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ABSTRACT: Although metal ions can promote amyloid formation from many proteins, their effects on the
formation of amyloid from transthyretin have not been previously studied. We therefore screened the
effects of Cu(II), Zn(II), Al(III), and Fe(III) on amyloid formation from wild-type (WT) transthyretin as
well as its V30M, L55P, and T119M mutants. Cu(II) and Zn(II) promoted amyloid formation from the
L55P mutant of transthyretin at pH 6.5 but had little effect on amyloid formation from the other forms
of the protein. Zn(II) promoted L55P amyloid formation at pH 7.4 but Cu(II) inhibited it. Cu(II) gave
dose-dependent quenching of the tryptophan fluorescence of transthyretin and the fluorescence of 1-anilino-
8-naphthalene sulfonate bound to it. Zn(II) gave dose-dependent quenching of the tryptophan but not the
1-anilino-8-naphthalene sulfonate fluorescence. Apparent dissociation constants for Cu(II) and Zn(II) binding
at pH 7.4 of∼10 nM and∼1 µM (∼0.4µM and∼5 µM at pH 6.5), respectively, were obtained from the
quenching data. Zn(II) enhanced urea-mediated the dissociation of the L55P but not the WT transthyretin
tetramer. Cu(II), depending on its concentration, either had no effect or stabilized the WT tetramer but
could enhance urea-mediated dissociation of L55P.

Amyloid fibrils form through the self-association of soluble
protein molecules. About 20 proteins are known to form
disease-associated amyloid; notable examples include Aâ,
amylin, R-synuclein, prion protein, and transthyretin (re-
viewed in (1)). Many other proteins can form amyloid under
appropriatein Vitro conditions, and this has led to the
proposal that amyloid formation is a generic property of all
proteins (2). Irrespective of the parent protein, amyloid fibrils
share many features. They all bind dyes such as Congo Red
and thioflavin T, giving changes in their respective spectro-
scopic properties. Amyloid fibrils are long, unbranched, and
about 10 nm in diameter. They have a characteristic cross-â
structure in which individual polypeptide chains form
â-strands that are oriented perpendicular to the long axis of
the fibril (3, 4).

Transthyretin is an amyloid-forming protein, which has
been extensively studied, both from the perspective of
amyloid-associated disease and as a model with which to
explore the mechanism(s) of amyloid formation. It is a
plasma protein, composed of four identical 127-residue
subunits, which plays a significant role in the transport of
thyroxine. Thyroxine binds in the central cavity of the
transthyretin tetramer (5, 6). Each transthyretin monomer is
composed of twoâ-sheets (strands DAGH and CBEF). The
formation of amyloid from transthyretin has been linked to
three diseases. Senile systemic amyloidosis, which affects
about 25% of the over-80 population, is characterized by

the formation of amyloid from wild-type (WT1) transthyretin
(7). More than 80 point mutations in transthyretin are
associated with the autosomal dominant amyloid diseases,
familial amyloid polyneuropathy, and familial amyloid
cardiomyopathy, depending on the site of the mutation (8).
The most common of these is the V30M mutant, in the B
strand, and the most aggressive is the L55P mutant, in the
D strand (9).

The formation of amyloid from transthyretin is initiated
by tetramer dissociation; the rates of the dissociation of
mutants of transthyretinin Vitro correlate well with the
corresponding disease severity (10). Consistent with this,
mutations such as T119M, which stabilize the transthyretin
tetramerin Vitro (11, 12), also protect against disease in
heterozygotes bearing a disease-linked mutation (13). The
monomer species generated by dissociation of the transthyre-
tin tetramer must convert into an amyloidogenic intermediate
before forming amyloid fibers. The details of this process
are incompletely understood, although it has been shown that
partial denaturation of the monomer is required (14, 15). In
studies of the purified proteins, this partial denaturation is
often achieved by allowing amyloid formation to occur at
mildly acidic pH (12, 16, 17).

Metal ions have been shown to interact with a number of
amyloid-forming proteins. An extensively studied case is that
of the Aâ peptide associated with Alzheimer’s disease. Cu-
(II), Zn(II), and Fe(III) all promote the aggregation of Aâ
(18), and redox reactions elicited by the binding of Cu(II)
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have been proposed to play a role in the pathological effects
of Aâ through the production of neurotoxic reactive oxygen
species (19-21). Similarly, Cu(II), Fe(III), Co(III), and Mn-
(II) promote the formation of amyloid fromR-synuclein,
which is associated with Parkinson’s disease (22, 23), Cu-
(II) promotes the aggregation of pathogenic immunoglobulin
light chains (24), Cu(II) and Zn(II) modulate the aggregation
and neurotoxicity of prion protein (25-27), and Cu(II) has
been implicated in the formation of amyloid fromâ2-
microglobulin (28-32). The mechanism(s) by which metal
ions can promote the formation of amyloid remain to be fully
elucidated. However, structural (31) and molecular simulation
studies (32) of the effects of Cu(II) onâ2-microglobulin
amyloid formation suggest that Cu(II) catalyzes the formation
of a conformationally altered form of the protein, which can
then form oligomers that are stabilized by Cu(II).

The effects of metal ions on transthyretin amyloid forma-
tion have not been previously studied, though the finding
that catalase, which degrades hydrogen peroxide, protects
cells against the toxic effects of V30M amyloid (33) raises
the possibility that metal ion-initiated redox reactions may
be important in the transthyretin amyloid diseases and, by
inference, that metal ions may modulate transthyretin amy-
loidogenesis. Below, we report the results of an investigation
of the metal ion-binding properties of transthyretin and the
effects of metal ions on the formation of amyloid from the
protein. We show that Zn(II) and Cu(II) bind to the same
binding site(s) on transthyretin with respective apparent
dissociation constants in the low micromolar and low
nanomolar ranges. These metal ions (depending on the
transthyretin mutant and reaction pH) can promote the
formation of amyloid; this effect may be a consequence of
metal ion-induced destabilization of the transthyretin tet-
ramer.

EXPERIMENTAL PROCEDURES

Expression and Purification of Transthyretin.Plasmid
pMMHa, containing cDNA for the L55P mutant of tran-
sthyretin, was a gift from Dr. J. W. Kelly (Scripps Institute,
La Jolla, CA). The transthyretin insert in this plasmid was
back-mutated to WT transthyretin and then to the V30M and
T119M mutants using QuikChange site-directed mutagenesis
kits (Stratagene, La Jolla, CA), following the manufacturer’s
instructions. The double mutant, L55PH56G, was constructed
in the same way. The integrity of all of these constructs was
confirmed by DNA sequencing (Sydney University Prince
Alfred Macromolecular Analysis Centre). Plasmids contain-
ing these constructs were transfected into competentE. coli
(BL21 RIG) cells, which were cultured at 37°C in LB
containing 100µg/mL ampicillin and 34µg/mL chloram-
phenicol. The cultures were induced by the addition of IPTG
(1.75 mM) and grown for a further 3 h at 37°C. They were
then harvested by centrifugation (8000 rpm, 10 min).

The cell pellets obtained as above were resuspended in
lysis buffer (50 mM Tris, 100 mM NaCl, and 1 mM EDTA
at pH 8.0) in the presence of lysozyme (1 mg/mL) and PMSF
(1 mM). The resuspended cells were lysed by three cycles
of freeze-thaw and incubated at 4°C for 30 min in the
presence of DNase I (10µg/mL), MgCl2 (10 mM), and
PMSF (1 mM). Following the removal of cell debris by
centrifugation (17,000 rpm, 30 min), the recombinant protein

was purified by ammonium sulfate fractionation and anion
exchange chromatography as described in ref17, except that
DEAE-Sephacel was used as the ion exchange matrix. The
purity of transthyretin preparations was confirmed by SDS-
PAGE, exploiting the fact that unboiled samples migrate as
dimer (∼28 kDa), while boiled samples migrate as monomer
(∼14 kDa) (34). Purified transthyretin was stored at 4°C as
a 90% saturated ammonium sulfate pellet. When needed,
samples were dissolved in 25 mM sodium phosphate at pH
7.0 and then desalted by passage through PD-10 columns
(Amersham Biosciences) equilibrated by the same buffer.
Transthyretin solutions made in this way were stored at
4 °C and were always used within a few days of preparation
(17).

Effects of Metal Ions on Transthyretin Amyloid Formation.
Transthyretin (0.2 mg/mL) in 20 mM MES and 150 mM
NaCl at pH 6.5 or 20 mM HEPES and 150 mM NaCl at pH
7.4 in the presence of various metal ions (as chloride salts,
except Cu(II) sulfate; all from Sigma Chemical Co.) as
indicated in the figure legends were incubated for various
time periods at 37°C. Following the incubation period,
samples were removed and assayed for amyloid and insoluble
aggregates as described below.

Fluorescence and Light-Scattering Assays.Fluorescence
and light-scattering assays were carried out using a Carey
Eclipse spectrofluorimeter with the cell-holder maintained
at 25 °C. Amyloid formation was monitored using the
amyloid-specific dye, thioflavin T (ThT; Sigma Chemical
Co.). ThT was added to a final concentration of 10µM, and
fluorescence emission spectra were recorded between 450
and 550 nm (5 nm bandpass), following excitation at 442
nm (5 nm bandpass). The data reported below are fluores-
cence intensities at the emission maximum (482 nm) and
have been corrected for background from fluorescent inten-
sity measurements obtained in the absence of ThT. Total
protein aggregation was estimated by the light-scattering of
the samples before the addition of ThT, monitored as
apparent fluorescence intensity at 450 nm (5 nm bandpass).

Tryptophan fluorescence emission spectra of transthyretin
samples (1µM for Cu(II) titrations and 15µM for Zn(II)
titrations), in the above pH 6.5 or 7.4 buffers, were recorded
between 300 and 400 nm (5 nm bandpass) with excitation
at 292 nm (5 nm bandpass). The data reported are the relative
area under the emission spectra obtained from triplicate scans.
The fluorescence of 1-anilino-8-naphthalene sulfonate (ANS;
Sigma Chemical Co.) bound to transthyretin was measured
at the ANS concentrations indicated in the figure legends,
with transthyretin at 15µM in the above buffer. The emission
spectra of ANS were recorded between 400 and 500 nm (5
nm bandpass) with excitation at 370 nm (5 nm bandpass).
The data reported are the relative area under the emission
spectra obtained from triplicate scans.

Urea-Mediated Unfolding of Transthyretin.Transthyretin
samples (0.1 mg/mL in 20 mM HEPES, 150 mM NaCl, and
5 M urea at pH 7.4), either in the absence of added metal
ions or with Zn(II), or with 0.2 mM glycine and Cu(II), were
incubated in the dark at 25°C, and at various times up to
96 h, tryptophan fluorescence emission spectra were recorded
as above. The extent of unfolding of transthyretin was
estimated from the 355:335 nm emission intensity ratio (35).

Data Analysis.Fluorescence quenching data obtained at
low transthyretin concentrations were analyzed by fitting eq
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1, in which F is the measured fluorescence intensity, [M]
the metal ion concentration,F0 the starting fluorescence
intensity,Famp the overall change in fluorescence intensity,
and Kd(App) is the apparent dissociation constant (36) by
nonlinear regression analysis using SigmaPlot version 8.02
(SPSS, Chicago, IL).

Equation 2, (36), in which P0 is the transthyretin concen-
tration, was similarly used to analyze quenching data
obtained at high transthyretin concentrations.

The kinetics of urea-mediated unfolding were analyzed
by fitting eq 3, whereR is the emission ratio,R0 is the initial
ratio, A is the amplitude change, andk is the dissociation
rate constant (10), to the data by nonlinear regression analysis
as described above.

RESULTS

Screening Metal Ions for the Enhancement of the Forma-
tion of Amyloid from Transthyretin.A number of metal ions,
including Zn(II), Cu(II), Fe(III), and Al(III), have been shown
to elicit the aggregation of Aâ peptide (18). Therefore, we
screened these metal ions for their effects on the formation
of amyloid from WT transthyretin as well from its V30M,
L55P, and T119M mutants. This analysis was carried out at
the physiologically acidotic pH of 6.5, as previous studies
have indicated a role for physiological acidosis in metal ion-
induced amyloidosis (18). The results of this investigation
(Figure 1) showed that consistent with previous findings the
propensity of these transthyretin variants to form amyloid
was L55P> V30M > WT > T119M in the absence of added
metal ions (10, 12, 37). Fe(III) and Al(III) did not signifi-
cantly enhance amyloid formation for any of the transthyretin
variants tested, but both Zn(II) and Cu(II) gave significant
enhancements of amyloid formation from the L55P mutant.

Effects of Metal Ions on the Time Course of Transthyretin
Amyloid Formation at pH 6.5 and pH 7.4.We assessed the
effects of Cu(II) and Zn(II) on the time course of transthyretin
amyloid formation by monitoring light scattering of the
samples (a measure of total protein aggregation) as well as
their thioflavin T fluorescence to follow amyloid formation.
The light-scattering data (Figure 2A and B) showed that the
presence of Cu(II) or Zn(II) had little effect on the aggrega-
tion of WT transthyretin at pH 6.5. In contrast, Zn(II) and
especially Cu(II) promoted the formation of insoluble ag-
gregates of the mutant L55P. As a step toward assessing
which residues in transthyretin might contribute to the metal
ion binding site(s) responsible for these effects, we tested
the effects of metal ions on the double mutant, L55PH56G.
Aggregation of this mutant was indistinguishable from L55P
in the absence of added metal ions but both Cu(II) and Zn-
(II) promoted its aggregation less than they did L55P. This
suggests that His56 may contribute to the metal ion binding
site responsible for these effects.

A similar pattern of data was observed when the effects
of Cu(II) and Zn(II) on amyloid formation at pH 6.5 was
measured (Figure 3A and B). Cu(II) and Zn(II) both had no
effect on amyloid formation from WT transthyretin but
increased the rate of its formation from L55P. The observa-
tion that Zn(II) and especially Cu(II) had relatively little
effect on the L55PH56G double mutant supports the conclu-
sion drawn from the light-scattering data: His56 may
contribute to the metal ion binding site on transthyretin
needed for the enhancement of amyloid formation.

In contrast, when similar experiments were carried out at
pH 7.4, it was found that although both Zn(II) and Cu(II)
promoted the formation of insoluble aggregates (results not
shown) only Zn(II) had a similar effect on the formation of
amyloid (Figure 4A) with Cu(II) leading to the inhibition of
amyloid formation (Figure 4B).

Probing Cu(II) and Zn(II)-Induced Changes in Tran-
sthyretin by Fluorescence.The effects of metal ions on
amyloid formation presented above prompted us to charac-
terize the Cu(II)- and Zn(II)-binding properties of transthyre-
tin. We assessed whether the binding of Cu(II) and Zn(II)
to transthyretin induced changes in its structure by carrying
out two series of fluorescence experiments. In the first, we
exploited the fact that each transthyretin monomer contains
two tryptophan residues, Trp41 and Trp79. The fluorescence
of Trp79, which is almost solvent-inaccessible, is largely
quenched, whereas Trp41, which is partly solvent-exposed,
exhibits appreciable fluorescence (16, 37). Therefore, we
examined the effects of titrating Cu(II) and Zn(II) into
transthyretin solutions on the tryptophan fluorescence of the
protein.

The results of this showed that the addition of both metal
ions led to dose-dependent decreases in the tryptophan

F ) F0 - Famp[M]/(Kd(App) + [M]) (1)

F ) F0 - Famp(([M] + P0 + Kd(App)) -

x([M] + P + Kd(App))
2 - 4P0[M]/2P0 (2)

R ) R0 + A(1 - exp(-kt)) (3)

FIGURE 1: Effects of different metal ions on the formation of
amyloid from transthyretin. The thioflavin T fluorescence of
amyloid formed from the L55P (white bars), V30M (black bars),
WT (hatched bars), and T119M forms of transthyretin (gray bars)
for 0.2 mg/mL protein samples in 20 mM MES, 150 mM NaCl at
pH 6.5 after a 72 h incubation at 37°C in the presence or absence
of 80 µM metal ions was measured as described in Experimental
Procedures. The data are the means( standard deviations of
triplicate determinations. Student’st-test analyses showed that Cu-
(II) and Zn(II) significantly enhanced the formation of amyloid from
L55P, compared to that with no added metal ions (p < 0.05,
indicated by *).
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fluorescence of WT transthyretin, with Cu(II) giving>90%
quenching of the initial fluorescence and Zn(II) giving∼30%
quenching (Figure 5A and B). Similar extents of quenching
were seen for the L55P and V30M mutants, and the extents
of quenching were independent of pH over the range 5.5-
7.4 (results not shown). These results imply that the binding
of both Cu(II) and Zn(II) to transthyretin leads to changes
in the local environment of Trp41.

We assessed whether these changes involved an alteration
in the solvent exposure of Trp41 by plotting the 355:335
nm fluorescence emission ratio as a function of metal ion
concentration. This approach has been used previously to
monitor the denaturation of transthyretin; this ratio is
proportional to the solvent accessibility of Trp41, being
∼0.85 for the native protein, increasing to∼1.3 upon
denaturation (10, 35). An analogous strategy was also used

by Eakin et al. (29) in their investigation of Cu(II) binding
sites in non-native states ofâ2-microglobulin.

We found that the 355:335 nm fluorescence emission ratio
of transthyretin was constant at 0.87( 0.02, regardless of
the presence or absence of Cu(II) or Zn(II), or their
concentrations (results not shown). Collectively, these data
suggest that the initial binding of both Cu(II) and Zn(II) to
transthyretin leads to changes in the microenvironment of
Trp41, but these changes do not result in marked changes
in the solvent accessibility of this residue.

In the second series of fluorescence experiments, we used
the fluorescent probe, 1-anilino-8-naphthalenesulfonate (ANS)
to monitor metal ion-induced changes in the surface hydro-
phobicity of transthyretin. ANS is thought to bind in the
central cavity of transthyretin because it is displaced upon
the binding of thyroxine (38), a property that has been used
to quantitate thyroxine binding to transthyretin (39, 40).
When Zn(II) was titrated into solutions of transthyretin
containing 10µM ANS, there was no significant change in
their ANS fluorescence, which, consistent with the work of

FIGURE 2: Effects of Zn(II) and Cu(II) on the time course of
insoluble transthyretin aggregate formation at pH 6.5. The formation
of insoluble aggregates from transthyretin (0.2 mg/mL in 20 mM
MES and 150 mM NaCl at pH 6.5) at 37°C was monitored
by light scattering in the presence (closed symbols) and
absence (open symbols) of 80µM Zn(II), Panel A, or 80µM Cu-
(II), Panel B, as described in Experimental Procedures. The
transthyretin samples were L55P (O, b), WT (0, 9), and
L55PH56G (4, 2). The data shown are representative of three
independent experiments.

FIGURE 3: Effects of Zn(II) and Cu(II) on the time course of
insoluble transthyretin amyloid formation at pH 6.5. The formation
of amyloid from transthyretin (0.2 mg/mL in 20 mM MES and
150 mM NaCl at pH 6.5) at 37°C was monitored by thioflavin T
fluorescence in the presence (closed symbols) and absence
(open symbols) of 80µM Zn(II), Panel A, or 80µM Cu(II), Panel
B, as described in Experimental Procedures. The transthyretin
samples were L55P (O, b), WT (0, 9), and L55PH56G (4, 2).
The data shown are representative of three independent
experiments.
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others, had an emission maximum of∼470 nm (37). In
contrast, the addition of Cu(II) to these solutions gave dose-
dependent changes in their ANS fluorescence to∼50% of
their initial values, with no significant change in the emission
maximum. Zn(II) and Cu(II) had the same effects, regardless
of whether WT transthyretin or its L55P and V30M mutants
were used. These data collectively suggest that the binding
of Cu(II) but not Zn(II) to transthyretin, leads to structural
changes in its central thyroxine-binding cavity, with an
increase in its hydrophobicity.

Estimation of the Affinity Constants for Cu(II) and Zn(II)
Binding to Transthyretin.The data in Figure 5A show the
dose dependence of quenching of WT transthyretin tryp-
tophan fluorescence by Zn(II) at pH 7.4. Fitting of eq 2 to
these data yielded an estimate of the apparentKd(App) for Zn-
(II) binding to transthyretin of 1.2( 0.3 µM. An analysis
of an equivalent experiment carried out at pH 6.5 gave a

Kd(App) estimate of 4.8( 0.6µM. The estimatedKd(App) values
obtained from analyses of experiments carried out using the
L55P and L55PH56G transthyretin mutants were similar to
these (Table 1). This suggests that the L55P mutation does
not perturb the Zn(II) binding site(s) on transthyretin and
that His56 does not make a major contribution to these site-
(s). Our finding that Zn(II) binds to transthyretin with a low
micromolar apparent dissociation constant may be compared
to Kd(App) values of 0.8 and 0.4µM reported for the binding
of Zn(II) to Aâ and PrP52-98, respectively (36, 41).

Before analyzing the tryptophan and ANS fluorescence
data to obtain estimates of the affinity constants for Cu(II)
binding to transthyretin, we noted that Cu(II) can hydrolyze
to form hydroxy or oxy polymers, which may either be
unable to bind or may bind to proteins in a nonspecific

FIGURE 4: Effects of Zn(II) and Cu(II) on the time course of
insoluble transthyretin amyloid formation at pH 7.4. The formation
of amyloid from transthyretin (0.2 mg/mL in 20 mM HEPES and
150 mM NaCl at pH 7.4) at 37°C was monitored by thioflavin T
fluorescence as described in Experimental Procedures. Panel A:
Effects of the presence of Zn(II); amyloid formation from L55P in
the presence (b) and absence (O) of 80 µM Zn(II), WT in the
presence (9) and absence (0) of 80 µM Zn(II), and L55PH56G in
the presence (2) and absence (4) of 80µM Zn(II). Panel B: Effects
of the presence of Cu(II); amyloid formation from L55P in the
presence (b) and absence (O) of 80µM Cu(II), WT in the presence
(9) and absence (0) of 80 µM Cu(II), and L55PH56G in the
presence (2) and absence (4) of 80 µM Cu(II). The data shown
are representative of two independent experiments.

FIGURE 5: Metal ion concentration dependence of quenching of
tryptophan and ANS fluorescence. The effects of Zn(II) on the
tryptophan fluorescence of WT transthyretin (panel A) as well as
the effects of Cu(II) on the tryptophan fluorescence of WT
transthyretin (panel B, open symbols) and the effects of Cu(II) on
the fluorescence of ANS bound to WT transthyretin (panel B, closed
symbols) were measured as described in Experimental Procedures.
Equation 1, Zn(II) tryptophan fluorescence intensity data, and eq
2, Cu(II) tryptophan fluorescence intensity data, were fitted to these
data by nonlinear regression analysis. The data shown are repre-
sentative of two independent experiments.
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manner, masking high affinity Cu(II) binding sites (26).
Therefore, following the approach of others in their studies
of the binding of Cu(II) to prion protein (26, 36, 42), all
Cu(II) titrations were carried out using buffers containing
200 µM glycine. Glycine serves as a metal ion buffer and
also because the affinity constants of glycine for Cu(II) as a
function of pH are known (43), it is possible to calculate
the free Cu(II) concentration from total Cu(II) and glycine
concentrations.

The data shown in Figure 5B indicate that quenching of
both tryptophan and ANS fluorescence for WT transthyretin
at pH 7.4 occurs in a dose-dependent manner when the free
Cu(II) concentration varied over the range 10-10-10-6 M.
Fitting of eq 1 to the tryptophan fluorescence intensity data
gave an estimate of 15.7( 0.1 nM for theKd(App) value.
Because the ANS fluorescence intensity curve is biphasic,
(see Discussion for an interpretation of this), it was not
appropriate to fit eq 2 to these data. However, the half-
maximal change in ANS fluorescence intensity occurred at
a Cu(II) concentration of∼2-3 nM. These low nanomolar
apparentKd estimates suggest that transthyretin binds Cu-
(II) more tightly thanR-synuclein and Aâ (Kd(App) ∼100 nM
in both cases (23, 44) andâ2-microglobulin (Kd(App) ∼3 µM
(28)), much more tightly than immunoglobulin L chains
(Kd(App) ∼100µM (24)), but more weakly than prion protein
(Kd values in the femtomolar-nanomolar range; (36, 42)).
As was the case for Zn(II) binding to transthyretin, values
similar to those shown in Figure 5B that were carried out
using the L55P and L55PH56G transthyretin mutants at both
pH 6.5 and pH 7.4 (Table 1) for Cu(II) binding were obtained
from analyses of equivalent tryptophan fluorescence experi-
ments, implying that the L55P mutation does not perturb
the Cu(II) binding site(s) on transthyretin and that His56 does
not make a major contribution to these site(s).

Are there Distinct Binding Sites on Transthyretin for Cu-
(II) and Zn(II)? We sought to establish whether Cu(II) and
Zn(II) bind to the same site(s) on transthyretin by exploiting
our finding that Cu(II) gave far more pronounced quenching
of the fluorescence of Trp41 than Zn(II). From this we
reasoned that if Cu(II) and Zn(II) bind to the same site(s)
on transthyretin, then titration of Zn(II) into samples of
transthyretin that had already received sufficient Cu(II) to
quench their tryptophan fluorescence by more than∼30%
would lead to partial recovery of fluorescence, with the Zn-
(II) displacing bound Cu(II). Conversely, if the Zn(II) titration
was carried out using transthyretin samples that had received
sufficient Cu(II) to quench tryptophan fluorescence by less
than 30%, then the addition of Zn(II) would lead to further
quenching. In contrast, if the metal ion-induced quenching
arose from the binding of Cu(II) and Zn(II) at independent
sites, then the titration of Zn(II) into transthyretin samples
that had already received Cu(II) would lead to further
quenching, regardless of the extent of quenching achieved

by the prior addition of Cu(II). The results of an experiment
designed to distinguish between these possibilities are shown
in Figure 6. From this, it is apparent that when sufficient
Cu(II) has been added to quench tryptophan fluorescence
by more than∼30%, then the addition of Zn(II) leads to
dose-dependent increases in fluorescence (Figure 6,4, O,
and9). However, when Cu(II) has been added to give less
than ∼30% quenching, the addition of Zn(II) gives dose-
dependent decreases in fluorescence (Figure 6,0). This
pattern of data is consistent with there being a single class
of binding sites on transthyretin for both Cu(II) and Zn(II).

Link between Metal Ion Binding and Enhanced Amyloid
Formation.The data presented above show that Cu(II) and
Zn(II) can bind to transthyretin and that this can be
functionally correlated with enhanced amyloid formation,
especially for the L55P transthyretin mutant. The rate-
limiting step in the formation of amyloid from transthyretin
is the dissociation of the tetramer into native monomer; this
is followed by rapid unfolding of the monomer and its
subsequent passage down the amyloidogenic pathway. One
way in which this has been demonstrated is by measuring
the rates of urea-mediated dissociation of the tetramer; these
rates correlate well with the rates of amyloid formation from
different transthyretin mutants (10, 12, 15).

Therefore, we examined the effects of the presence of Zn-
(II) and Cu(II) on the rates of urea-mediated dissociation of
WT and L55P transthyretin. The results of this showed that

Table 1: Estimates of theKd(App) Values for Metal Ion Binding to Transthyretina

WT L55P L55PH56G

pH Zn(II) Cu(II) Zn(II) Cu(II) Zn(II) Cu(II)

6.5 4.8( 0.6µM 0.41( 0.02µM 5.7 ( 1.7µM 0.38( 0.02µM 8 ( 1 µM 0.44( 0.04µM
7.4 1.2( 0.3µM 15.7( 0.1 nM 1.5( 0.6µM 13 ( 1 nM 1.0( 0.4µM 10 ( 1 nM
a The Kd(App) values shown were obtained by nonlinear regression analysis of the results of tryptophan fluorescence experiments of the type

shown in Figure 5, using the WT, L55P, and L55PH56G forms of transthyretin, as described in Experimental Procedures.

FIGURE 6: Quenching of the tryptophan fluorescence of transthyre-
tin: competition between Cu(II) and Zn(II). The tryptophan
fluorescence of WT transthyretin (15µM in 20 mM HEPES and
150 mm NaCl at pH 7.4) was measured in the presence of either
Zn(II) only (b) or Cu(II) at the indicated concentrations as described
in Experimental Procedures. At the points in the titrations indicated
by the arrows (10µM added Cu(II), (0); 40 µM added Cu(II),
(4); 60 µM added Cu(II), (O); and 80µM added Cu(II), (9)), Zn-
(II) was titrated into the samples in 5µM increments. The lines
shown are drawn to guide the eye. The data shown are representa-
tive of two independent experiments.
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the presence of Zn(II) had little effect on the rate of
dissociation of WT transthyretin (Figure 7A), whereas Cu-
(II) at low concentrations (20µM added) stabilized the
tetramer. Higher concentrations of Cu(II) (100µM added)
led to a modest increase in the dissociation rate, which was
not statistically significant (fitted rate constants of 0.05(
0.01 h-1 in the absence of Cu(II) and 0.07( 0.01 h-1 in the
presence of 100µM added Cu(II)) (Figure 7B).

In contrast, the presence of 10 or 50µM Zn(II) enhanced
the rate of dissociation of the L55P tetramer (respective fitted
rate constants of 0.53( 0.08 h-1 and 0.46( 0.11 h-1

compared to 0.22( 0.03 h-1 in the absence of metal ions;
Figure 7C). Low concentrations of Cu(II) (20µM added)
had little effect on the dissociation rate, but higher concentra-
tions (100µM added) led to enhanced dissociation (fitted
rate constant of 0.38( 0.05 h-1 compared to 0.22( 0.03
h-1 in the absence of metal ions; Figure 7D).

DISCUSSION

Our data show that transthyretin is a metal-binding protein,
capable of binding both Zn(II) and Cu(II) at a single class

of binding site(s), with affinities comparable to those reported
for other amyloid-forming proteins. The low micromolar
apparent dissociation constant for Zn(II) binding to tran-
sthyretin, coupled with the finding that plasma Zn(II)
concentrations are typically about 15µM (45), suggests that
the binding of Zn(II) to transthyretin may be physiologically
relevant. The potential physiological relevance of the binding
of Cu(II) to transthyretin is more difficult to assess. Plasma
Cu(II) levels typically fall in the range 7-40 µM, with a
median of 17µM. Most plasma Cu(II) is tightly bound to
proteins, including caeruloplasmin, albumin, and transcuprein
(46, 47). However, removal of the protein fraction of plasma
by ultra-filtration or polymer adsorption has allowed esti-
mates of the free plasma Cu(II) levels to be made; these lie
in the range 0.3-0.8 µM (48). A comparison of this range
with theKd(App) of transthyretin for Cu(II) of∼10 nM (Table
1) suggests that the transthyretin-Cu(II) interaction may be
physiologically relevant.

Binding of these metal ions to transthyretin has both
structural and functional consequences. The data in Figure
5A and B show that binding of both Zn(II) and Cu(II) to

FIGURE 7: Effects of Zn(II) and Cu(II) on urea-mediated dissociation of transthyretin. Urea-mediated dissociation of WT (panels A and B)
and L55P transthyretin (panels C and D) was monitored by measuring the ratio of fluorescence emission at 355 to 335 nm as described in
Experimental Procedures. Panels A and C show data for transthyretin dissociation in the absence of metals (b), with 10µM Zn(II) (4), and
with 50 µM Zn(II) (9). Panels B and D show data for transthyretin dissociation in the absence of metals (b), with 20 µM Cu(II) (4), and
with 100 µM Cu(II) (9). The lines show the results of fitting eq 3 to the data. The data shown are representative of two independent
experiments.
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transthyretin leads to dose-dependent decreases in its tryp-
tophan fluorescence intensity. Consistent with the fact that
only one of the two tryptophan residues in each transthyretin
monomer (Trp41) exhibits significant fluorescence (16, 37),
the tryptophan fluorescence curves in Figure 5A and B show
a monophasic dependence on metal ion concentration. This
implies that metal ion binding to transthyretin leads to
perturbation of the local environment of Trp41. In addition,
binding of Cu(II) but not Zn(II) to transthyretin leads to dose-
dependent decreases in the fluorescence intensity of the
hydrophobic probe, ANS (Figure 5B). Given that ANS binds
in the central thyroxine-binding pocket of transthyretin (38),
this implies that the region of the protein is perturbed upon
binding of Cu(II). However, inspection of the ANS
fluorescence intensity curve in Figure 5B shows that in
contrast to the tryptophan fluorescence intensity curve the
ANS fluorescence intensity shows a biphasic response to
increasing concentrations of Cu(II). Equilibrium dialysis,
difference absorption spectroscopy, and fluorescence en-
hancement studies have shown that the transthyretin tetramer
can bind two molecules of ANS, with dissociation constants
in the low micromolar range (38, 49). It is therefore
possible that the biphasic ANS fluorescence intensity curve
in Figure 5B reflects differential effects of the binding of
Cu(II) on the local micro-environments of the two ANS
binding sites.

Moreover, both metal ions can enhance amyloid formation
from transthyretin, in a manner that varies with the pH and
mutations in transthyretin. A comparison of the patterns of
data shown in Figures 3, 4, and 7 suggests a possible
mechanism for this enhancement of amyloid formation by
metal ions. In the case of WT transthyretin, neither Cu(II)
nor Zn(II) had any effect on the rate of amyloid formation
at pH 6.5 or 7.4 (Figures 3 and 4, respectively). Zn(II) had
no effect on the rate of urea-induced dissociation of the WT
transthyretin tetramer (Figure 7A), and Cu(II), depending on
its concentration, either had no effect on the dissociation or
actually stabilized the tetramer (Figure 7B). In contrast, Zn-
(II) promoted amyloid formation from L55P at pH 6.5 and
7.4 (Figures 3A and 4A); this can be correlated with the
finding that the L55P tetramer dissociated more rapidly in
the presence of Zn(II) than in its absence. Given that the
rate-limiting step in transthyretin amyloidogenesis is tetramer
dissociation (10-12, 50), the enhancement of tetramer
dissociation by Zn(II) would be expected to lead to an
increased rate of amyloid formation, as was found experi-
mentally. Similar reasoning may be applied to the enhance-
ment of amyloid formation from L55P by Cu(II). This ion,
at least at relatively high concentrations, promoted urea-
induced tetramer dissociation and thus might be expected to
similarly promote amyloid formation.

There are two seemingly paradoxical aspects of our
findings. One is that although the L55PH56G mutant shows
impaired metal ion enhancement of amyloid formation,
compared to that of L55P (Figures 3 and 4), its ability to
bind Cu(II) and Zn(II) is indistinguishable from that of L55P
(Table 1). This implies that if the region of transthyretin
centered on this residue forms part of its metal ion binding
site(s), His56 may not be a major part of it. Also, although
both Zn(II) and Cu(II) promoted amyloid formation from
the L55P mutant at pH 6.5 (Figure 3A and B), only Zn(II)
promoted amyloid formation at pH 7.4, with Cu(II) being

inhibitory (Figure 4A and B). These data may be interpreted
as suggesting that at this pH Cu(II) may direct transthyretin
down a pathway leading to the formation of amorphous
aggregates rather than amyloid. Similar pH-dependent varia-
tions in the formation of amyloid from theL55P mutant have
been noted previously; the incubation of L55P at pH 5-5.5
leads to amyloid formation, but amorphous species are
generated when it is incubated under more acidic conditions
(17).

A deeper understanding of the role of metal ions in
transthyretin amyloidogenesis will require knowledge of the
structure(s) of the metal ion binding site(s) on the protein.
Preliminary crystallographic data reported by Sato et al. (51)
suggest that Cr(III) binds close to Glu54; our studies of the
L55PH56G transthyretin mutant also suggest that this region
of the protein may provide a metal ion binding site. As a
first step toward testing this conjecture, crystallization
screening trials of WT and transthyretin mutants in the
presence of both Zn(II) and Cu(II) are underway in this
laboratory.

ACKNOWLEDGMENT

We thank Dr. J. W. Kelly (Scripps Institute, La Jolla, CA)
for his gift of the pMMHa plasmid.

REFERENCES

1. Chiti, F., and Dobson, C. M. (2006) Protein misfolding, functional
amyloid, and human disease,Annu. ReV. Biochem. 75, 333-366.

2. Dobson, C. M. (2003) Protein folding and misfolding,Nature 426,
884-890.

3. Sunde, M., Serpell, L. C., Bartlam, M., Fraser, P. E., Pepys, M.
B., and Blake, C. C. (1997) Common core structure of amyloid
fibrils by synchrotron X-ray diffraction,J. Mol. Biol. 273, 729-
739.

4. Makin, O. S., Atkins, E., Sikorski, P., Johansson, J., and Serpell,
L. C. (2005) Molecular basis for amyloid fibril formation and
stability, Proc. Natl. Acad. Sci. U.S.A. 102, 315-320.

5. Blake, C. C., and Oatley, S. J. (1977) Protein-DNA and protein-
hormone interactions in prealbumin: a model of the thyroid
hormone nuclear receptor?Nature 268, 115-120.

6. Wojtczak, A., Neumann, P., and Cody, V. (2001) Structure of a
new polymorphic monoclinic form of human transthyretin at 3 Å
resolution reveals a mixed complex between unliganded and T4-
bound tetramers of TTR,Acta Crystallogr., Sect. D 57, 957-
967.

7. Westermark, P., Sletten, K., Johansson, B., and Cornwell, G. G.,
III. (1990) Fibril in senile systemic amyloidosis is derived from
normal transthyretin,Proc. Natl. Acad. Sci. U.S.A. 87, 2843-
2845.

8. Saraiva, M. J. (2001) Transthyretin mutations in hyperthyroxinemia
and amyloid diseases,Hum. Mutat. 17, 493-503.

9. Saraiva, M. J. (2001) Transthyretin amyloidosis: a tale of weak
interactions,FEBS Lett. 498, 201-203.

10. Hammarstrom, P., Jiang, X., Hurshman, A. R., Powers, E. T., and
Kelly, J. W. (2002) Sequence-dependent denaturation energetics:
A major determinant in amyloid disease diversity,Proc. Natl.
Acad. Sci. U.S.A. 99, 16427-16432.

11. Hammarstrom, P., Schneider, F., and Kelly, J. W. (2001) Trans-
suppression of misfolding in an amyloid disease,Science 293,
2459-2462.

12. Hammarstrom, P., Wiseman, R. L., Powers, E. T., and Kelly, J.
W. (2003) Prevention of transthyretin amyloid disease by changing
protein misfolding energetics,Science 299, 713-716.

13. Longo Alves, I., Hays, M. T., and Saraiva, M. J. (1997)
Comparative stability and clearance of [Met30]transthyretin and
[Met119]transthyretin,Eur. J. Biochem. 249, 662-668.

14. Quintas, A., Vaz, D. C., Cardoso, I., Saraiva, M. J., and Brito, R.
M. (2001) Tetramer dissociation and monomer partial unfolding
precedes protofibril formation in amyloidogenic transthyretin
variants,J. Biol. Chem. 276, 27207-27213.

9130 Biochemistry, Vol. 46, No. 31, 2007 Wilkinson-White and Easterbrook-Smith



15. Jiang, X., Smith, C. S., Petrassi, H. M., Hammarstrom, P., White,
J. T., Sacchettini, J. C., and Kelly, J. W. (2001) An engineered
transthyretin monomer that is nonamyloidogenic, unless it is
partially denatured,Biochemistry 40, 11442-11452.

16. Lai, Z., Colon, W., and Kelly, J. W. (1996) The acid-mediated
denaturation pathway of transthyretin yields a conformational
intermediate that can self-assemble into amyloid,Biochemistry
35, 6470-6482.

17. Lashuel, H. A., Wurth, C., Woo, L., and Kelly, J. W. (1999) The
most pathogenic transthyretin variant, L55P, forms amyloid fibrils
under acidic conditions and protofilaments under physiological
conditions,Biochemistry 38, 13560-13573.

18. Atwood, C. S., Moir, R. D., Huang, X., Scarpa, R. C., Bacarra,
N. M., Romano, D. M., Hartshorn, M. A., Tanzi, R. E., and Bush,
A. I. (1998) Dramatic aggregation of Alzheimer abeta by Cu(II)
is induced by conditions representing physiological acidosis,J.
Biol. Chem. 273, 12817-12826.

19. Huang, X., Cuajungco, M. P., Atwood, C. S., Hartshorn, M. A.,
Tyndall, J. D., Hanson, G. R., Stokes, K. C., Leopold, M.,
Multhaup, G., Goldstein, L. E., Scarpa, R. C., Saunders, A. J.,
Lim, J., Moir, R. D., Glabe, C., Bowden, E. F., Masters, C. L.,
Fairlie, D. P., Tanzi, R. E., and Bush, A. I. (1999) Cu(II)
potentiation of alzheimer abeta neurotoxicity. Correlation with cell-
free hydrogen peroxide production and metal reduction,J. Biol.
Chem. 274, 37111-37116.

20. Huang, X., Atwood, C. S., Hartshorn, M. A., Multhaup, G.,
Goldstein, L. E., Scarpa, R. C., Cuajungco, M. P., Gray, D. N.,
Lim, J., Moir, R. D., Tanzi, R. E., and Bush, A. I. (1999) The A
beta peptide of Alzheimer’s disease directly produces hydrogen
peroxide through metal ion reduction,Biochemistry 38, 7609-
7616.

21. Opazo, C., Huang, X., Cherny, R. A., Moir, R. D., Roher, A. E.,
White, A. R., Cappai, R., Masters, C. L., Tanzi, R. E., Inestrosa,
N. C., and Bush, A. I. (2002) Metalloenzyme-like activity of
Alzheimer’s disease beta-amyloid. Cu-dependent catalytic conver-
sion of dopamine, cholesterol, and biological reducing agents to
neurotoxic H(2)O(2),J. Biol. Chem. 277, 40302-40308.

22. Uversky, V. N., Li, J., and Fink, A. L. (2001) Metal-triggered
structural transformations, aggregation, and fibrillation of human
alpha-synuclein. A possible molecular NK between Parkinson’s
disease and heavy metal exposure,J. Biol. Chem. 276, 44284-
44296.

23. Rasia, R. M., Bertoncini, C. W., Marsh, D., Hoyer, W., Cherny,
D., Zweckstetter, M., Griesinger, C., Jovin, T. M., and Fernandez,
C. O. (2005) Structural characterization of copper(II) binding to
{alpha}-synuclein: Insights into the bioinorganic chemistry of
Parkinson’s disease,Proc. Natl. Acad. Sci. U.S.A. 102, 4294-
4299.

24. Davis, D. P., Gallo, G., Vogen, S. M., Dul, J. L., Sciarretta, K.
L., Kumar, A., Raffen, R., Stevens, F. J., and Argon, Y. (2001)
Both the environment and somatic mutations govern the aggrega-
tion pathway of pathogenic immunoglobulin light chain,J. Mol.
Biol. 313, 1021-1034.

25. Jobling, M. F., Huang, X., Stewart, L. R., Barnham, K. J., Curtain,
C., Volitakis, I., Perugini, M., White, A. R., Cherny, R. A.,
Masters, C. L., Barrow, C. J., Collins, S. J., Bush, A. I., and
Cappai, R. (2001) Copper and zinc binding modulates the
aggregation and neurotoxic properties of the prion peptide PrP106-
126,Biochemistry 40, 8073-8084.

26. Brown, D. R., Qin, K., Herms, J. W., Madlung, A., Manson, J.,
Strome, R., Fraser, P. E., Kruck, T., von Bohlen, A., Schulz-
Schaeffer, W., Giese, A., Westaway, D., and Kretzschmar, H.
(1997) The cellular prion protein binds copper in vivo,Nature
390, 684-687.

27. Bocharova, O. V., Breydo, L., Salnikov, V. V., and Baskakov, I.
V. (2005) Copper(II) inhibits in vitro conversion of prion protein
into amyloid fibrils,Biochemistry 44, 6776-6787.

28. Morgan, C. J., Gelfand, M., Atreya, C., and Miranker, A. D. (2001)
Kidney dialysis-associated amyloidosis: a molecular role for
copper in fiber formation,J. Mol. Biol. 309, 339-345.

29. Eakin, C. M., Knight, J. D., Morgan, C. J., Gelfand, M. A., and
Miranker, A. D. (2002) Formation of a copper specific binding
site in non-native states of beta-2-microglobulin,Biochemistry 41,
10646-10656.

30. Jones, S., Smith, D. P., and Radford, S. E. (2003) Role of the N
and C-terminal strands of beta 2-microglobulin in amyloid
formation at neutral pH,J. Mol. Biol. 330, 935-941.

31. Eakin, C. M., Berman, A. J., and Miranker, A. D. (2006) A native
to amyloidogenic transition regulated by a backbone trigger,Nat.
Struct. Mol. Biol. 13, 202-208.

32. Deng, N. J., Yan, L., Singh, D., and Cieplak, P. (2006) Molecular
basis for the Cu2+ binding-induced destabilization of beta2-
microglobulin revealed by molecular dynamics simulation,Bio-
phys. J. 90, 3865-3879.

33. Andersson, K., Olofsson, A., Nielsen, E. H., Svehag, S. E., and
Lundgren, E. (2002) Only amyloidogenic intermediates of tran-
sthyretin induce apoptosis,Biochem. Biophys. Res. Commun. 294,
309-314.

34. Colon, W., and Kelly, J. W. (1992) Partial denaturation of
transthyretin is sufficient for amyloid fibril formation in vitro,
Biochemistry 31, 8654-8660.

35. Hammarstrom, P., Jiang, X., Deechongkit, S., and Kelly, J. W.
(2001) Anion shielding of electrostatic repulsions in transthyretin
modulates stability and amyloidosis: insight into the chaotrope
unfolding dichotomy,Biochemistry 40, 11453-11459.

36. Jackson, G. S., Murray, I., Hosszu, L. L., Gibbs, N., Waltho, J.
P., Clarke, A. R., and Collinge, J. (2001) Location and properties
of metal-binding sites on the human prion protein,Proc. Natl.
Acad. Sci. U.S.A. 98, 8531-8535.

37. Quintas, A., Saraiva, M. J., and Brito, R. M. (1999) The tetrameric
protein transthyretin dissociates to a non-native monomer in
solution. A novel model for amyloidogenesis,J. Biol. Chem. 274,
32943-32949.

38. Cheng, S. Y., Pages, R. A., Saroff, H. A., Edelhoch, H., and
Robbins, J. (1977) Analysis of thyroid hormone binding to human
serum prealbumin by 8-anilinonaphthalene-1-sulfonate fluores-
cence,Biochemistry 16, 3707-3713.

39. Nilsson, S. F., Rask, L., and Peterson, P. A. (1975) Studies on
thyroid hormone-binding proteins. II. Binding of thyroid hor-
mones, retinol-binding protein, and fluorescent probes to preal-
bumin and effects of thyroxine on prealbumin subunit self
association,J. Biol. Chem. 250, 8554-8563.

40. Smith, T. J., Davis, F. B., Deziel, M. R., Davis, P. J., Ramsden,
D. B., and Schoenl, M. (1994) Retinoic acid inhibition of thyroxine
binding to human transthyretin,Biochim. Biophys. Acta 1199, 76-
80.

41. Bush, A. I., Multhaup, G., Moir, R. D., Williamson, T. G., Small,
D. H., Rumble, B., Pollwein, P., Beyreuther, K., and Masters, C.
L. (1993) A novel zinc(II) binding site modulates the function of
the beta A4 amyloid protein precursor of Alzheimer’s disease,J.
Biol. Chem. 268, 16109-16112.

42. Thompsett, A. R., Abdelraheim, S. R., Daniels, M., and Brown,
D. R. (2005) High affinity binding between copper and full-length
prion protein identified by two different techniques,J. Biol. Chem.
280, 42750-42758.

43. Dawson, R. M. C., Elliott, D. C., Elliott, D. H., and Jones, K. M.
(1986)Data for Biochemical Research, Oxford University Press,
Oxford, U.K.

44. Syme, C. D., Nadal, R. C., Rigby, S. E., and Viles, J. H. (2004)
Copper binding to the amyloid-beta (Abeta) peptide associated
with Alzheimer’s disease: folding, coordination geometry, pH
dependence, stoichiometry, and affinity of Abeta-(1-28): insights
from a range of complementary spectroscopic techniques,J. Biol.
Chem. 279, 18169-18177.

45. Ghayour-Mobarhan, M., Taylor, A., New, S. A., Lamb, D. J.,
and Ferns, G. A. (2005) Determinants of serum copper, zinc
and selenium in healthy subjects,Ann. Clin. Biochem. 42, 364-
375.

46. Twomey, P. J., Viljoen, A., House, I. M., Reynolds, T. M., and
Wierzbicki, A. S. (2005) Relationship between serum copper,
ceruloplasmin, and non-ceruloplasmin-bound copper in routine
clinical practice,Clin. Chem. 51, 1558-1559.

47. Twomey, P. J., Viljoen, A., House, I. M., Reynolds, T. M., and
Wierzbicki, A. S. (2006) Adjusting copper concentrations for
caeruloplasmin levels in routine clinical practice,J. Clin. Pathol.
59, 867-869.

48. Bohrer, D., Do Nascimento, P. C., Ramirez, A. G., Mendonca, J.
K., De Carvalho, L. M., and Pomblum, S. C. (2004) Comparison
of ultrafiltration and solid phase extraction for the separation of
free and protein-bound serum copper for the Wilson’s disease
diagnosis,Clin. Chim. Acta 345, 113-121.

49. Ferguson, R. N., Edelhoch, H., Saroff, H. A., Robbins, J., and
Cahnmann, H. J. (1975) Negative cooperativity in the binding
of thyroxine to human serum prealbumin. Preparation of

Metal Ion Binding to Transthyretin Biochemistry, Vol. 46, No. 31, 20079131



tritium-labeled 8-anilino-1-naphthalenesulfonic acid,Biochemistry
14, 282-289.

50. Hurshman, A. R., White, J. T., Powers, E. T., and Kelly, J. W.
(2004) Transthyretin aggregation under partially denaturing condi-
tions is a downhill polymerization,Biochemistry 43, 7365-7381.

51. Sato, T., Ando, Y., Susuki, S., Mikami, F., Ikemizu, S., Nakamura,
M., Suhr, O., Anraku, M., Kai, T., Suico, M. A., Shuto, T.,

Mizuguchi, M., Yamagata, Y., and Kai, H. (2006) Chromium-
(III) ion and thyroxine cooperate to stabilize the transthyretin
tetramer and suppress in vitro amyloid fibril formation,FEBS Lett.
580, 491-496.

BI700607Z

9132 Biochemistry, Vol. 46, No. 31, 2007 Wilkinson-White and Easterbrook-Smith


