and monomers of this variant are
highly destabilized. In addition, the rate of A25T TTR
tetramer dissociation is extremely fast, with a #;, of ~2.1
min (~1200-fold faster than the dissociation of WT TTR)
(12), reflecting a high degree of kinetic destabilization of
the quaternary structure. These factors together probably
contribute to the high propensity of A25T to aggregate in
vitro (12, 13). Paradoxically, the extreme instability of A25T
appears to be protective against aggressive systemic amyloid
disease, in that the serum concentrations of variant protein
are very low due to extensive ERAD by cellular quality
control during secretion. ERAD occurs to a greater extent
in the liver than in the choroid plexus, partially explaining
the CNS phenotype of this amyloid disease (/2, 13). That
this is one of the few disease-associated TTR variants that
is substantially degraded by the cellular secretory pathway
supports the fact the quaternary and tertiary structural stability
of A25T are significantly compromised.

CONCLUDING REMARKS

Our results are broadly consistent with previous findings
on the stabilities of TTR variants (7-15, 17, 18, 22, 42).
However, the concentration-dependent denaturation data
obtained herein and the global fits to these data (where
possible) add substantial detail. Combining our data with that
available in the literature yields the following picture of TTR
stability and the effect of mutations thereon. WT and V1221
TTR both have simple denaturation pathways (tetramer—folded
monomer—unfolded monomer) and stable monomers, but the
WT forms more stable tetramers than V122I. V30M and
L55P TTR both have complicated denaturation pathways and
unstable monomers, but V30M tetramers are quite stable
(possibly even more so than WT tetramers). L55P tetramers
are less stable than V30M tetramers but are still sufficiently
stable to be the dominant species at physiological TTR
concentrations. Finally, A25T TTR has unstable monomers,
dramatically destabilized tetramers, and a complicated
denaturation pathway that includes substantial amounts of
aggregate formation, unstable monomers, and dramatically
destabilized tetramers.

Categorizing the TTR variants studied herein according
to the phenotypes of their associated amyloid diseases reveals
groupings that are strikingly similar to those described above.
WT TTR and V1221 TTR are associated with late onset
cardiac amyloid diseases, with the latter being more aggres-
sive than the former (29). V30M TTR and L55P TTR are
associated with early onset polyneuropathy, again with the
latter being more aggressive than the former (48). Finally,
A25T TTR is not associated with systemic amyloidosis,
because it is extensively degraded in liver cells by
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ERAD (72, 13). Rather, the high concentration of thyroxine
in the choroid plexus stabilizes A25T TTR enough for it to
be secreted into the central nervous system where it appears
to cause central nervous system selective amyloidosis after
dissociation of thyroxine in the CSF (12, 13).

The correspondence between the thermodynamic and
amyloidosis phenotype groupings of the TTR variants
suggests a relationship between TTR folding and tetramer-
ization energetics and disease pathology. TTR variants with
unstable monomers and complex tetramer dissociation
pathways (V30M and L55P TTR; A25T is discussed
separately below) appear to cause early onset TTR amyloid
diseases. In contrast, TTR variants with stable monomers
and straightforward tetramer dissociation pathways (WT and
V1221 TTR) appear to cause TTR amyloid diseases with a
substantially later onset. Thus, monomer instability and/or
complicated tetramer dissociation pathways, both of which
should increase the rate of partitioning of TTR into aggrega-
tion pathways (50), seem to be a primary source of TTR
pathogenicity. Tetramer stability also affects TTR pathoge-
nicity but in a more complicated way. Moderate decreases
in tetramer stability appear to shift the age of onset of TTR
amyloid disease. For example, V122 TTR amyloidosis
occurs earlier than WT TTR amyloidosis and L55P TTR
amyloidosis occurs earlier than V30M TTR amyloidosis. This
effect, however, is secondary to the effect of monomer
instability and complicated dissociation pathways, as V1221
TTR amyloidosis occurs substantially later than V30M TTR
amyloidosis. As tetramer instability becomes extreme, TTR
variants with unstable monomers like A25T TTR become
susceptible to ERAD and do not cause systemic amyloid
disease (8, 12, 13, 41). Notably, the stabilities of V30M and
L55P TTR monomers are approximately the same as those
of several monomeric TTR variants that have been shown
to undergo extensive ERAD (/3). It seems that for V30M
and L55P TTR, tetramerization stabilizes the proteins enough
to “chaperone” them out of the ER and through the export
pathway.

Finally, the relationship between TTR stability and pathol-
ogy presented above provides insight into therapeutic strate-
gies for TTR amyloidosis. On the basis of the discussion
given above, the small molecule binding strategy for treating
TTR amyloidosis described in the introductory section would
be only marginally beneficial if small molecule binding did
nothing more than stabilize TTR tetramers; as noted above,
tetramer stabilization appears to have a secondary role in
TTR amyloidosis. Tetramer dissociation kinetics, however,
trump the effects of tetramer stability, monomer stability,
and complicated dissociation pathways. This assertion is
supported by the observation mentioned in the introductory
section that T119M TTR subunits, which slow the dissocia-
tion of TTR tetramers into which they have been incorpo-
rated, can ameliorate TTR amyloidosis in T119M/V30M
TTR compound heterozygotes (17, 18, 35). Fortunately, small
molecule binding greatly slows tetramer dissociation by
imparting kinetic stabilization (I8, 20, 21), increasing the
likelihood that this therapeutic strategy will be effective.
Clinical trials for small molecule kinetic stabilizer treatment
of TTR amyloidosis are now underway and will soon inform
us if the relationship between TTR energetics and TTR
amyloid disease phenotype proposed above is correct.
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A plot showing the relatively poor global fit to a two-

state model (native tetramer and unfolded monomer) for WT
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to the concentration-dependent urea denaturation data for
WT, V1221, and L55P TTR. This material is available free
of charge via the Internet at http://pubs.acs.org.
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