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ABSTRACT: Amyloid fibril formation is associated with protein misfolding disorders, including neurodegen-
erative diseases such as Alzheimer’s, Parkinson’s, and Huntington’s diseases. Familial amyloid polyneuro-
pathy (FAP) is a hereditary disease caused by a point mutation of the human plasma protein, transthyretin
(TTR), which binds and transports thyroxine (T4). TTR variants contribute to the pathogenesis of amyloi-
dosis by forming amyloid fibrils in the extracellular environment. A recent report showed that epigalloca-
techin 3-gallate (EGCG), the major polyphenol component of green tea, binds to TTR and suppresses TTR
amyloid fibril formation. However, structural analysis of EGCG binding to TTR has not yet been conducted.
Here we first investigated the crystal structure of the EGCG-V30M TTR complex and found novel binding
sites distinct from the thyroxine binding site, suggesting that EGCGhas a mode of action different from those
of previous chemical compounds that were shown to bind and stabilize the TTR tetramer structure. Fur-
thermore, EGCG induced the oligomerization and monomer suppression in the cellular system of clinically
reported TTR variants. Taken together, these findings suggest the possibility that EGCGmay be a candidate
compound for FAP therapy.

Amyloid fibril formation is caused by denaturation and mis-
folding of amyloidogenic proteins, such as amyloid-β, hunt-
ingtin, prion protein, and TTR.1 The fibrillization is different
for each amyloidogenic protein. A point mutation in TTR causes
the hereditary neurodegenerative disease FAP (1, 2). TTR gen-
erated in the liver and choroid plexus is one of the three proteins
in the extracellular fluid responsible for the distribution of thyr-
oxine (T4) (3-5). TTR forms a 55 kDa homotetramer composed
of four identical 14 kDamonomers with 127 amino acid residues.
Two monomers form a dimer via a net of hydrogen bond inter-
actions, and two dimers form a tetramer through hydrophobic
and hydrogen bond interactions between two dimers (6-11).

The tetramer of TTR has two T4 binding pockets, which are
involved in tetramer stability by binding with T4 between two
dimers (12-14).

It is now accepted that dissociation of the tetramer into the
monomer is the rate-limiting step for amyloid fibril formation
(15). Therefore, small molecules that can bind to the T4 binding
pocket and stabilize the TTR tetramer have been developed as
amyloid fibril inhibitors (13, 14, 16). The present candidate treat-
ment drug is diflunisal, an NSAID. Diflunisal stabilizes the TTR
tetramer structure and decreases the extent of amyloid fibril
formation by binding to T4 binding pockets (17). However, we
showed that TTR variants possessing a mutation around the T4

binding pocket are refractory to the effect of thyroxine or difluni-
sal on tetramer stabilization in vitro (18). Thus, it is necessary
to find stabilizing compounds that are effective for these TTR
variants.

Green tea is one of the most popular beverages that may have
beneficial health effects to ameliorate cardiovascular, metabolic,
and neurodegenerative diseases (19-23). Amajor bioactive poly-
phenolic component of green tea, EGCG is known to possess
anti-oxidant, anti-inflammatory, and anti-aggregant properties
(19, 24-26). EGCG has been shown to improve age-related
cognitive decline (27) and prevent neuronal loss in Parkinson
modelmice (28).Recently, it was reported thatEGCGreduced the
toxicity of amyloid-β by binding to natively unfolded polypeptide
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and preventing the formation of aggregation intermediates (29).
Despite the number of studies on EGCG and its effects on amy-
loid formation (29-31), no report has yet shown the crystal struc-
ture complex that EGCG forms with a client protein.

In this study, we determined the crystal structure of EGCG
bound to a TTR variant, V30MTTR,which is themost common
TTR variant in FAP patients (32-34). We revealed that EGCG
binds to the novel binding site of V30MTTRdistinct from the T4

binding site. Moreover, EGCG induced the oligomerization of
wild-type TTR and TTR variants and reduced the monomer
species in the cell culture system. EGCG also significantly dec-
reased the extent of amyloid fibril formation of V30M TTR as
well as E54K TTR, a variant that shows the early onset of FAP
disease and is refractory to the effect of T4. These results suggest
that EGCG may stabilize the TTR variants.

EXPERIMENTAL PROCEDURES

Reagents. EGCG was obtained from Sigma-Aldrich (St.
Louis, MO), and stock solutions were freshly prepared in 100%
ethanol. The rabbit polyclonal anti-humanTTR (anti-prealbumin)
antibody was obtained from Dako (Glostrup, Denmark).
Expression and Purification of TTR in Escherichia coli.

Expression plasmids for V30M TTR and E54K TTR were pre-
pared using the QuickChange II XL site-directed mutagenesis kit
from Stratagene (La Jolla, CA) with wild-type TTR as the temp-
late. Human wild-type, V30M, and E54K TTRs were subcloned
into theNdeI andSalI sites of the pET-22b(þ) vector (Novagen),
and the sequences of the insertedDNA segments were verified by
DNA sequencing. Wild-type, V30M, and E54K TTRs were
expressed in E. coli BL21(DE3) using the pET-22b(þ) system.
When the OD600 of the E. coli cell culture reached approximately
0.6, protein expression was induced by the addition of isopropyl
β-D-thiogalactopyranoside (IPTG) to a final concentration of
1mM.Twenty-four hours after induction, cells were harvested by
centrifugation. The cell pellets were resuspended in 20 mM pho-
sphate (pH 7.0). After cell lysis by sonication, wild-type, V30M,
and E54K TTRs were detected in the soluble fraction. Protein
purification was performed by anion-exchange chromatography
and reverse-phase high-performance liquid chromatography.
Cell Culture and Transfection.CHO-K1 cells were cultured

in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum, 100 IU/mL penicillin, and 100 μg/mL stre-
ptomycin. Cells were maintained at 37 �C in a humidified atmo-
sphere of 5% CO2 and 95% air. Transient transfections of
plasmidDNAwere performed with TransIT-LT-1 (Mirus Corp.,
Madison, WI) as described previously (12).
Plasmid Constructs. The human wild-type TTR cDNA

sequence was generated and inserted into the XhoI and BamHI
sites of the pEF-BOS vector for expression driven by the EF-1
promoter. TTR variantswere generated utilizing theQuikChange
II site-directed mutagenesis kit from Stratagene using wild-type
TTR DNA as a template.
Polyacrylamide Gel Electrophoresis. The fractions of tet-

ramers and monomers were monitored by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as
described previously (18). The protein solutions were mixed with
gel loading buffer containing 0.1% SDS and 13% glycerol. Non-
boiled samples were loaded on a 15% SDS-acrylamide gel.
Protein bands were visualized with a silver staining kit (Wako
Pure Chemical Industries, Ltd., Osaka, Japan), nitroblue tetrazo-
lium (NBT) (Sigma), or TTR antibody. Fractions of monomers

and oligomers were quantified using Image Gauge version 3.4
(Fujifilm, Tokyo, Japan).
Crystallization, Data Collection, and Structure Deter-

mination. Before crystallization, V30M TTR (90 μM) was pre-
incubated with EGCG (900 μΜ) in 0.165 M citrate buffer (pH
7.0) at 37 �C for 48 h (EGCG-TTR solution). Crystals suitable
for X-ray diffraction were obtained by the sitting-drop vapor-
diffusion method at 20 �C. We grew crystals within 10 days by
mixing 2 μL of the EGCG--TTR solution with 2 μL of reservoir
solution containing 0.2 M citrate buffer and 3 M ammonium
sulfate (pH 5.3). Crystals were transferred to reservoir solutions
containing 30% (v/v) glycerol and frozen in liquid nitrogen. The
X-ray diffraction data were collected at beamline NW12A of
PhotonFactoryAdvancedRing, withQuantum 210 (AreaDetec-
tor Systems Corp.) for detection. Diffraction datawere processed
and scaled with the HKL2000 program suite (35). All structures
were refined using the protein atomic coordinates for TTR from
Protein Data Bank (PDB) entry 1BMZ (36) as a starting model
using CNS (37) and COOT (38). To follow the progress of refine-
ment, theRfree value was monitored from the beginning, with 5%
of the reflections included in the test set. Final stage refinements
were performedwithREFMAC (39) and PHENIX (40) using the
translation, libration, screw-rotation (TLS) method (39). All fig-
ures for the structures were drawn using PyMol (http://pymol.
sourceforge.net). The data collection and refinement statistics are
summarized in Table 1.
TTR Stabilization Assay. TTR stabilization assay was per-

formed as described previously (18). Briefly, Chinese hamster ovary
(CHO-K1) cells were grown on six-well plates and transfected

Table 1: Structural Data and Refinement Statistics of the V30M

TTR-EGCG Complex

Data Collection

space group P21212

cell dimensions

a 86.074 Å

b 44.189 Å

c 65.141 Å

R, β, γ 90�
resolution range used in scaling

(highest-resolution shell)

50-1.70 (1.79-1.70)

no. of observations 402817(36524)

no. of unique reflections 28169 (2767)

completeness (%) 99.7 (99.9)

I/σ(I) 75.2 (6.8)

Rmerge (%)a 6.5 (42.3)

Refinement

resolution range used in refinement (Å) 33.66-1.70

no. of reflections in working set 28057

no. of reflections in test set 1342

no. of atoms (protein) 1821

no. of waters 161

R factor for working set (%)b 18.6

Rfree for test set (%)c 22.7

rmsd for bond lengths (Å) 0.009

rmsd for bond angles (deg) 1.277

mean B value (Å) 37.751

residue range A 9-125, B 9-124

aRmerge =
P

h

P
i|Iih - ÆIhæ|/

P
h

P
i|ÆIhæ|, where ÆIhæ is the mean intensity

of the i observations over all reflections h. bR factor =
P

||Fobs| - |Fcalc||/P
|Fobs|, where |Fobs| and |Fcalc| are the observed and calculated structure

factor amplitudes, respectively. cRfree is theR factor calculated for a test set
comprising reflections not used in refinement.
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with 1-2 μg of pEF-BOSDNAencoding thewild-type or variant
TTRs using TransIT-LT-1 (Mirus Corp.). When cells were con-
fluent (90-100%), themediumwas changed to serum-freemedium
containing 20 μM EGCG and cells were incubated for an addi-
tional 24 h, and then the medium was collected. The medium was
incubated with EGCG at 37 �C for 12 h before analysis.
Thioflavin T Binding Assay. Wild-type, V30M, and E54K

TTRswere incubatedwith EGCGat 37 �C for 6 h in 10mMphos-
phate buffer (pH 7.0). After incubation, all samples were mixed
with 200 mM acetate buffer (pH 4.4) and incubated at 37 �C for
72 h. TTR samples were prepared with a final concentration of
0.2 mg/mL. Thioflavin T binding assays were performed using
2.5 μg/mL TTR samples via addition of freshly prepared 10 μM
thioflavin T to 50 mM glycine buffer (pH 9.0). Fluorescence

emission spectra were obtained with excitation and emission
wavelengths of 450 and 482 nm, respectively. Fluorescence mea-
surements were performed with an F-4500 Hitachi (Tokyo,
Japan) spectrofluorometer. Amyloid fibril ratio (%)= 100 �
(fluorescence at each concentration of EGCG/fluorescence at
0 μM EGCG).

RESULTS

Crystal Structure of the EGCG-V30M TTR Complex.
To examine the structural mode of binding of EGCG toTTR,we
crystallizedV30MTTRwithEGCG (TTR:EGCGmolar ratio of
1:10). The crystals of the EGCG-V30MTTR complex belong to
space group P21212, with two monomers in the asymmetric unit,
and diffracted to 1.70 Å. The final refined R value for the

FIGURE 1: Crystal structure of the EGCG-V30MTTR complex. (A) The structure of V30MTTR is drawn as a cartoon. The structures of TTR
(monomers A and B) in the asymmetric cell unit and symmetry-related TTR (monomers A0 and B0) are colored magenta and blue, respectively.
The structure of EGCG is drawn as sticks. Carbons of EGCG in the asymmetric cell unit and that in the symmetry-related form are colored green
and orange, respectively. The oxygen atom is colored red. (B) Surface representationofTTRshowing different binding sites ofEGCG(green) and
T4 (magenta).
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EGCG-V30M TTR complex was 18.6%. The quality of the
structures and refinement statistics of the EGCG-V30M TTR
complex are listed in Table 1. The TTRmonomer subunit is com-
posed of 127 amino acids that could be consistently modeled in
both monomers, with the exception of N-terminal residues 1-8
andC-terminal residues 126 and 127, which are highly disordered
and lie in regions not defined in the electron density maps as
reported previously (8). The final model has good geometry, with
no residues in disallowed regions of the Ramachandran plot cal-
culated by PROCHECK from the ccp4 program suite (41). The
crystal contains one dimer, monomersA andB in the asymmetric
unit; thus, we constructed TTR tetramers using another dimer
along the 2-fold axis, symmetric monomers A0 and B0. The rmsd
of CR atoms between the EGCG-V30M TTR complex and apo
V30M TTR monomers is 0.329-0.627 Å, suggesting that there
are no significant structural changes between the EGCG-V30M
TTR complex and apo V30M TTR.

The crystal structure of the EGCG-V30M TTR complex re-
vealed that the TTR dimer [monomers A and B (coloredmagenta)]

in the asymmetric cell unit has three EGCGbinding sites [binding
sites 1, 2, and3,EGCG(colored green)] (Figure 1A).The symmetry-
related TTRdimer [monomersA0 and B0 (blue), EGCG (orange)]
was constructed along the crystallographic 2-fold axis (Figure 1A).
A surface representation of TTR revealed that EGCG binding
sites are distinct from the T4 binding site (Figure 1B). In binding
site 1, EGCG was located between monomer A (magenta) and
monomer B0 (blue) sandwiched between two dimers (Figures 1A
and 2A). EGCG interacted with binding site 1 at the hydrophilic
side chains of Asp18 and Arg21 and hydrophobic side chains of
Val20, Leu82, Ile84, and Pro113 inmonomer A and Val20, Ile84,
Pro113, and Tyr114 in monomer B0 (Figure 2A,B). EGCG also
interacted with the main chain of Val20, Pro24, and Leu82 in
monomer A and Ser85 inmonomer B0. The main chain of Arg21,
Pro24, and Leu82 formed hydrogen bonds with EGCG via water
molecules (Figure 2B). The omit electron density map clearly
indicatedEGCGbinding in binding site 1 (Figure 2C). Therefore,
EGCG fastens two dimers via interaction with monomer A and
monomer B0 that may result in stabilization of the tetramer.

FIGURE 2: Close-up view of EGCG binding site 1. (A) Surface representation of EGCG binding site 1 shown in Figure 1A. Monomer A and
monomer B0 are colored magenta and blue, respectively. Amino acids making hydrophobic interactions are labeled. The right panel is rotated
from the left panel. (B) Themiddle panel is a close-up viewofEGCGbinding site 1 shown inFigure 1A. Left and right panels are rotated vertically
from middle panel. Amino acid residues involved in interaction with EGCG are colored red (monomer A) and blue (monomer B0). Hydrogen
bonds are shown as black dashed lines. Nitrogen and oxygen are colored blue and red, respectively. The water molecule is represented as a red
sphere. (C) The omit electron density map around EGCG in binding site 1 is colored purple and countered at 3.0σ, calculated with the ccp4
program suite without refinement bias.
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In binding sites 2 and 3, EGCGsimilarly bound toTTRmono-
mers A and B, respectively (Figure 3A). EGCG forms hydrogen
bonds with the side chain of Ser46 and Glu72 and the main chain
of Val32 (Figure 3A). The surface representation of TTR indi-
cates that EGCG forms hydrophobic interactions with His31,
Phe33, Pro43, and His90 (Figure 3B). The omit electron density
map of binding sites 2 and 3 contoured at 3.0σ calculated with the
ccp4 program suite (41) without refinement bias was weaker than
that of binding site 1 (Figures 2C and 3C) and suggested more
rigid binding of EGCG to binding site 1 than to binding sites 2
and 3.
EGCG Binds to TTR and Reduces the Level of TTR

Amyloidogenesis in Vitro. Because the structural data shown
above indicated that EGCGbinding sites are distinct from the T4

binding pocket, we speculated that EGCG could stabilize the tet-
ramer structure and suppress amyloid fibril formation of a TTR
variant such as E54KTTR,which we previously showed to be re-
fractory to the effect of a tetramer stabilizer (e.g., T4) (18, 42). To
test this hypothesis, we incubated recombinant wild-type, V30M,
and E54K TTR samples with the indicated concentrations of
EGCG in acetate buffer (pH 4.4) as described in Experimental
Procedures. Incubated samples were analyzed for amyloid fibril
formation with the thioflavin T binding assay (43). The presence
of EGCG decreased the level of amyloidogenesis in all TTR
samples in an EGCG dose-dependent manner (Figure 4A).
Dissociation of the tetramer into the monomer is needed for

amyloid fibril formation; thus, we investigated whether EGCG
inhibited TTR monomer formation. The samples were subjected
to SDS-PAGE analysis, and TTR bands were detected by silver
staining. In the presence of EGCG, levels of TTR monomer
bandswere decreased and those of oligomer bandswere increased
in a dose- and time-dependent manner (Figure 4B and Figure S1
of the Supporting Information). Next, we determined whether
EGCGbinds to TTR, assessed by staining samples with nitroblue
tetrazolium (NBT) (44), which can detect the protein-bound
EGCG in a color reaction. Recombinant TTRs incubated with
36μMEGCG for 6 h in phosphate buffer (pH7.0) were subjected
to SDS-PAGE. Then the proteins on the gel were blotted onto a
nitrocellulose membrane, and the membrane was stained with
NBT as described previously (45). Because the TTR tetramer
partly dissociates into a dimer during SDS-PAGE (46), dimer
bandswere also observed. As shown inFigure 4C (NBT staining),
EGCG directly bound to all TTRs and preferentially bound to
dimer (dissociated tetramer by SDS), tetramer, and oligomer
forms. Time course experiments showed that EGCG bound to
TTR tetramer andmonomer within 3 h and EGCGbound to the
TTR oligomer was observed after 6 h (Figure S2 of the Sup-
porting Information). Both native folded and denatured TTR
bind toEGCG, unlike another serumprotein, BSA, which requires
denaturation of its conformation to bind to EGCG (Figure S3 of
the Supporting Information). These data suggested that EGCG
could effectively reduce the level of amyloid fibril formation of
the wild type as well as TTRvariants by directly binding to native
folded TTR tetramer and monomer.

Because the structural data show that EGCG and T4 bind to
different sites in TTR, we investigated whether cotreatment with
EGCGandT4 is more effective in suppressing TTRamyloid fibril
formation. With a thioflavin T binding assay, we determined that
the level of formation of amyloid fibrils in wild-type TTR and
TTR variants was lower in the presence of both EGCG and T4

than with EGCG or T4 alone (Figure 4D). These results sug-
gested that EGCGmight suppress amyloid fibril formation via a
mode of action different from that of T4.
Model of Oligomerization of V30M TTR by EGCG.We

observed that EGCG induces the formation of oligomers of wild-
type, V30M, and E54K TTR oligomers in vitro that are non-
resistant to SDS (Figure 4B,C and Figures S1 and S4 of the
Supporting Information). To investigate the structural basis of
formation of oligomers of TTR by EGCG, we constructed an
oligomer model of TTR using the data derived from the crystal
structure of theEGCG-V30MTTRcomplex (Figure 5A).Because
EGCGmainly bound to the tetramer formofTTR (Figure 4C) and
could not induce oligomerization of monomeric TTR (M-TTR)
that has artificial monomeric mutations (F87M and L110M)
(Figure S5 of the Supporting Information) (47), we used tetramers
as a source of the oligomer and constructed the oligomer along
with crystallographic symmetry-related TTRs. EGCG inter-
acted with symmetry-related adjacent TTR (colored orange in
Figure 5A). In binding site 1 (Figure 5A, red square), EGCG
formed a van der Waals interaction with symmetry-related
adjacent EGCG and formed hydrogen bonds with the main
chain of Leu82 and Gly83 in adjacent TTR via a water molecule
(Figure 5B). In binding site 2 (Figure 5A, green square), EGCG
was located between monomer A and symmetry-related adjacent
TTR (Figure 5C). EGCG formed hydrogen bonds with side
chain of Glu61 and Glu62 and with symmetry-related adjacent
TTR (Figure 5D). EGCG also interacted with the main chain of
Asn98 and Phe64 in the symmetry-related monomer of adjacent

FIGURE 3: Close-up view of EGCG binding sites 2 and 3. (A) Close-
up view of EGCG binding sites 2 and 3 shown in Figure 1A. Amino
acid residues forminghydrogenbonds are shownas sticks. (B) Surface
representation of EGCG binding sites 2 and 3 shown in Figure 3A.
Amino acid residues involved in hydrophobic interactions are shown
as sticks. (C)TheomitmapsaroundEGCGinbinding sites 2 and3are
colored gray and are countered at 3.0σ and 2.0σ levels calculated with
the ccp4 program suite.
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TTR (Figure 5D). In the absence of EGCG, this oligomer model
could not be formed because the EGCG-binding regions between
tetramers are normally cavities. Therefore, EGCG may fasten
two tetramers and induce oligomerization of TTR.

TTR Variants Oligomerize in the Presence of EGCG in
the Cell Culture System. It was previously reported that
EGCG inhibits R-synuclein and β-amyloid fibrillogenesis by
forming oligomers (29). To investigate the effect of EGCG on

FIGURE 4: EGCG directly binds to TTRs and suppresses amyloid fibril formation. (A and B) Wild-type TTR and TTR variants (V30M and
E54K) were incubated for 6 h at 37 �C in 10 mM phosphate buffer (pH 7.0) with or without the indicated concentration of EGCG. Then the
solution containingTTRwasmixedwith an equivalent amount of 200mMacetate buffer (pH4.4) and incubated for 72 h at 37 �C.Amyloid fibrils
of TTR were detected with a thioflavin T binding assay. Amyloid fibril ratio (%) = 100 � (fluorescence at each concentration of EGCG/
fluorescence at 0 μMEGCG) (A). After incubation, samples were immediately mixed with sample buffer containing 0.1% SDS and loaded onto
PAGEgelswithout denaturation for SDS-PAGEanalysis and silver staining (B). (C)Wild-type TTRandTTRvariants (V30MandE54K) were
incubated for 6 h at 37 �C in 10 mM phosphate buffer (pH 7.0) with or without 36 μMEGCG, and then the sample solution was analyzed with
silver staining andNBT staining. (D) The extent of amyloid fibril formation of TTR variants is lower in the presence of both EGCGand T4 than
withEGCGorT4 alone.Wild-type TTRandTTRvariants (0.2mg/mL)were incubated for 6 h at 37 �C in 10mMphosphate buffer (pH7.0) with
orwithout 10μMEGCG, 10μMT4, or bothEGCGandT4 (10 μMeach). After incubation, amyloid fibril formationwas assessed by a thioflavin
T binding assay. Amyloid fibril ratio (%) = 100 � (fluorescence at 10 μMEGCG and/or T4/fluorescence at 0 μMEGCG and/or T4). Bars are
representative of three independent experiments. Values represent the mean ( the standard error. Statistical significance was calculated by an
ANOVA (Tukey-Kramer) test (*P < 0.05; ***P < 0.001).
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the oligomerization and monomer suppression of TTR variants
in the cell culture system, we assayed 11 naturally occurring vari-
ants (D18E, D18G, A25T, V30M, E54G, E54K, L55P, Y78F,
I84S, R104H, and T119M) that are clinically relevant. Previ-
ously, we developed a cell culture system by which we can validate
the stabilizing effect of a compound on the TTR tetramer under
nondenatured conditions (18). In this system, we canmonitor the
conformation of secreted TTR using a TTR antibody. CHO-K1
cells that do not express endogenous TTR (Figure S6 of the Sup-
porting Information) were transfected with the TTR variants and
incubated with 20 μMEGCG for 36 h. Culturemediumwas ana-
lyzed by Western blotting. In the presence of EGCG, except for
A25T, S112I, and Y114C TTRs, the level of oligomer formation
was increased while the level of monomers was reduced (Figure
6A,B and Table S1 of the Supporting Information).We observed
that some TTRs formed oligomers in the absence of EGCG. This
might be due to the effect of cell culture environment because oli-
gomers of wild-type TTR were also formed in the absence of
EGCG in HepG2 cells that endogenously expressed wild-type
TTR (Figure 6A and Figure S7 of the Supporting Information).
Because the TTR antibody could not detect other proteins in the
presence of EGCG in this cellular system (Figure S6 of the Sup-
porting Information), oligomers in the stacking gel were thought
to be EGCG-induced TTR oligomers. D18G and D18E TTRs
were not secreted into the cell media (Figure 6A) as demonstrated
previously (48). We also performed the same experiment using
HepG2 cells expressing endogenous wild-type TTR. The level
of the oligomer form of TTR was increased and the level of the
monomer reduced in EGCG-treated cells in an EGCG dose-
dependent manner (Figure S7 of the Supporting Information).
EGCG-induced oligomerization was weakly correlated with

monomer suppression (R2 = 0.51) (Figure 6B). Furthermore,
we examined the effect of mutating the binding site residues to
alanine. A total of 10 point mutant constructs were created and
assayed. The alanine mutation scanning experiment in the cell
culture system revealed that EGCG-induced oligomerization of
TTR was not affected by mutations of residues in binding sites
2 and 3 (Figure S8 of the Supporting Information). On the other
hand, mutation of Asp18 and Pro113 to alanine in binding site
1 inhibited TTR oligomerization and monomer suppression
induced by EGCG (Figure S8 of the Supporting Information),
indicating that these residues might be important for EGCG
binding. These results suggested that EGCG influences oligo-
merization and monomer suppression of TTR in the cell culture
system.

DISCUSSION

In this study, we determined the crystal structure of the
EGCG-V30M TTR complex and showed that there are three
EGCG binding sites in TTR, which are distinct from those of the
binding sites of T4 and amyloid inhibitors, making the EGCG
binding sites, especially binding site 1, novel target sites for pro-
moting TTR stability. EGCG interacts with monomer A and
monomer B0 in binding site 1, thereby fastening two dimers and
stabilizing the TTR tetramer. Furthermore, monomers A and B
in the EGCG-V30M TTR complex formed new interactions
with symmetry-related monomers (monomers A and B of adja-
cent TTR) through three EGCG binding sites (Figure 5A), sug-
gesting that EGCG binding not only stabilizes the tetramer
structure but also induces oligomer formation. Consistent with
this idea, we showed that EGCG induced the oligomerization of

FIGURE 5: Interaction of EGCG symmetry-relatedTTRs. (A-C) TTR andEGCGare drawn as a cartoon and as sticks, respectively. Symmetry-
related TTR tetramers (orange) were generated with the symmetry program in PyMol. EGCG is shown in color at each binding site (red, green,
andblue at binding sites 1-3, respectively). (B)Close-upofEGCGbinding site 1 shown inpanelA (in the red square). Symmetry-relatedEGCGis
colored cyan. The van derWaals radius of EGCG is colored light green. Hydrogen bonds are shown as black dashed lines. Nitrogen and oxygen
are colored blue and red, respectively. Thewatermolecule is shown as a red sphere. (C) Close-up of EGCGbinding site 2 shown in panel A (in the
green square). TTR and the symmetry-related surface of the monomer are colored gray and orange, respectively. (D) Cartoon representation of
the rotated oligomer structurewithEGCGfrompanel C.Aminoacid residues interactingwithEGCGare colored black (monomerA; amino acid
forms only hydrogen bonds with EGCG in binding site 2) and red (symmetry-related monomer).
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TTRs in the cell culture system (Figures 4 and 6). Ferreira and
colleagues (49) also showed the potential of EGCGtomake small
spherical oligomers.

Although the structural data suggested that three EGCG
binding sites are involved in the oligomerization of TTR, the
binding stability is not identical. TheB factor average of binding
site 1 (35.1 Å2) and binding sites 2 and 3 (63.4 and 66.1 Å2,
respectively) suggested more rigid binding of EGCG to binding
site 1 than to binding sites 2 and 3.We considered this possibility
also because the omit map of EGCG around binding sites 2 and
3 located in the TTR monomer is weaker than that of binding
site 1 (Figures 2C and 3C). Moreover, alanine mutation of the
residues in binding sites 1-3 revealed that mutation of Asp18
and Pro113 in binding site 1, but not of residues in binding sites
2 and 3, inhibited TTR oligomerization and monomer suppres-
sion (Figure S8 of the Supporting Information), indicating that
binding site 1 might be important for EGCG binding. Because
Asp18 and Pro113 residues are located in the region between
two dimers, it is possible that the mutation of these residues
could compromise the TTR tetramer stability, and thus, the
suppression of monomer formation in the presence of EGCG
could not be observed. To clarify which amino acid residues
are crucial for the binding of EGCG to TTR, further experi-
ments are required using recombinant D18A and P113A TTR
proteins.

The NBT binding assay showed that EGCG mainly binds to
tetramer and dimer (dissociated tetramer by SDS) in addition to
oligomer. From the experiment using M-TTR, although EGCG
also bound to monomer, oligomer formation of M-TTR by
EGCG treatment was not observed (Figure S5 of the Supporting
Information). Therefore, we hypothesize that tetramer is a build-
ing block of TTR oligomer induced by EGCG. In binding site 1,
EGCG interacted not only with TTR but also with another
EGCG along the crystallographic 2-fold axis through hydro-
phobic interaction (Figures 5A, red square, and Figure 5B).
In binding sites 2 and 3, EGCG connects monomer A with
the symmetry-related adjacent monomer via hydrogen bonds
(Figure 5A, green square, and Figure 5D). When EGCG bound
to sites 1-3, EGCG filled the cavity around these regions,
resulting in the promotion of the oligomeric state of TTR
(Figure 5B,C).

It is commonly known that T4 as well as tetramer stabilizers
such as diflunisal and dicrofenac (NSAIDs) inhibits amyloid
fibril formation in vivo and in vitro by binding to the T4 binding
pocket (17, 36, 50). The crystal structure of the EGCG-V30M
TTR complex showed that EGCG bound to TTR at sites
different from the T4 binding pocket (Figure 1B). Thus, it is
likely that the effect of the tetramer stabilizer is strengthened
by treatment with EGCG. In support of this hypothesis, we
found that the level of amyloid fibril formation of TTR variants

FIGURE 6: EGCG induces TTRoligomerization and reduces the level ofmonomeric TTR variants in the cellular system. (A)Wild-type TTR and
TTR variants were transfected in CHO-K1 cells, and cells were treated with 20 μMEGCG for 36 h. Western blotting analysis of secreted TTR
proteins was performed. (B) Quantification of Western blots using Image Gauge version 4.23 (Fujifilm). The total intensity in the same range
denoted “oligomer” in panel Awas used for oligomer calculation.Monomer ratio (%)=100� (monomer level at 20 μMEGCG/monomer level
at 0 μMEGCG). Oligomer ratio (%)= 100� (oligomer level at 20 μMEGCG/oligomer level at 0 μMEGCG). Bars are representative of three
independent experiments. Values represent the mean( the standard error.
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(V30M and E54K) was significantly reduced in the presence of
both EGCG and T4 compared with control, EGCG, or T4

(Figure 4D). The data for NBT staining indicated that EGCG
directly binds to TTR (Figure 4C) and reduced the level of
amyloid fibril formation even in E54K TTR (Figure 4A), which
possesses mutation around the T4 binding pocket and is refrac-
tory to the stabilizing effect of T4 (51). In contrast to T4 alone,
amyloid fibril formation of E54K TTR was clearly suppressed in
the presence of T4 with EGCG (Figure 4D). These results
indicated that EGCG is useful as a stabilizer for TTR variants
possessing mutation around the T4 binding pocket.

We also examined the potential of EGCG to induce oligo-
merization in 13 other TTR variants that have been previously
reported to manifest clinical phenotypes (52). Although EGCG
increased the oligomer fraction in most of the TTR variants, it
had no pronounced effect on A25T, S112I, and Y114C TTRs
(Figure 6 and Table S1 of the Supporting Information). A25T
TTR displays drastically reduced quaternary and tertiary stabi-
lities with an extremely fast rate of tetramer dissociation com-
pared with other TTR variants (53); thus, EGCG might not be
able to bind to the A25T TTR tetramer efficiently enough to
prevent its dissociation and to induce oligomerization. The
tetramer of S112I TTR is also destabilized because of its muta-
tion located between two dimers, resulting in dimeric species as
described previously (54). This is likely why EGCG did not have
an observable effect on oligomerization of S112I TTRs. Because
EGCG interacts with Tyr114 in binding site 1 by hydrophobic
interaction (Figures 2), the Y114C TTR variant could fail to
interact with EGCG, thus preventing EGCG-induced oligomer
formation and monomer suppression. Collectively, these data
suggested that EGCG binding site 1 in TTR tetramer is impor-
tant for oligomerization and that the extent of EGCG-induced
oligomerization is decreased in the abundance of monomer.
To elucidate the detailed mechanism of oligomerization and
inhibition of amyloid fibril formation, further investigations
are necessary using various recombinant TTRs such as A25T,
S112I, and Y114C TTR variants.

A previous study by Ehrnhoefer et al. showed that EGCG
suppressed amyloid fibril formation of amyloid β and
R-synuclein by making the “off-pathway” oligomerization state
that produces nontoxic oligomers (29). Ferreira and collea-
gues (49) also showed the potential of EGCG to prevent
TTR-related amyloid fibril formation by making small sphe-
rical oligomers. The EGCG-induced TTR oligomers did not
affect the cell viability of neuroblastoma IMR-32 cells (Figure S9
of the Supporting Information), indicating that EGCG-induced
oligomers seem to be different from the current “toxic oligomer”
theory, and coincident with Ehrnhoefer’s report using R-synu-
clein and amyloid-β oligomers. In previous studies, structural
insight into the binding of EGCG was lacking. This study first
showed the structural binding mode of the EGCG-TTR com-
plex. The novel finding of the interaction between adjacent
symmetry-related TTR monomers via EGCG binding might
explain how these oligomers are formed (Figure 5). Previous
reports have demonstrated the beneficial effects of EGCG
on Alzheimer’s disease, Parkinson’s disease, obesity, diabetes,
stroke, and carcinogenesis and that EGCG has anti-oxidant
activity (21, 22, 25, 55-57). Because EGCG cytotoxicity was not
observed in these studies, EGCG might be a good therapeutic
drug for a range of human diseases.

In conclusion, we determined by biochemical and structural
studies that EGCG binds to TTR and reduces the level of

amyloid fibril formation. The results presented here not only
show the effect of EGCG on TTR amyloidogenesis but also
provide structural insight into TTR-EGCG interaction.

SUPPORTING INFORMATION AVAILABLE

Time- and dose-dependent EGCG-induced TTR oligomeriza-
tion and monomer reduction, time- and dose-dependent manner
of EGCG binding and TTR oligomerization, EGCG binding
with TTR and BSA in the absence or presence of urea, character
of EGCG-induced oligomers, effect of EGCG on wild-type M-
TTR oligomerization and EGCG binding, EGCG-induced oli-
gomerization of secreted TTR in CHO-K1 cells, EGCG-induced
oligomerization of endogenous TTR in HepG2 cells, EGCG-
induced oligomerization of secreted TTRs with alanine mutation
at EGCG binding sites, effect of EGCG-induced TTR oligomers
on the cell viability of the neuroblastoma cell line, and a table of
monomer ratios and oligomer ratios. This material is available
free of charge via the Internet at http://pubs.acs.org.
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