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Transthyretin (TTR) is an amyloidogenic protein, the amy-
loidogenic potential of which is enhanced by a number of spe-
cific point mutations. The ability to inhibit TTR fibrillogenesis
is known for several classes of compounds, including natural
polyphenols, which protect the native state of TTR by specifi-
cally interacting with its thyroxine binding sites. Comparative
analyses of the interaction and of the ability to protect the TTR
native state for polyphenols, both stilbenoids and flavonoids,
and some of their main metabolites have been carried out. A
main finding of this investigation was the highly preferential
binding of resveratrol and thyroxine, both characterized by neg-
ative binding cooperativity, to distinct sites in TTR, consistent
with the data of x-ray analysis of TTR in complex with both
ligands. Although revealing the ability of the two thyroxine
binding sites of TTR to discriminate between different ligands,
this feature has allowed us to evaluate the interactions of poly-
phenols with both resveratrol and thyroxine preferential bind-
ing sites, by using resveratrol and radiolabeled T4 as probes.
Among flavonoids, genistein and apigenin were able to effec-
tively displace resveratrol from its preferential binding site,
whereas genistein also showed the ability to interact, albeit
weakly, with the preferential thyroxine binding site. Several
glucuronidated polyphenol metabolites did not exhibit signifi-
cant competition for resveratrol and thyroxine preferential
binding sites and lacked the ability to stabilize TTR. However,
resveratrol-3-O-sulfate was able to significantly protect the pro-
tein native state. A rationale for the in vitro properties found for
polyphenol metabolites was provided by x-ray analysis of their
complexes with TTR.

Amyloidoses are particularly relevant human diseases that
are characterized by the extracellular deposition of normally
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soluble proteins. To date, more than 30 human precursor pro-
teins have been associated with amyloidoses, in which amyloid
deposits contain highly ordered cross-3-sheet fibrillar compo-
nents. Human transthyretin (TTR)? represents a relevant amy-
loidogenic protein whose amyloidogenic potential is enhanced
by a large number of specific point mutations. In fact, although
WT TTR gives rise to a sporadic disease called senile systemic
amyloidosis in the old age (1), genetic TTR variants are involved
in the more aggressive hereditary TTR amyloidoses, in which
peripheral nervous system (familial amyloidotic polyneuropa-
thy) and heart (familial amyloidotic cardiomiopathy) are
mainly affected (2, 3).

TTR is a homotetramer of ~55 kDa physiologically involved
in the transport of thyroxine (T4) in extracellular fluids, both
plasma and cerebrospinal fluid, and in the co-transport of vita-
min A, by forming a macromolecular complex with RBP4 (ret-
inol-binding protein 4), the specific plasma carrier of retinol (4,
5). In TTR, the four monomers are assembled according to a
222 symmetry to give rise to a dimer of dimers. Specifically, two
monomers are connected to each other through a net of
H-bond interactions involving the two edge B-strands H and F,
to form a stable dimer, whereas two dimers associate back to
back through a limited number of contacts. One of the 2-fold
symmetry axes coincides with the long channel that transverses
the entire tetramer and harbors two symmetrical binding sites
for T4, at the dimer-dimer interface. Despite the presence in the
TTR tetramer of very similar binding sites, which are both
occupied in the crystal with roughly similar mode of binding by
T4 (5), the binding of T4 in solution is characterized by a strong
negative cooperativity, whose molecular basis remains elusive.
Biochemical data revealed a 100-fold difference in the binding
constants for the first and second T4 bound to TTR (6).

According to computational analysis human TTR possesses
a relatively high intrinsic propensity to (-aggregation (7).
Experimental evidence has been presented to indicate that such
a propensity is enhanced in amyloidogenic genetic TTR vari-
ants as a result of a destabilization of the native T'TR structure
induced by amyloidogenic mutations (8-13). It should be
pointed out that T4 and other specific TTR ligands establish
interactions with the two subunits whose residues line along
each hormone binding cavity in the central channel. As a result,
the subunits forming each binding cavity become connected to

3 The abbreviations used are: TTR, transthyretin; T4, thyroxine.
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each other through several interactions mediated by the TTR
ligand, which leads to a drastic stabilization of the native TTR
tetramer (2, 14-16). A large number of potential TTR stabiliz-
ers have been tested for their ability to interact with the T4
binding sites in TTR and to stabilize its native structure (14).
Among them, tafamidis and diflunisal were found to be effec-
tive in slowing neurological impairment in TTR amyloidosis
(17, 18) and are now available for most patients (19).
Polyphenols represent a large family of natural compounds,
widely distributed in the plant kingdom, which are character-
ized by the association of multiple phenolic groups to give dif-
ferent classes of biologically active compounds, such as fla-
vonoids and stilbenoids. Polyphenols are the most abundant
antioxidant compounds present in human diet, and potential
beneficial activities in the prevention of degenerative diseases,
including amyloidoses, have been attributed to these molecules
(20, 21). Previous studies provided evidence for the specific
interactions of resveratrol (22) and of some flavonoids (23-25)
with the T4 binding sites of TTR and for their ability to stabilize
TTR tetramer and to inhibit fibril formation (23-26). More-
over, data indicating the presence of distinct preferential bind-
ing sites in TTR for T4 and some polyphenols have recently
been obtained (27). Despite the fact that polyphenols show
promising features as potential disease-preventing agents, their
bioavailability is low or very low (20), and because of their effi-
cient metabolic degradation, their concentrations in plasma are
markedly lower than those at which most of in vitro biological
activities are reported. Glucuronidation and sulfate conjuga-
tion products of polyphenols are major metabolites found in
plasma (20). To date very few studies have been carried out to
establish the biological activities of these metabolic derivatives.
We report here on a comparative analysis of the interactions of
resveratrol, flavonoids (genistein, apigenin, daidzein), and
some of their major metabolites with TTR and of their stabiliz-
ing effect on protein native structure and provide additional
evidence for functional heterogeneity of TTR binding sites.

Experimental Procedures

Materials—1-Thyroxine (T4), genistein, apigenin, and trans-
resveratrol, were from Sigma-Aldrich; resveratrol-3-O-sulfate,
resveratrol-4'-O-glucuronide, and resveratrol-3-O-glucuro-
nide were from Bertin Pharma; and genistein-7-O-glucuronide
and daidzein-7-O-glucuronide were from Extrasynthese. Ra-
diolabeled T4 (1-[**°1]T4; specific activity, ~1250 uCi/ug) was
from PerkinElmer Life Sciences. All other chemicals were of
analytical grade. Expression and purification of WT human
TTR was performed as previously described (28).

Fluorometric Binding Assays—Fluorescence binding experi-
ments were carried out in 50 mm sodium phosphate buffer, 150
mM sodium chloride, pH 7.4, at 25 °C, using a PerkinElmer Life
Sciences LS-50B spectrofluorometer. The interactions between
WT TTR and resveratrol and its derivatives were analyzed by
monitoring the enhancement of their fluorescence intensity
upon binding to TTR. Recombinant TTR was supplemented
with resveratrol or resveratrol metabolites (dissolved in
DMSO), and fluorescence emission spectra from 350 to 500 nm
were recorded (excitation at 320 nm). The evaluation of the
ability of T4 (dissolved in 10 mm sodium hydroxide) (6), res-
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veratrol metabolites, and flavonoids (dissolved in DMSO) to
compete with TTR-bound resveratrol was based on the
changes in the fluorescence emission spectra of resveratrol.
The displacement of TTR-bound resveratrol was monitored by
the decrease of its fluorescence intensity (excitation and emis-
sion at 320 and 390 nm, respectively).

Competition Binding Assays in the Presence of Radiolabeled
T4 —The interactions between recombinant WT TTR and stil-
benoids, flavonoids, and their derivatives were further investi-
gated by competitive binding assays in the presence of radiola-
beled T4. Recombinant WT TTR (3 um) was incubated with a
trace amount (~0.3 nMm) of radiolabeled T4 or with 3 uM non-
radiolabeled T4 in the presence of ~0.3 nM radiolabeled T4, in
the absence or in the presence of increasing concentrations of
polyphenols, in 50 mm sodium phosphate buffer, 150 mm
sodium chloride, pH 7.4, for 1 h at room temperature. Samples
were then subjected to nondenaturing PAGE, and radioactivity
signals were recorded with a Cyclone storage phosphor screen
(Packard BioScience). Competition binding assays in the pres-
ence of radiolabeled T4 were also conducted for TTR present in
human plasma. Aliquots of plasma (10 ul) were incubated over-
night with a trace amount (~1 nm) of radiolabeled T4 and
increasing concentrations (from 1 to 100 um) of polyphenols;
the analysis of plasma samples was performed as described for
recombinant TTR.

Stabilization of the TTR Tetramer against Urea Dena-
turation—Recombinant WT TTR (10 uMm) in 10 mM sodium
phosphate, 150 mm NaCl, pH 7.4, was supplemented with 2
molar equivalents of polyphenols (resveratrol, genistein, apige-
nin, and daidzein) or with 2 molar equivalents of polyphenol
metabolites (resveratrol-3-O-sulfate, resveratrol-3-O-glucuro-
nide, resveratrol-4'-O-glucuronide, genistein-7-O-glucuro-
nide, and daidzein-7-O-glucuronide). After 1 h of incubation at
room temperature, urea was added to the samples (final con-
centration, 5 M), and the mixtures were further incubated at
4 °Cfor 24 h. TTR was then cross-linked in the presence of 2.5%
glutaraldehyde as described (29), and samples were finally sub-
jected to SDS-PAGE. The intensity of the electrophoretic bands
corresponding to TTR monomer was quantified by using a
BIO-RAD GS-800 densitometer. The extent of protection of
TTR in the presence of the denaturing agent was revealed by
estimating the quantity of protein monomer of each sample
compared with that present in the sample of TTR in the
absence of ligands.

Inhibition of TTR Fibrillogenesis at Moderately Acidic pH—
In vitro T'TR fibrillogenesis at moderately acidic pH was mon-
itored by following the increase in turbidity, estimated spectro-
photometrically at 400 nm, as described previously (30). 7.2 um
WT TTR was preincubated with 3 molar equivalents of poly-
phenols or with DMSO or 3 molar equivalents of diflunisal as
negative and positive controls, respectively, at neutral pH (10
mM sodium phosphate buffer, pH 7, 100 mm KCl, 1 mm EDTA)
for 3 h at room temperature, prior to incubation at acidic pH
upon addition of an equal volume of 100 mm sodium acetate,
100 mm KCl, 1 mm EDTA, pH 4.2 (final pH 4.3), at 37 °C to
promote fibrillogenesis.

Crystallization and Structure Determination—Crystals of
WT human TTR-ligand complexes were obtained at room
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temperature in ~1 week by co-crystallization, using the hang-
ing drop vapor diffusion method. The protein (5 mg/ml) in 20
mM sodium phosphate, pH 7, was incubated with a 4-fold molar
excess of ligands solubilized in DMSO. In the case of the mixed
complex TTR-resveratrol-T4, the three components were
mixed in a 1:1:1 stoichiometry. Drops were formed by mixing
equal volumes of the solution containing ligand-TTR com-
plexes and of the reservoir/precipitant solution (~2.2 M ammo-
nium sulfate, 0.1 m KCl, 0.03 M sodium phosphate, pH 7.0).
Diffraction data were collected at 100 K using synchrotron
radiation at the European Molecular Biology Laboratory P13
Beamline at the Petra III storage ring (c/o DESY, Hamburg,
Germany), with the exception of TTR in complex with resvera-
trol-3'-O-sulfate and of the mixed complex resveratrol-T4-
TTR that were measured at the Synchrotron Light Source
facility (Villigen, Switzerland). Crystallographic data were pro-
cessed using the program XDS (31) and scaled with AIMLESS
(32) while keeping the Friedel’s pair separate. The structures of
WT TTR-ligand complexes were refined starting from that of
the dimer of WT human TTR as a template (Protein Data Bank
code 1F41) (33). The models were subjected to rigid body min-
imization and subsequently to refinement steps with Phenix
(34). Map visualization and manual adjustment of the models
were performed using the Coot graphic interface (35). Atomic
coordinates of the ligand molecules and restraints were
obtained through the PRODRG server (36) or Elbow program
within Phenix suite (34). The ligand orientation was deter-
mined by inspecting the electron density map, calculated with
|F,.. — F...| coefficients, and calculated with phases from the

obs

model, deprived of the ligand.

Results

Comparative Analysis of the Interactions of Polyphenols with
TTR Using Resveratrol and Radiolabeled T4 as Probes—The
structural formulae of the compounds investigated in this study
are shown in Fig. 1.

Competition between Resveratrol, Resveratrol Metabolites,
and T4 —The fluorescence emission of uncomplexed resvera-
trol in solution is quite low and increases substantially upon
binding to TTR (Fig. 2a). Thus, the binding of resveratrol to
TTR, as well as its displacement by competitors, can be conve-
niently monitored by following changes in the fluorescence
emission of this compound (16). Interestingly, the increase in
the fluorescence signal associated with resveratrol binding
under our experimental conditions (in which protein and
ligand concentrations are in the micromolar range) is nearly
complete upon addition of one equivalent of ligand to TTR, and
only a slight increase in the fluorescence emission of resveratrol
is achieved by increasing substantially ligand concentration
(Fig. 2a). This result is consistent with different binding affini-
ties of resveratrol for the two sites on TTR, in keeping with the
negative cooperativity for the binding of T4 to TTR (6). The
ability of competitors to displace TTR-bound resveratrol from
its high affinity binding site was then evaluated. To facilitate the
interpretation of the results of competitive binding assays for a
protein that possesses two binding sites with remarkably differ-
ent binding affinities, such assays were carried out in the pres-
ence of one equivalent of resveratrol bound per TTR tetramer.
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FIGURE 1. Structural formulae of stilbenoids and flavonoids investigated
in this study.

The second probe used to reveal the binding of polyphenols to
TTR in competition binding assays was radiolabeled T4, which
interacts strongly with one of the two binding sites of TTR
because of the above mentioned negative cooperativity.
Because of the lack of fluorescence of T4 in the emission
region of resveratrol, the binding of the natural ligand to TTR
could be revealed by the displacement of TTR-bound resvera-
trol. Quite unexpectedly, however, 1- 6 molar equivalents of T4
did not effectively compete with bound resveratrol, because its
fluorescence intensity was only slightly affected in the presence
of T4 (Fig. 2b), in agreement with previous binding data for
both WT TTR and 184S TTR (16). However, upon addition of
T4, an appreciable red shift (by ~5 nm) for the emission max-
imum of resveratrol fluorescence was observed, clearly indicat-
ing an interaction of T4 with TTR, likely occurring at the sec-
ond site present in TTR, distinct from that occupied by
resveratrol, and the presence of functional binding site hetero-
geneity in the TTR molecule. The same result was obtained
when the addition of resveratrol was preceded by that of T4
(Fig. 2b). The observed red shift induced by T4 binding suggests
the existence of a communication between the two binding
sites in TTR. To confirm the existence of TTR binding site
heterogeneity, presumably induced by the interaction with one
of the two ligands, at variance with the internal symmetry of the
two binding sites in uncomplexed TTR (33), an experiment has
been carried out in which TTR preincubated with a trace
amount of radiolabeled T4 increasing quantities (up to 100 um)
of resveratrol or some of its main metabolites (resveratrol-3-O-
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FIGURE 2. Fluorometric competition assays for the binding of resveratrol, T4, and resveratrol metabolites to WT TTR. g, fluorescence emission
spectra (excitation at 320 nm) of 2 um resveratrol in the absence of TTR (black) and of 2 um (blue), 4 um (red), or 6 um (green) resveratrol in the presence
of 2 um WT TTR. b, emission spectra (excitation at 320 nm) of 2 um resveratrol in the presence of 2 um WT TTR before (blue) and after the addition of 2 um
T4 (red) or 12 um T4 (green); emission spectra (excitation at 320 nm) of 2 um resveratrol added to 2 um WT TTR preincubated with 2 um T4 (black). c-e,
emission spectra (excitation at 320 nm) of 2 um uncomplexed resveratrol-3-O-sulfate (c), resveratrol-3-O-glucuronide (d), or resveratrol-4’-O-glucuro-
nide (e) in buffer solution (gray) or in the presence of 2 um WT TTR (green). c-e, emission spectra of 2 um uncomplexed resveratrol in buffer solution
(black) or in the presence of 2 um WT TTR before (blue) and after the addition of 2 um resveratrol-3-O-sulfate (c), resveratrol-3-O-glucuronide (d), or
resveratrol-4'-O-glucuronide (e) (red).

sulfate, resveratrol-3-O-glucuronide, and resveratrol-4'-O-glu-
curonide) were added to induce the displacement of the radio-
active ligand. Indeed, no T4 displacement by resveratrol (Fig.
3a) nor by its metabolites (not shown) was observed, at variance
with the displacement of radiolabeled T4 by the nonradiola-
beled ligand (Fig. 3b). The competition experiment was re-
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peated for resveratrol by incubating transthyretin with a mix-
ture of nonradiolabeled T4 (3 uM) and radiolabeled T4 (trace
amount); even under these experimental conditions, the res-
veratrol was not able to displace the bound T4 (Fig. 3c), whereas
T4 showed the ability to compete for the binding to the protein
(Fig. 3d), confirming the existence of binding site heterogeneity
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FIGURE 3. Competition between resveratrol (and its metabolites) and
TTR-bound radiolabeled T4 in buffer solution and in human plasma.
Increasing amounts of resveratrol (a and c) or nonradiolabeled T4 (b and d)
were added in buffer solution to 3 um WT TTR preincubated with a trace
amount of radiolabeled T4 (a and b) or preincubated with 3 um nonradiola-
beled T4 containing a trace amount of radiolabeled T4 (c and d). Increasing
amounts of resveratrol (e), resveratrol-3-O-sulfate (f), resveratrol-3-O-glucu-
ronide (g), resveratrol-4’-O-glucuronide (h), or nonradiolabeled T4 (i) were
added to human plasma preincubated with a trace amount of radiolabeled
T4. Radioactivity signals after nondenaturing PAGE are shown for thyroxine-
binding globulin (TBG), human serum albumin (HSA), and TTR (23).

in TTR. Consistent with the latter results, a limited displace-
ment of TTR-bound radiolabeled T4 in human plasma was
found only in the presence of a large excess (50—-100 um) of
resveratrol (Fig. 3e), whereas essentially no T4 displacement
was observed for its metabolites (Fig. 3, f~h).

As in the case of resveratrol, the fluorescence emission of
resveratrol metabolites is remarkably enhanced upon binding
to TTR, and the characteristic emission spectra, distinct for
Amax and fluorescence intensity, are obtained for the above
mentioned metabolic derivatives bound to TTR (Fig. 2, c—e).
However, their affinities for TTR were significantly lower than
that of resveratrol. In fact, in the presence of equimolar TTR,
resveratrol, and its metabolic derivatives, the fluorescence
emission spectrum of TTR-bound resveratrol was largely pre-
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dominant, indicating at the same time that the binding of res-
veratrol and its metabolites takes place at the same binding site
in the TTR molecule (Fig. 2, c—e).

Competition between Resveratrol, Flavonoids, and Their
Metabolites and T4 —The interactions of some flavonoids and
their metabolites with TTR have also been analyzed in compe-
tition binding experiments using both resveratrol and radiola-
beled T4 as probes. We have found that genistein and apigenin,
which are not fluorescent in the emission region of resveratrol,
at equimolar concentration relative to resveratrol, were able to
nearly completely displace it from TTR, as revealed by the loss
of its fluorescence emission intensity (Fig. 4, a and b). Instead,
in the case of daidzein, which exhibits a fluorescence spectrum
distinct from that of resveratrol, a binding to TTR weaker than
that of resveratrol was observed (Fig. 4c). Fluorescence titra-
tions were also carried out to further analyze the competition
between resveratrol and flavonoids and their metabolites. In
such competitive binding assays, only genistein and apigenin
have shown the ability to significantly compete with TTR-
bound resveratrol (Fig. 4d). In binding experiments using
radiolabeled T4 as a probe, a significant T4 displacement was
observed only at high genistein concentration (Fig. 54), and the
competition by apigenin and daidzein was even weaker (Fig. 5, b
and ¢, respectively). When the ability of genistein, apigenin, and
daidzein to displace TTR-bound radiolabeled T4 in human
plasma was investigated to evaluate the binding selectivity of
flavonoids for TTR in plasma, genistein (Fig. 5d) exhibited the
highest binding selectivity, whereas for apigenin (Fig. 5e) and
daidzein (Fig. 5f), rather low binding selectivities were
observed. With regard to the flavonoid metabolites genistein-
7-O-glucuronide and daidzein-7-O-glucuronide, they did not
significantly compete neither with TTR-bound resveratrol (Fig.
4d) nor with radiolabeled T4 bound to both recombinant TTR
(not shown) and TTR present in plasma (Fig. 5, g and /).

Stabilizing Effects against Urea Denaturation and Inhibition
of TTR Fibrillogenesis by Polyphenols—When flavonoids, stil-
benoids, and their metabolites were tested for their ability to
stabilize TTR in the presence of 5 M urea, the relative amount of
TTR monomer, as revealed by SDS-PAGE, upon incubation
with the denaturing agent followed by protein cross-linking,
was assumed to be representative of the fraction of denatured
protein present in the sample. The inhibition of TTR fibrillo-
genesis by polyphenols at moderately acidic pH (pH 4.3) was
estimated by monitoring the increase of turbidity of protein
solutions, as described under “Experimental Procedures,” using
diflunisal as a reference fibrillogenesis inhibitor. Stabilizing
effects against urea denaturation and inhibition of TTR fibril-
logenesis by polyphenols were found to be in fairly good agree-
ment. Significant and similar stabilizing effects against urea
denaturation (Fig. 6, 2 and b) and inhibition of TTR fibrillogen-
esis (Fig. 6¢c and 6d) were observed for resveratrol and resvera-
trol-3-O-sulfate and for genistein and apigenin, whereas mod-
erate to negligible stabilizing effects against urea denaturation
(Fig. 6, 2 and b) and inhibitory effects on TTR fibrillogenesis
(Fig. 6, c and d) were found for the other tested polyphenols. In
particular, for polyphenols metabolites bearing the glucuronide
group, a weak stabilizing effect was observed under the same
experimental conditions.
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FIGURE 4. Fluorometric assays for the binding of flavonoids and their metabolites to TTR. a-¢, fluorescence emission spectra (excitation at 320 nm) of 2 um
resveratrol in the absence (black) or in the presence of 2 um WT TTR before (blue) and after the addition of 2 um genistein (a), apigenin (b), or daidzein (c) (red). ¢, the

emission spectra of 2 um uncomplexed daidzein (gray), and in the presence of 2 um WT TTR (green) are also shown. d, compet

itive fluorometric titrations (excitation at

320 nm, and emission at 390 nm) performed by monitoring the displacement of resveratrol (5 umin the medium) bound to WT TTR (1 um), in the presence of increasing
concentrations of genistein (white), apigenin (black), daidzein (green), genistein-7-O-glucuronide (gray), daidzein-7-O-glucuronide (blue), or T4 (red).
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FIGURE 6. Stabilizing effect on TTR by stilbenoids and flavonoids and stabilization against urea denaturation. 10 um WT TTR alone or supplemented with
resveratrol and its metabolites (a) or with flavonoids and their metabolites (b) was incubated in 10 mm sodium phosphate, 150 mm NaCl, pH 7.4, in the presence
of 5 m urea for 24 h at 4 °C. Electrophoretic patterns after protein cross-linking with glutaraldehyde and SDS-PAGE are shown. a, WT TTR alone (lane 1) or
supplemented with 20 um resveratrol (R, lane 2), 20 um resveratrol-3-O-sulfate (R3S, lane 3), 20 um resveratrol-3-O-glucuronide (R3G, lane 4), or 20 uMm resvera-
trol-4’-O-glucuronide (R4G, lane 5). b, WT TTR alone (lane 1) or supplemented with 20 um genistein (G, lane 2), 20 um daidzein (D, lane 3), 20 um apigenin (A, lane
4), 20 pum genistein-7-O-glucuronide (G7G, lane 5), or 20 um daidzein-7-O-glucuronide (D7G, lane 6). The experiments shown in a and b were performed in
triplicate, and a representative SDS-PAGE for resveratrol and its metabolites and a representative SDS-PAGE for flavonoids and some of their metabolites are
shown. The data (relative amounts of TTR monomers) obtained for TTR alone or in the presence of stilbenoids were: 100% in the absence of ligands, 41.7 = 2.6%
for resveratrol, 36.2 = 3.4% for resveratrol-3-O-sulfate, 83 * 5.3% for resveratrol-3-O-glucuronide, and 69 * 3.2% for resveratrol-4'-O-glucuronide. The data
(relative amounts of TTR monomers) obtained for TTR alone or in the presence of flavonoids were: 100% in the absence of ligands, 36.5 = 7.8% for genistein,
40.4 * 3.1% for apigenin, 52.1 = 3.9% for daidzein, 88.3 = 10.2% for genistein-7-O-glucuronide, and 83.5 * 15.0% for daidzein-7-O-glucuronide. Inhibition of
TTRfibrillogenesis. ¢, turbidimetric assays for 3.6 um WT TTR in the absence of ligands (gray circles) or preincubated with 3 molar equivalents of resveratrol (black
circles), resveratrol-3-O-sulfate (white squares), resveratrol-3-O-glucuronide (black squares), or resveratrol-4'-O-glucuronide (gray squares). d, turbidimetric
assays for 3.6 um WT TTR in the absence of ligands (gray circles) or preincubated with 3 molar equivalents of genistein (black circles), apigenin (white squares),
daidzein (gray squares), genistein-7-O-glucuronidated (white diamonds), or daidzein-7-O-glucuronide (black squares). The inhibition of fibrillogenesis by the
reference compound diflunisal is also shown (white circles) in c and d. All experiments were performed in triplicate, and the values are reported with error bars
indicative of standard deviations.

Structure of TTR in Complex with Both Resveratrol and T4 —
To obtain evidence on a structural basis for the presence of
preferential binding sites in TTR, the structure of TTR in com-
plex with stoichiometric amounts of resveratrol and T4 has
been determined. The presence of different ligands in the TTR
binding sites is not easy to detect even at relatively high resolu-
tion, because of the intrinsic disorder introduced in the elec-
tron density map by the presence of the 2-fold axis running
along the central binding cavity. This can be partially overcome
by using T4 as a ligand, because the anomalous signal of iodine
atoms allows us to detect unambiguously the presence of the
bound hormone. In the case of the mixed complex, resveratrol
is clearly visible only at site B (designated B in the crystal,
according to Ref. 27) in the electron density map calculated
with coefficients [2F,, . — F_,.|. Notably, the binding mode of
resveratrol is opposite to that described for TTR-bound res-
veratrol (22), with the 3,5-dihydroxyphenyl moiety now point-
ing toward the inner part of the cavity, in which hydrogen bond
interactions are established with Oy and the carbonyl group of
Ser-117. The same orientation for resveratrol is also observed
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for the TTR-resveratrol complex, determined by us in the same
experimental conditions at 1.38 A resolution (data not shown).
This different binding mode of resveratrol to TTR observed in
crystal structures determined independently in different labo-
ratories is possibly due to the fact that our complexes were
prepared in solution and crystallized, whereas the complex in
the case of the previous structure (22) was prepared by soaking.
A clear density for any ligand is absent at site A (Fig. 7a), with
the exception of iodine atoms. More specifically, six peaks
corresponding to iodine atoms are visible in the anomalous
difference Fourier map contoured at 6o level at site A and
only two at site B (Fig. 7b). In both sites, the electron density
for the light atoms of the hormone are not visible, which
suggests that T4 is bound in the TTR cavity in a rather loose
way, whereas iodine atoms are detectable because of their
high electron content (Fig. 7a). Overall, our results indicate
that resveratrol is bound essentially at one site (site B),
whereas T4 is present mostly in the other site (site A) and
only to a minor extent in site B.
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FIGURE 7. Electron density map of the binding cavities of TTR in complex
with both T4 and resveratrol. (F,,, — F_, ) electron density map (a) and
anomalous Fourier difference map (b) were calculated before fitting any
ligand inside the cavities. Phases were calculated from the model. Map (a) is
contoured at 1.5a, and map (b) is contoured at 5.50 level. The two ligands,
resveratrol and T4, are fitted in site B and A, respectively.

Structures of Complexes of TTR with Polyphenol Me-
tabolites—To gain insight into the molecular basis of the in
vitro binding properties established for polyphenol metabo-
lites, the structures of WT TTR in complex with some polyphe-
nol metabolites were determined to high resolutions (between
1.25 and 1.50 A; Table 1). The structures of TTR in complex
with resveratrol metabolites are representative of the effect of
the presence of the glucuronide group or of the sulfate group
bound to the resveratrol molecule.

The binding mode of resveratrol-3-O-glucuronide, shown in
Fig. 8a, resembles that described for TTR-bound resveratrol
(22). Accordingly, the 4'-hydroxyl group of the monohydroxy-
phenyl group is oriented toward the center of the binding site
forming hydrogen bonds with the Ser-117 side chain (3.00 A).
The hydroxyphenyl ring bearing at position 3 the glucuronide
moiety is oriented toward the solvent, with the Ala-108 side
chain fitting in between the two aryl groups, in contact with the
ethenyl linker at a distance of 4.02 A. The glucuronide group is
fully displaced outside the cavity, tethering a network of water
molecules, together with the Thr-106, Glu-154, and Lys-15 side
chains. In the structure of the TTR-resveratrol-4'-O-glucuro-
nide complex (Fig. 8b), the ligand now exhibits a binding mode
similar to that of resveratrol in complex with TTR shown in this
work and opposite to that present in the previously published
structure of the resveratrol-TTR complex (22). The mode of
binding of resveratrol is also opposite to that of the 3-O-glucu-
ronide derivative, with the 3,5-dihydroxyphenyl moiety now
pointing toward the inner part of the cavity, in which hydrogen
bond interactions are established with the Ser-117 side chain
and its main chain carbonyl groups (-OH3, O Ser-117 3.51 A;

29776 JOURNAL OF BIOLOGICAL CHEMISTRY

-OH3, Oy Ser-117 2.70 or 2.96 A; -OH5, O Ser-117' 3.24 A; and
-OH5, Oy Ser-117’ 2.80 or 3.16 A). In this situation, the mono-
hydroxyphenyl ring bearing the glucuronide moiety is oriented
toward the solvent. Clearly, the different binding mode of the
two TTR-bound glucuronidated derivatives of resveratrol is
imposed by the steric hindrance of the glucuronide group,
which is fully displaced outside the binding cavity in the case of
both glucuronidated derivatives of resveratrol. A binding mode
imposed by the presence of the glucuronide moiety outside the
binding cavity has also been found for genistein-7-O-glucuro-
nide and daidzein-7-O-glucuronide (Protein Data Bank codes
5AKV and 5ALS, respectively; Table 1). Overall, the examined
glucuronidated polyphenols bind to TTR with their glucuro-
nide moiety sticking of the cavities toward the solvent, because
of its steric hindrance. Moreover, the overall polarity of glucu-
ronidated polyphenols is increased, further reducing binding
affinity. The poorly defined electron density of the glucuronide
moiety is in keeping with the very weak in vitro interactions of
glucuronidated polyphenols with TTR (Fig. 8).

In the case of TTR in complex with resveratrol-3-O-sulfate,
the binding mode resembles that described for TTR-bound res-
veratrol (22) and opposite to that of resveratrol co-crystallized
with TTR (this work). The 4'-hydroxyl group of the monohy-
droxyphenyl group points toward the center of the binding site
forming hydrogen bonds with the Ser-117 side chain (-OH4, O
Ser-117 2.86 A). The hydroxyphenyl ring bearing the sulfate
group at position 3 is oriented toward the solvent, with such
group being positioned between the side chains of Thr-106 and
Lys-15', at 3.06 A from -OH group of Thr-106 and 2.99 A from
the -NH, group of Lys-15". A torsion angle of 150-160°
between the hydroxyphenyl ring bearing the sulfate group and
the monohydroxyphenyl ring could be estimated, which is sig-
nificantly different from that for a fully planar configuration
(for a comparison, the torsion angle in the case of TTR-bound
resveratrol is close to 180°). Resveratrol-3-O-sulphate appears
to be a better ligand for TTR compared with glucuronidated
polyphenols. This can be attributed to a favorable interaction of
the sulfate group with the side chain of Lys-15, as proved by a
clear electron density for this group (Fig. 8¢).

Discussion

A variety of natural polyphenols, such as resveratrol (37),
oloeuropein (38), curcumin (29, 39, 40), epigallocatechin-3-gal-
late (41), and other flavonoids (42), have been reported to
inhibit the fibrillogenesis process for amyloid precursor pro-
teins and peptides in vitro and possibly in vivo. In general, the
mechanisms by which these compounds are able to inhibit
fibrillogenesis have not been defined. An exception is repre-
sented by TTR, for which the inhibition of fibrillogenesis is due
to the specific binding of ligands, including polyphenols, to the
T4 binding sites, leading to the stabilization of the TTR
tetramer (2, 14, 22-26).

In this work, we have compared the ability of resveratrol,
flavonoids, and some of their major metabolites to interact with
TTR and to stabilize its native state. The results of our binding
experiments initially conducted with resveratrol and T4, by
using specific and independent signals, strongly indicate that
the binding of resveratrol is also characterized by negative
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FIGURE 8. Electron density maps of the binding cavity of TTR in complex with resveratrol metabolites. a- ¢, electron density maps have been obtained for TTR
in complex with resveratrol-3-O-glucuronide (a), resveratrol-4’-O-glucuronide (b), and resveratrol-3-O-sulfate (c). d, for a comparison, the structure for resveratrol in
complex with one of the two TTR binding sites, as illustrated in Fig. 7, is also shown. Maps were calculated with |F,,. — F.,, | coefficients, and phases were calculated
from the model, deprived of the ligand. Maps are contoured at 3.0c level. The ligand is shown as a ball and stick model, and the residues of the ligand-binding pocket
are shown as thin bonds with atom color coding (carbon, green; oxygen, red; phosphor, magenta; nitrogen, blue; sulfur, yellow). Side chains in the proximity of the
ligand are displayed as cylinders. All the ligands are shown with the double orientation generated by the 2-fold symmetry axis.
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cooperativity. However, resveratrol exhibits the remarkable
feature that its preferential binding site is distinct from that of
T4, in such a way that when one of the two ligands is bound to
TTR, the other ligand is not able to displace it, in a reciprocal
way, even if it is added at high concentration. The presence of
binding site heterogeneity in TTR has been confirmed here on
a structural basis by the determination of the crystal structure
of TTR in complex with both T4 and resveratrol, which has
shown that the two ligands bind to distinct preferential binding
sites in the crystal. Based on these observations, for a more
accurate evaluation of the binding ability of potential candi-
dates as TTR stabilizers, their competition for both T4 and
resveratrol preferential binding sites could be analyzed by using
the latter ligands as probes.

A feature we have found in our study was the ability of T4
bound at one site of TTR to induce a perturbation (red shift of
~5 nm) in the emission spectrum of resveratrol bound to the
neighbor site of the oligomeric protein. Because the binding of
T4 is characterized by a strong negative cooperativity, the hor-
mone is expected to play the role of a negative allosteric effec-
tor, able to induce a substantial decrease of the affinity of the
second site upon binding to the first high affinity site. However,
no evidence has been obtained so far for the communication
between subunits mediated by T4 in a protein characterized by
a high internal symmetry such as TTR. The spectral perturba-
tion induced by the binding of T4 at one site in the neighbor site
occupied by resveratrol may indeed represent the first evidence
for an intersubunit communication associated with the modu-
lation of binding affinity in this oligomeric protein.

All the compounds examined in this study proved to be able
to interact with TTR, on the basis of direct and competition
binding assays and of structural analyses. In particular, among
the examined compounds the strongest interaction was found
for genistein, which was able to effectively compete with TTR-
bound resveratrol and to a lower extent even with TTR-bound
T4. Overall, the examined polyphenols (aglycons) possess
much higher binding affinities for the preferential resveratrol-
binding site in comparison with the preferential binding site
of T4.

The rapid and efficient metabolism of polyphenols raises the
question as to whether polyphenol metabolites are still
endowed with anti-amyloidogenic activity. The results of our
investigation confirm that for the analysis of the anti-amiloy-
dogenic potential of natural polyphenols, the effectiveness of
their metabolites as fibrillogenesis inhibitors should primarily
be evaluated. In this respect, in general the rapid metabolism of
polyphenols abrogates substantially their anti-amyloidogenic
potential. In particular, we have established that binding affin-
ities and capacities to stabilize TTR are markedly weak for the
glucuronidated derivatives of polyphenols in comparison with
their aglycons, probably because of the steric hindrance of the
glucuronide moiety, as revealed by x-ray analyses, which
impedes to a large portion of such polyphenols to fit inside the
T4 binding cavities. An exception is represented by the metab-
olite resveratrol-3-O-sulfate, which exhibits significant stabiliz-
ing properties on the TTR molecule, because of a specific inter-
action of the sulfate group with the Lys-15 side chain, near the
entrance of TTR binding sites.
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