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Abstract
Transthyretin (TTR) is a homotetrameric plasma protein with amyloidogenic properties that

has been linked to the development of familial amyloidotic polyneuropathy (FAP), familial

amyloidotic cardiomyopathy, and senile systemic amyloidosis. The in vivo role of TTR is as-

sociated with transport of thyroxine hormone T4 and retinol-binding protein. Loss of the tet-

rameric integrity of TTR is a rate-limiting step in the process of TTR amyloid formation, and

ligands with the ability to bind within the thyroxin binding site (TBS) can stabilize the tetra-

mer, a feature that is currently used as a therapeutic approach for FAP. Several different fla-

vonoids have recently been identified that impair amyloid formation. The flavonoid luteolin

shows therapeutic potential with low incidence of unwanted side effects. In this work, we

show that luteolin effectively attenuates the cytotoxic response to TTR in cultured neuronal

cells and rescues the phenotype of a Drosophila melanogastermodel of FAP. The plant-de-

rived luteolin analogue cynaroside has a glucoside group in position 7 of the flavone A-ring

and as opposed to luteolin is unable to stabilize TTR tetramers and thus prevents a cytotox-

ic effect. We generated high-resolution crystal-structures of both TTR wild type and the

amyloidogenic mutant V30M in complex with luteolin. The results show that the A-ring of

luteolin, in contrast to what was previously suggested, is buried within the TBS, consequent-

ly explaining the lack of activity from cynaroside. The flavonoids represent an interesting

group of drug candidates for TTR amyloidosis. The present investigation shows the poten-

tial of luteolin as a stabilizer of TTR in vivo. We also show an alternative orientation of luteo-

lin within the TBS which could represent a general mode of binding of flavonoids to TTR and

is of importance concerning the future design of tetramer stabilizing drugs.
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Introduction
Transthyretin (TTR) is a well-defined homotetrameric serum protein composed of 127 amino
acids. It is primarily produce by the liver, but expression of TTR is also found within the retina
of the eye and within the brain. The function of TTR in vivo is to act as a transport protein for
the thyroxine hormone T4 and the retinol-binding protein. Binding of the T4-hormone is
achieved by two specific thyroxine binding sites (TBS) that are situated at the interface between
the two TTR dimers.

TTR has amyloidogenic features and has been linked to the development of familial amyloi-
dotic polyneuropathy (FAP), familial amyloidotic cardiomyopathy (FAC), and senile systemic
amyloidosis [1]. In addition, TTR deposits have recently also been linked to the pathology of
preeclampsia [2].

Both FAP and FAC are associated with mutations in TTR, and more than 100 unique path-
ological mutations have been identified [3]. These mutations frequently lower the stability of
TTR and shift the equilibrium from a native state and may subsequently result in amyloid for-
mation [4–6]. Although mutations frequently affect the thermodynamic stability of TTR, the
rate-limiting step of TTR amyloid formation is dissociation of the tetramer [7, 8]. Liver trans-
plantation is an effective treatment for FAP because this replaces the major source of mutated
TTR production with the wild-type protein [1, 9]. However, a liver transplant is restricted only
to mutated proteins and is moreover associated with additional risks linked to the surgical pro-
cedure, the subsequent immunosuppressive treatment, and also a continuous buildup of wild-
type amyloid on pre-existing amyloid deposits [10, 11].

Alternative modes of treatment have been developed, including gene silencing [12] and the
use of small molecules that prevent the dissociation of the TTR tetramer [8, 13–18]. Diflunisal
and tafamidis (also known as Vyndaqel) have shown beneficial effects in clinical trials with
FAP patients [19–21]. However, non-steroidal anti-inflammatory drugs (NSAID) like difluni-
sal are frequently associated with gastrointestinal side effects due to their inhibitory effect on
the cyclooxygenase 1 system, and prolonged treatment may cause unwanted side-effects [22].

The ligand specificity of TTR is rather low, and several small organic molecules have been
identified that have the potential to stabilize the tetrameric integrity of TTR [8, 13–18, 23]. Re-
cently a group of flavonoids have been shown to bind and stabilize the TTR tetramer [24]. One
of these—3´,4´,5,7-tetrahydroxyflavone (luteolin; Fig 1A)—is an abundant flavonoid produced
in plants that has several health benefits, including neuroprotective properties [25, 26], and
luteolin has recently been shown to prevent TTR aggregation in vitro [24]. Herbal extracts con-
taining high doses of luteolin have been used for a long time in traditional Chinese medicine
[27], and due to the rather low incidence of unwanted side effects, it is of interest to further in-
vestigate the ability of luteolin to stabilize the TTR tetramer and to prevent the toxic effects of
tetramer dissociation. We show here that luteolin efficiently prevents the cytotoxic effects of
TTR on a human neuroblastoma cell line and rescues the pathological phenotype in a Drosoph-
ila melanogastermodel of FAP.

In humans, luteolin is subject to modification as a result of enzymatic activity within the
liver and intestines. In particular position 7 of the A-ring, indicated in Fig 1B, is modified and
is predominantly susceptible to glucuronidation as illustrated in Fig 1C. A recently published
structure of TTR in complex with luteolin suggests that this position is solvent exposed [24],
which suggests that modifications at position 7 is likely to be benign. However, we show here
that a large modification at position 7 of the A-ring renders the luteolin molecule inactive.
High-resolution crystal structures of native TTR and mutant TTRV30M in complex with
luteolin show that luteolin is arranged with the A-ring buried within the core of the TBS, in
agreement with the results of our in vitro activity assay.
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Taken together, our experiments show how luteolin prevents TTR-induced pathologic ef-
fects both in cells and in an animal model for FAP. We present an alternative orientation of
luteolin upon binding to the TBS of TTR that explains how glucuronidation would likely abro-
gate the effects of luteolin. The results may aid design of analogues with improved resistance to
degradation in the quest to develop novel drugs for TTR-associated amyloid disorders.

Results

Luteolin prevents TTR toxicity in neuroblastoma cells
Luteolin has recently been found to bind to TTR and to prevent the dissociation of the tetramer
[24], and the preservation of tetrameric integrity impairs the ability of TTR to exert a cytotoxic
response [28]. In this work, we have used a cell-based viability assay to assess the ability of
luteolin to suppress TTR-induced toxicity. The cytotoxicity of recombinant human TTR
(TTR) in SH-SY5Y neuroblastoma cells has previously been demonstrated, and this was the ex-
perimental system used throughout the present investigation [29]. The cells were incubated
with TTR at a concentration corresponding to 18 μM tetrameric TTR for a total time of 72 h.
The response to TTR—as evaluated by a decrease in the conversion of resazurin to resorufin—
was a 30% reduction in cell survival (Fig 2). Preincubation of TTR with 10 μM luteolin,
diflunisal, or diclofenac increased the cell survival to essentially that of the untreated control
cells (Fig 2).

Luteolin reverses the phenotype of a D.melanogastermodel of FAP
To assess the ability of luteolin to mediate its stabilizing effect on TTR in vivo we have used an
established animal model for FAP based on the fruit fly D.melanogaster. Flies expressing the
mutated TTRV30M display an impaired neurological phenotype that resembles the clinical
manifestations of TTR-associated amyloidosis in humans similarly to the published model
with TTR V14N/V16E [30]. Luteolin was administered to the flies through their food. The
food uptake in presence of luteolin was, in addition, verified to be normal using a standard blue
dye food intake test. We used an established climbing assay [30] to evaluate the effect of luteo-
lin and the result showed that luteolin rescued the impaired phenotype at 3 mM, illustrated in
Fig 3.

Fig 1. Flavonoids. (A) luteolin, (B) general formula of the flavonoid scaffold, (C) luteolin-7-O-glucoside, and
(D) luteolin-7-O-glucuronide.

doi:10.1371/journal.pone.0128222.g001
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Luteolin-7-O-glucoside has no inhibitory effect on TTR aggregation
The activity of intestinal and liver enzymes in humans predominantly results in a high degree
of conjugation of a glucuronide group at position 7 of luteolin. The general flavonoid scaffold
is shown in Fig 1B while the specific structure of luteolin is shown in Fig 1A. Due to the poten-
tial use of luteolin as a kinetic stabilizer of TTR, it was of interest to evaluate the potential effect
of luteolin after such a modification. Luteolin-7-O-glucuronide is not easily acquired, but
luteolin-7-O-glucoside, also known as cynaroside, Fig 1C, is readily produced in plants and is
highly similar in structure to luteolin-7-O-glucuronide and serves as a good analogue to inves-
tigate the effect of 7-O-glucuronidated luteolin shown in Fig 1D.

Using a well-established assay where the stability of TTR is monitored at low pH the effect
of potential stabilizing drugs can be evaluated [17]. At a pH around 4.5 TTR is rapidly con-
verted into opaque aggregates following a dissociation of the tetramer and a simple turbidity
measurement can consequently be used to monitor changes in the kinetic stability.

The results show that a glucoside group in position 7 of the A-ring of luteolin abolishes its
ability to inhibit pH induced fibril formation (Fig 4). This is in accordance with luteolin-7-O-
glucoside’s inability to rescue cell-viability, as shown previously in Fig 2.

Fig 2. Inhibition of TTR-induced cytotoxicity. TTR at a final tetrameric concentration of 18 μMwas pre-
incubated with luteolin, diclofenac, diflunisal, or luteolin-7-O-glucoside (10 μM each) for 2 h. TTR or the TTR +
inhibitor mixtures were added to SH-SY5Y cells and incubated for 72 h. Cell viability was measured with a
resazurin assay [44]. Data are presented as mean ± standard deviation (n = 3, **P < 0.01; ***P < 0.001; ns
P > 0.05). The addition of luteolin, diflunisal and diclofenac leads to a statistically significant difference in the
number of viable cells compared to cells exposed to TTR alone, but the addition of luteolin-7-O-glucoside had
no effect on TTR toxicity. The statistical significance was assessed using one-way ANOVA.

doi:10.1371/journal.pone.0128222.g002

Luteolin and Transthyretin Amyloidosis

PLOS ONE | DOI:10.1371/journal.pone.0128222 May 28, 2015 4 / 15



The aromatic A-ring of luteolin is buried within the TBS of TTR
Crystal structures of TTR-luteolin and TTRV30M-luteolin complexes were determined at 1.12
and 1.7 Å resolution, respectively, S1 Table. The TTR-luteolin complexes were co-crystallized
with five molar excess of inhibitor in the space group P21212 and contains one dimer in the
asymmetric unit. By applying the crystallographic 2-fold symmetry at the c-axis the biological
dimer could be obtained (Fig 5A). The inner β-sheets of the dimer–dimer (AB–A´B´) interface
form two ligand-binding cavities (TBSs) referred to as sites AA´ and BB´. Specific high-affinity
binding of luteolin to TTR and V30M were confirmed from difference Fourier electron density
maps, Fig 5B and S1 Fig. The TTR-luteolin tetramer is structurally very similar to TTR [31].
Each monomer in the structure consists of residues Cys10-Pro125 as previously reported.
Luteolin binds in the hydrophobic TBS. The electron density of the complex structure suggest
that the orientation of the ligand should be rotated 180° in comparison with the previously re-
ported TTR-luteolin structure (pdb code 4dew, [24]). The O5 and O7 atoms positioned on the
A-ring of luteolin form in the new orientation hydrogen bonds with the side chains of Ser117,
Thr119 and symmetry-related copies of the same residues over the dimer-dimer interface

Fig 3. Luteolin reverses the phenotype of aD.melanogastermodel of FAP.Climbing activity using a
DAMS5 System is shown for wild-type flies and TTRV30M expressing flies without drug (vehicle) and with
drug treatment at 6 days after eclosion. TTRV30M flies with vehicle alone showed reduced climbing activity
compared to wild-type control flies. TTRV30M flies showed improved activity after drug treatment and a
sufficient rescue effect was observed in flies treated with 3.0 mM luteolin. Values in graph represent
mean ± S.E. *, p < 0.05 by MannWhitney U test TTRV30M 3.0 mM LUT. **, p < 0.05 by MannWhitneyU test
for TTRV30M vehicle.

doi:10.1371/journal.pone.0128222.g003
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(Fig 6A and 6B). No additional hydrogen bonds are formed between the protein and the luteo-
lin ligand. Interactions between the luteolin B-ring and TTR involve van der Waal contact to
the side chain of Leu17 and the Cδ and Cε atoms of Lys15. The side chain of Lys15 is directed
away from luteolin oxygens O3´ and O4´ at both binding pockets (Fig 6C). The latter luteolin
oxygen, positioned on the B-ring, make hydrogen bonds with water molecules positioned at
the surface of the molecule (Fig 6A and 6B). The water molecules hydrogen bonded to the B-
ring are however not so well defined in the electron density, which indicate that they are flexi-
ble. The TTRV30M-luteolin tetramer is structurally very similar to TTR-luteolin, and shows
the same orientation of luteolin at the TBS, S1 Fig.

Discussion
The neuropathological properties of TTR are puzzling, and it is not yet fully understood how it
exerts its toxic effect. However, regardless of the downstream steps leading to the formation of
cytotoxic species, it is clear that a primary target for interventions is the dissociation of the
TTR tetramers [6]. In other words, preventing the initial step of tetrameric dissociation will
also prevent any subsequent conversion into pathological structures. The properties of TTR
can be divided into a thermodynamic component that represent the equilibrium between the
folded and unfolded state at equilibrium and a kinetic component that defines the rate at
which the structure unfolds under denaturing conditions [32, 33]. Dissociation of the tetramer

Fig 4. Influence of inhibitors on TTR aggregation under acidic conditions. TTR (final tetrameric
concentration 15 μM) was pre-incubated with luteolin, diflunisal, diclofenac, or luteolin-7-O-glucoside (each at
15 μM) for 2 h. The TTR complexes were subjected to pH 4.6 for 72 h, and fibril formation was evaluated by
turbidity measurements at 400 nm [17]. The amount of aggregated TTR is reported as a fraction of fibril
formation relative to the amount of aggregates produced in the absence of inhibitors. There was a significant
decrease in TTR fibril formation after the addition of luteolin, diflunisal, and diclofenac compared with TTR
alone, but no inhibitory effect was observed after treatment with luteolin-7-O-glucoside. The statistical
significance of the obtained results was assessed using one-way ANOVA. Data are presented as
mean ± standard deviation of the % fibril formation (n = 2 ***P < 0.001; ns P > 0.05).

doi:10.1371/journal.pone.0128222.g004
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Fig 5. The crystal structure of TTR-luteolin complex. A) The TTRmonomers in the dimer structure are shown as ribbons and are labeled A and B. The
symmetry-related monomers are labeled A´, and B´. Two luteolin molecules bind at the thyroxin-binding channels, and are shown as sticks. For clarity, only
one of the symmetry-related luteolin orientations is shown. B) The quality of the electron density map at the BB´ dimer-dimer interface. The σA-weighted
(m|Fo|-D|Fc|) electron density contoured at 3 times the root-mean-square value of the map is shown in orange. To reduce model bias the luteolin molecule
was excluded from the coordinate file that was subjected to one round of simulated annealing refinement before calculation of the map.

doi:10.1371/journal.pone.0128222.g005

Fig 6. Detailed view of the luteolin-binding site in TTR. A and B) Two orientations of the TTR-luteolin complex that show interactions made between the
luteolin A-ring and TTR. Residues and the luteolin molecule from the B and B’monomers are shown in blue and yellow, respectively. Hydrogen bonds are
shown as dotted lines. The O5 and O7 oxygen form hydrogen bonds to the Oγ1 atoms of B-Ser117 and B-Thr119 (and B´-Ser117 and B’-Thr119 over the
tetramer interface). Both Ser117 and Thr119 are refined in two conformations. C) The σA-weighted (2m|Fo|-D|Fc|) electron density calculated from the
refined coordinates is contoured at the root-mean-square value of the mapover residues B- and B’-Lys15 (blue). The density shows that no direct hydrogen
bond is formed between the Nz atom of Lys15 to luteolin.

doi:10.1371/journal.pone.0128222.g006
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is rate limiting and is modulated by ligand binding. Although a strong effect can be seen upon
binding of thyroxin hormone T4 [34], the levels of thyroxine hormone T4 in human serum
only binds approximately 1% of total TTR and it is not feasible to increase these levels due to
adverse side effects. Therefore, alternative ligands have been presented [13, 14, 17, 35–40] and
a few have proven to be beneficial from a therapeutic point of view [19, 20]. Recently a group
of flavonoids have been shown to prevent dissociation of the tetramer, and luteolin demon-
strated particularly potent inhibitory properties of TTR and TTRV30M [24]. Luteolin has sev-
eral interesting physiological properties and has been shown to be beneficial in protecting
against neuronal damage [25, 26]. Luteolin is widely used within traditional Chinese medicine
and has few side effects even upon prolonged intake at high doses [27]. These properties make
luteolin an interesting candidate for the potential treatment of TTR-induced amyloidosis
in humans.

In this work, we have shown that luteolin prevents the cytotoxic effect of TTR on a human
neuronal cell line and that it also rescuers the pathological phenotype in a D.melanogaster
model of FAP, which suggest that luteolin can exert its effects within a complex environment.
The TTRV30M phenotype shows essentially no TTR immunoreactive aggregates in the fly, in
contrast to the previously reported Drosophila variant TTR V14N/V16E [41]. This suggests
that the toxic effect does not correlate well with the total load of aggregates. Such result is fur-
ther supported by cell studies, where the stability of a tetramer instead correlates with toxic ef-
fect [29, 42]. Measuring the stability of the TTR tetramer within the fly is however technically
challenging and could not be performed.

In humans luteolin is unfortunately subjected to modification by enzymes produced in the
liver and intestines which results primarily in the addition of a glucuronide modification to the
hydroxyl group in position 7 of the A-ring [43]. In a recent crystal structure of TTR in complex
with luteolin, the orientation of the luteolin showed position 7 of the A-ring to be solvent ex-
posed, and this suggests that modifications at this position would have none or just a small ef-
fect on luteolin’s interactions with TTR [24]. Evaluation of the effect of a modification at
position 7 can easily be tested using a well-established turbidity assay based on low pH [17].
However, luteolin-7-O-glucuronide cannot be purchased and we have therefore evaluated the
effect of the highly similar luteolin-7-O-glucoside that is readily produced in plants (see Fig 1
for a structural comparison). Given the hypothesis that this position would be solvent exposed,
subtle variations in the conjugated moiety would not be expected to interfere with luteolin
binding to TTR. We found, however, that luteolin-7-O-glucoside is inactive. To investigate the
molecular interaction between luteolin and TTR in more detail, we solved an atomic-resolution
crystal structure of a complex between TTR and luteolin.

Our structure showed that luteolin was oriented such that the A-ring rather than the B-ring
was facing the core of the TBS (Fig 5B). This orientation fits well with our biochemical data as
the bulky addition at position 7 of luteolin-7-O-glucoside prevents it from binding at TBS and
explains the lack of activity. This orientation of luteolin was also verified in the TTRV30M-
luteolin complex structure, S1 Fig. We hypothesize that a similar orientation would be seen for
all other flavonoids that are reported to bind TTR.

From a perspective of drug-design, the present result suggests that replacing the hydroxyl
group in position 7 of luteolin with a less reactive group or atom e.g. using a halide or a small
alkyl group might preserve its binding properties to TTR while at the same time increase its sta-
bility in vivo.

Taken together, our results show how luteolin specifically prevents the cytotoxic effect of
TTR both in cell culture experiments and in a D.melanogastermodel of FAP. We also show
that the luteolin molecule binds to the TBS with its aromatic A-ring buried within the TBS and
the B-ring facing the solvent. This mode of interaction is likely to be representative of the entire
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group of flavonoids and explains how bulky modifications of the hydroxyl group located in po-
sition 7 of the luteolin scaffold will impair its effect. Due to its efficacy in the D.melanogaster
model for FAP, as well as its beneficial properties against neuronal damage in humans, luteolin
and potentially glucurunoidation-resistant analogues, where the hydroxyl group in position 7
has been substituted, are interesting candidates in the quest to develop novel interventions for
the treatment of TTR-associated disorders.

Experimental Section

Recombinant expression and purification of TTR
Expression of TTR was performed according to a previously published protocol [29]. Briefly,
after transformation of the plasmid into Escherichia coli BL21, the cells were grown until an
OD600 of 0.6 followed by induction with 0.4 mM isopropyl thiogalactopyranoside at 37°C.
After 18 hours, cells were harvested and lysed by sonication. Cell debris was removed by centri-
fugation at 20,000 × g for 30 min, and the supernatant was collected and loaded onto an anion
exchange column (Q-sepharose, Amersham Biosciences) and eluted with a NaCl gradient. The
fractions containing TTR were concentrated using Centriprep filter units with Ultracel YM-10
membranes (Millipore) and loaded onto a gel filtration column (Superdex G75-16/60, Amer-
sham Biosciences) equilibrated in minimum essential medium (MEM). The purified protein
solution was supplemented with 2 mM L-glutamine, 100 units/mL penicillin, 100 μg/mL strep-
tomycin (Gibco), and 1% non-essential amino acid solution before incubation with SH-SY5Y
cells.

Cell culture
Neuroblastoma SH-SY5Y cells were obtained from the European Collection of Cell Cultures
(Center for Applied Microbiology and Research). Cells were cultured in MEM and GlutaMax
(Gibco) and supplemented with 10% (v/v) fetal bovine serum (Gibco), 100 units/mL penicillin,
100 μg/mL streptomycin (Gibco), and 1% non-essential amino acid solution (Gibco). Cultures
were maintained in an incubator at 37°C with a humidified atmosphere of 5% CO2.

Inhibition of TTR-induced cytotoxicity
Luteolin, diflunisal, diclofenac, and luteolin-7-O-glucoside were pre-incubated with purified
TTR in MEM with supplements for two hours before being added to the SH-SY5Y cells. The
TTR was added to the cells at a final concentration of 18 μMwhile all inhibitors were applied
at 10 μM. The mixtures were incubated with the cells for 48 h at 37°C in a humidified atmo-
sphere of 5% CO2. Cytotoxicity was evaluated using a resazurin reduction test [44] and the via-
bility of the cells was detected by fluorescence measurement using a Tecan Safire plate reader
with excitation at 535 nm and emission at 595 nm. All experiments were performed
in triplicate.

Influence of inhibitors on TTR aggregation under acidic denaturing
conditions
TTR at a final concentration of 15 μMwas pre-incubated with luteolin, diflunisal, diclofenac,
or luteolin-7-O-glucoside (15 μM each) for 2 hours at room temperature. Acidic denaturation
(pH = 4.6) was achieved by adding acetate buffer and incubating for 72 h. The formation of
TTR aggregates was detected by turbidity measurement of the OD400 using a Tecan Safire
plate reader.
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D.melanogastermodel of FAP
UAS-TTR V30M flies (generated as described in [30]) were expressed under control of the
pan-neuronal n-syb-GAL4 promoter, which was a kind gift of Dr. Julie Simpson (Howard
Hughes Medical Institute, Chevy Chase, MD). Wild-type Oregon-R strain flies were originally
obtained from the Bloomington stock center and crossed with the n-syb-GAL4 in
control experiments.

All inhibitors were dissolved in 95% ethanol and mixed into the standard corn/yeast/agar
fly food at appropriate concentrations. The final ethanol concentration in the food corre-
sponded to 4.8% (w/v) in both treated and controls. Flies were given access to the drugs ad libi-
tum during their development and for one week after their eclosion. Standard fly food was
mixed with blue food-dye (Patent Blue V) at concentration 0.5 mg/ml as internal marker of
food intake, S2 Fig. This food additionally contained vehicle or tested compounds at indicated
concentrations. Fresh food was provided every second day and flies were allowed to feed for
one week starting from larval stages. The blue food-dye used, at the above concentration, was
ascertained to be neither toxic nor was it metabolized. After one week of rearing under stan-
dard procedures, flies were anesthetized, placed under a stereomicroscope (SMZ-140/143,
Motic, Wetzlar, Germany) and imaged using a digital camera (Olympus SC30, 3.1 MP, Ham-
burg, Germany) with Olympus Stream Essentials software. Food intake was quantified as blue
food-dye content in the gut and eating ability of flies was not affected.

Flies were reared at 25°C under 12 h cycles of light and darkness. Climbing activity of female
flies was monitored using the Drosophila Activity Monitoring System (DAMS5) (Trikinetics,
Waltham, MA). Activity counts were collected in 1 min bins over 24 hours and are presented
as the average number of beam breaks per hour. Graphs and statistical comparisons were gen-
erated with IBM SPSS 20 Statistics (IBM Corporation, Armonk, NY). The MannWhitney U
test was used for comparing treatment-group means.

Crystallization of the TTR-luteolin complex and TTRV30M-luteolin
complexes
The protein was crystallized as described previously [45]. Briefly, the purified TTR was dialyzed
against 10 mM Na-phosphate buffer with 100 mM KCl (pH 7.6) and concentrated to 5
mg�ml−1 using an Amicon Ultra centrifugal filter device (Millipore, 3 kDa molecular-weight
cutoff) and co-crystallized at room temperature with a 5 molar excess of luteolin using the
vapor-diffusion hanging drop method. A drop containing 3 μL protein solution was mixed
with 3 μL precipitant and equilibrated against 1 mL reservoir solution containing a range of
1.3–1.6 M sodium citrate and 3.5% v/v glycerol at pH 5.5 in 24-well Linbro plates. Crystals
grew to dimensions of 0.1 × 0.1 × 0.4 mm3 after 5 days. The crystals were cryoprotected with
12% v/v glycerol.

Data collection, integration and structure determination
The X-ray diffraction data of the TTR-luteolin complex were collected under cryogenic condi-
tions to 1.12 Å resolution at the European Synchrotron Radiation Facility in Grenoble, France,
on beamline ID23-1 using Pilatus 6M detectors at a wavelength of 0.900 Å. Data were collected
with a crystal-to-detector distance of 184.4 mm and 0.15° oscillations per image. The diffrac-
tion data were processed with XDS [46] and scales using SCALA from the CCP4 software suite
[47]. The X-ray model of TTR (pdb code 1F41, [31]) and X-ray data from 38.2–2.5 Å resolu-
tion were used in molecular replacement searches with the programMOLREP [48]. The luteo-
lin molecule is best defined in the BB´ cavity. The model was initially refined against all the
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diffraction data using REFMAC [49]. Manual map inspections was performed with COOT
[50]. During refinement isotropic B-factors were first applied followed by anisotropic B-factors
at the end of the refinement. At the end of structure refinement, phenix.refine from the PHE-
NIX program suite [51] was used to perform successive cycles of translation/libration/screw
(TLS) refinement resulting in an R factor of 13.8% and an Rfree of 15.3% using all data in the
range 38.2 Å–1.12 Å. The refined structure comprises residues 10–125 of TTR, 2 luteolin mole-
cules, 3 glycerol molecules, and 271 water molecules. There are no Ramachandran outliers.
The loop regions Tyr78-Ser85 in monomer A and Asp99-Arg104 in monomer B are modelled
in two conformations. Molecular graphics were produced using CCP4mg [52].

The TTRV30M-luteolin complex was solved and refined essentially as described for the
TTR-luteolin complex. Diffraction data were collected on our in-house Bruker MicroStar facili-
ty at 1.7 Å resolution, and were processed and scaled with SAINT and SCALA. The structure
was refined with isotropic B-factors only. See S1 Table for details of data collection and
refinement statistics.

Structure factors and coordinates of the TTR-luteolin and TTRV30M-luteolin complexes
have been deposited at the protein data bank (accession codes: 4qxv and 4qya, respectively).

Supporting Information
S1 Fig. The quality of the electron density at the BB´ dimer-dimer interface of the
TTRV30M-luteolin complex. The σA-weighted (m|Fo|-D|Fc|) electron density is contoured at
3 times the root-mean-square value of the map and shown in orange. To reduce model bias the
luteolin molecule was excluded from the coordinate file that was subjected to one round of sim-
ulated annealing before calculation of the electron density map. The orientation of luteolin in
the V30M mutant is identical to the one observed in the TTRwt-luteolin complex.
(TIFF)

S2 Fig. Food uptake by flies. Standard fly food was mixed with blue food-dye at concentration
0.5 mg/ml as internal marker of food intake. Fresh food was provided every second day and
flies were allowed to feed for one week starting from larval stages. After one week of rearing
under standard procedures, flies were anesthetized, placed under a stereomicroscope and im-
aged using a digital camera with Olympus Stream Essentials software. Food intake was quanti-
fied as blue food-dye content in the gut.
(TIF)

S1 Table. X-ray data collection and refinement statistics for TTRwt-luteolin and
TTRV30M complexes.
(DOCX)

Acknowledgments
We thank the European Synchrotron Radiation Facility (Grenoble, France) for provision of
synchrotron facilities, and the Swedish Research Council, Parkinsonfonden, Insamlingsstiftel-
sen vid Umeå Universitet, Alzheimerfonden, J.C. Kempes stiftelse, Hjärnfonden, Magnus-
Bergvalls stiftelse, O.E. och Edlas stiftelse, Torsten Söderbergs stiftelse, Västerbottens Läns
lasting (ALF-medel), Patientföreningen FAMY/AMYL, and the Medical Faculty of Umeå Uni-
versity for funding.

Luteolin and Transthyretin Amyloidosis

PLOS ONE | DOI:10.1371/journal.pone.0128222 May 28, 2015 11 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128222.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128222.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128222.s003


Author Contributions
Conceived and designed the experiments: II AB MPMW ES AO. Performed the experiments:
II ABMPMW ES AO. Analyzed the data: II AB MPMW ES AO. Contributed reagents/materi-
als/analysis tools: II AB MPMW ES AO. Wrote the paper: II AB MPMW ES AO.

References
1. Sekijima Y, Kelly JW, Ikeda S. Pathogenesis of and therapeutic strategies to ameliorate the transthyre-

tin amyloidoses. Current pharmaceutical design. 2008; 14(30):3219–30. Epub 2008/12/17. PMID:
19075702.

2. Kalkunte SS, Neubeck S, Norris WE, Cheng SB, Kostadinov S, Vu Hoang D, et al. Transthyretin is dys-
regulated in preeclampsia, and its native form prevents the onset of disease in a preclinical mouse
model. The American journal of pathology. 2013; 183(5):1425–36. Epub 2013/09/17. doi: 10.1016/j.
ajpath.2013.07.022 PMID: 24035612; PubMed Central PMCID: PMC3814653.

3. Connors LH, Lim A, Prokaeva T, Roskens VA, Costello CE. Tabulation of human transthyretin (TTR)
variants, 2003. Amyloid: the international journal of experimental and clinical investigation: the official
journal of the International Society of Amyloidosis. 2003; 10(3):160–84. Epub 2003/12/03. doi: 10.
3109/13506120308998998 PMID: 14640030.

4. McCutchen SL, ColonW, Kelly JW. Transthyretin mutation Leu-55-Pro significantly alters tetramer sta-
bility and increases amyloidogenicity. Biochemistry. 1993; 32(45):12119–27. Epub 1993/11/16. PMID:
8218290.

5. ColonW, Lai Z, McCutchen SL, Miroy GJ, Strang C, Kelly JW. FAPmutations destabilize transthyretin
facilitating conformational changes required for amyloid formation. Ciba Foundation symposium. 1996;
199:228–38; discussion 39–42. Epub 1996/01/01. PMID: 8915613.

6. Lai Z, ColonW, Kelly JW. The acid-mediated denaturation pathway of transthyretin yields a conforma-
tional intermediate that can self-assemble into amyloid. Biochemistry. 1996; 35(20):6470–82. Epub
1996/05/21. doi: 10.1021/bi952501g PMID: 8639594.

7. Foss TR, Kelker MS, Wiseman RL, Wilson IA, Kelly JW. Kinetic stabilization of the native state by pro-
tein engineering: implications for inhibition of transthyretin amyloidogenesis. Journal of molecular biolo-
gy. 2005; 347(4):841–54. Epub 2005/03/17. doi: 10.1016/j.jmb.2005.01.050 PMID: 15769474.

8. Adamski-Werner SL, Palaninathan SK, Sacchettini JC, Kelly JW. Diflunisal analogues stabilize the na-
tive state of transthyretin. Potent inhibition of amyloidogenesis. Journal of medicinal chemistry. 2004;
47(2):355–74. Epub 2004/01/09. doi: 10.1021/jm030347n PMID: 14711308.

9. Sharma P, Perri RE, Sirven JE, Zeldenrust SR, Brandhagen DJ, Rosen CB, et al. Outcome of liver
transplantation for familial amyloidotic polyneuropathy. Liver transplantation: official publication of the
American Association for the Study of Liver Diseases and the International Liver Transplantation Socie-
ty. 2003; 9(12):1273–80. Epub 2003/11/20. doi: 10.1016/j.lts.2003.09.016 PMID: 14625827.

10. Ihse E, Rapezzi C, Merlini G, BensonMD, Ando Y, Suhr OB, et al. Amyloid fibrils containing fragmented
ATTRmay be the standard fibril composition in ATTR amyloidosis. Amyloid: the international journal of
experimental and clinical investigation: the official journal of the International Society of Amyloidosis.
2013; 20(3):142–50. Epub 2013/05/30. doi: 10.3109/13506129.2013.797890 PMID: 23713495.

11. Okamoto S, Zhao Y, Lindqvist P, Backman C, Ericzon BG,Wijayatunga P, et al. Development of cardio-
myopathy after liver transplantation in Swedish hereditary transthyretin amyloidosis (ATTR) patients.
Amyloid: the international journal of experimental and clinical investigation: the official journal of the In-
ternational Society of Amyloidosis. 2011; 18(4):200–5. Epub 2011/11/15. doi: 10.3109/13506129.2011.
615872 PMID: 22080763.

12. Coelho T, Adams D, Silva A, Lozeron P, Hawkins PN, Mant T, et al. Safety and efficacy of RNAi therapy
for transthyretin amyloidosis. The New England journal of medicine. 2013; 369(9):819–29. Epub 2013/
08/30. doi: 10.1056/NEJMoa1208760 PMID: 23984729.

13. Penchala SC, Connelly S, Wang Y, Park MS, Zhao L, Baranczak A, et al. AG10 inhibits amyloidogen-
esis and cellular toxicity of the familial amyloid cardiomyopathy-associated V122I transthyretin. Pro-
ceedings of the National Academy of Sciences of the United States of America. 2013; 110(24):9992–7.
Epub 2013/05/30. doi: 10.1073/pnas.1300761110 PMID: 23716704; PubMed Central PMCID:
PMC3683741.

14. Grimster NP, Connelly S, Baranczak A, Dong J, Krasnova LB, Sharpless KB, et al. Aromatic sulfonyl
fluorides covalently kinetically stabilize transthyretin to prevent amyloidogenesis while affording a fluo-
rescent conjugate. Journal of the American Chemical Society. 2013; 135(15):5656–68. Epub 2013/01/
29. doi: 10.1021/ja311729d PMID: 23350654; PubMed Central PMCID: PMC3630275.

Luteolin and Transthyretin Amyloidosis

PLOS ONE | DOI:10.1371/journal.pone.0128222 May 28, 2015 12 / 15

http://www.ncbi.nlm.nih.gov/pubmed/19075702
http://dx.doi.org/10.1016/j.ajpath.2013.07.022
http://dx.doi.org/10.1016/j.ajpath.2013.07.022
http://www.ncbi.nlm.nih.gov/pubmed/24035612
http://dx.doi.org/10.3109/13506120308998998
http://dx.doi.org/10.3109/13506120308998998
http://www.ncbi.nlm.nih.gov/pubmed/14640030
http://www.ncbi.nlm.nih.gov/pubmed/8218290
http://www.ncbi.nlm.nih.gov/pubmed/8915613
http://dx.doi.org/10.1021/bi952501g
http://www.ncbi.nlm.nih.gov/pubmed/8639594
http://dx.doi.org/10.1016/j.jmb.2005.01.050
http://www.ncbi.nlm.nih.gov/pubmed/15769474
http://dx.doi.org/10.1021/jm030347n
http://www.ncbi.nlm.nih.gov/pubmed/14711308
http://dx.doi.org/10.1016/j.lts.2003.09.016
http://www.ncbi.nlm.nih.gov/pubmed/14625827
http://dx.doi.org/10.3109/13506129.2013.797890
http://www.ncbi.nlm.nih.gov/pubmed/23713495
http://dx.doi.org/10.3109/13506129.2011.615872
http://dx.doi.org/10.3109/13506129.2011.615872
http://www.ncbi.nlm.nih.gov/pubmed/22080763
http://dx.doi.org/10.1056/NEJMoa1208760
http://www.ncbi.nlm.nih.gov/pubmed/23984729
http://dx.doi.org/10.1073/pnas.1300761110
http://www.ncbi.nlm.nih.gov/pubmed/23716704
http://dx.doi.org/10.1021/ja311729d
http://www.ncbi.nlm.nih.gov/pubmed/23350654


15. Bulawa CE, Connelly S, Devit M, Wang L, Weigel C, Fleming JA, et al. Tafamidis, a potent and selective
transthyretin kinetic stabilizer that inhibits the amyloid cascade. Proceedings of the National Academy
of Sciences of the United States of America. 2012; 109(24):9629–34. Epub 2012/05/31. doi: 10.1073/
pnas.1121005109 PMID: 22645360; PubMed Central PMCID: PMC3386102.

16. Connelly S, Choi S, Johnson SM, Kelly JW, Wilson IA. Structure-based design of kinetic stabilizers that
ameliorate the transthyretin amyloidoses. Current opinion in structural biology. 2010; 20(1):54–62.
Epub 2010/02/06. doi: 10.1016/j.sbi.2009.12.009 PMID: 20133122; PubMed Central PMCID:
PMC2830738.

17. Miller SR, Sekijima Y, Kelly JW. Native state stabilization by NSAIDs inhibits transthyretin amyloidogen-
esis from the most common familial disease variants. Laboratory investigation; a journal of technical
methods and pathology. 2004; 84(5):545–52. Epub 2004/02/18. doi: 10.1038/labinvest.3700059 PMID:
14968122.

18. Green NS, Palaninathan SK, Sacchettini JC, Kelly JW. Synthesis and characterization of potent biva-
lent amyloidosis inhibitors that bind prior to transthyretin tetramerization. Journal of the American
Chemical Society. 2003; 125(44):13404–14. Epub 2003/10/30. doi: 10.1021/ja030294z PMID:
14583036.

19. Berk JL, Suhr OB, Obici L, Sekijima Y, Zeldenrust SR, Yamashita T, et al. Repurposing diflunisal for fa-
milial amyloid polyneuropathy: a randomized clinical trial. JAMA: the journal of the American Medical
Association. 2013; 310(24):2658–67. Epub 2013/12/26. doi: 10.1001/jama.2013.283815 PMID:
24368466.

20. Coelho T, Maia LF, da Silva AM, Cruz MW, Plante-Bordeneuve V, Suhr OB, et al. Long-term effects of
tafamidis for the treatment of transthyretin familial amyloid polyneuropathy. Journal of neurology. 2013;
260(11):2802–14. Epub 2013/08/27. doi: 10.1007/s00415-013-7051-7 PMID: 23974642; PubMed Cen-
tral PMCID: PMC3825212.

21. Coelho T, Maia LF, Martins da Silva A, Waddington Cruz M, Plante-Bordeneuve V, Lozeron P, et al.
Tafamidis for transthyretin familial amyloid polyneuropathy: a randomized, controlled trial. Neurology.
2012; 79(8):785–92. Epub 2012/07/31. doi: 10.1212/WNL.0b013e3182661eb1 PMID: 22843282.

22. Turner RA, Shackleford RW,Whipple JP. Comparison of diflunisal and aspirin in long-term treatment of
patients with rheumatoid arthritis. Clinical therapeutics. 1986; 9 Suppl C:37–46. Epub 1986/01/01.
PMID: 3548985.

23. Trivella DB, Sairre MI, Foguel D, Lima LM, Polikarpov I. The binding of synthetic triiodo l-thyronine ana-
logs to human transthyretin: molecular basis of cooperative and non-cooperative ligand recognition.
Journal of structural biology. 2011; 173(2):323–32. Epub 2010/10/13. doi: 10.1016/j.jsb.2010.10.003
PMID: 20937391.

24. Trivella DB, dos Reis CV, Lima LM, Foguel D, Polikarpov I. Flavonoid interactions with human trans-
thyretin: combined structural and thermodynamic analysis. Journal of structural biology. 2012; 180
(1):143–53. Epub 2012/07/31. doi: 10.1016/j.jsb.2012.07.008 PMID: 22842046.

25. Bastianetto S, Krantic S, Chabot JG, Quirion R. Possible involvement of programmed cell death path-
ways in the neuroprotective action of polyphenols. Current Alzheimer research. 2011; 8(5):445–51.
Epub 2011/05/25. PMID: 21605053.

26. Dajas F, Andres AC, Florencia A, Carolina E, Felicia RM. Neuroprotective actions of flavones and flavo-
nols: mechanisms and relationship to flavonoid structural features. Central nervous system agents in
medicinal chemistry. 2013; 13(1):30–5. Epub 2012/10/25. PMID: 23092407.

27. Taliou A, Zintzaras E, Lykouras L, Francis K. An open-label pilot study of a formulation containing the
anti-inflammatory flavonoid luteolin and its effects on behavior in children with autism spectrum disor-
ders. Clinical therapeutics. 2013; 35(5):592–602. Epub 2013/05/22. doi: 10.1016/j.clinthera.2013.04.
006 PMID: 23688534.

28. Reixach N, Adamski-Werner SL, Kelly JW, Koziol J, Buxbaum JN. Cell based screening of inhibitors of
transthyretin aggregation. Biochemical and biophysical research communications. 2006; 348(3):889–
97. Epub 2006/08/15. doi: 10.1016/j.bbrc.2006.07.109 PMID: 16904635.

29. Lindhagen-Persson M, Vestling M, Reixach N, Olofsson A. Formation of cytotoxic transthyretin is not
dependent on inter-molecular disulphide bridges commonly found within the amyloid form. Amyloid: the
international journal of experimental and clinical investigation: the official journal of the International So-
ciety of Amyloidosis. 2008; 15(4):240–5. Epub 2008/12/10. doi: 10.1080/13506120802524916 PMID:
19065295.

30. Pokrzywa M, Dacklin I, Hultmark D, Lundgren E. Misfolded transthyretin causes behavioral changes in
a Drosophila model for transthyretin-associated amyloidosis. The European journal of neuroscience.
2007; 26(4):913–24. Epub 2007/08/24. doi: 10.1111/j.1460-9568.2007.05728.x PMID: 17714186.

Luteolin and Transthyretin Amyloidosis

PLOS ONE | DOI:10.1371/journal.pone.0128222 May 28, 2015 13 / 15

http://dx.doi.org/10.1073/pnas.1121005109
http://dx.doi.org/10.1073/pnas.1121005109
http://www.ncbi.nlm.nih.gov/pubmed/22645360
http://dx.doi.org/10.1016/j.sbi.2009.12.009
http://www.ncbi.nlm.nih.gov/pubmed/20133122
http://dx.doi.org/10.1038/labinvest.3700059
http://www.ncbi.nlm.nih.gov/pubmed/14968122
http://dx.doi.org/10.1021/ja030294z
http://www.ncbi.nlm.nih.gov/pubmed/14583036
http://dx.doi.org/10.1001/jama.2013.283815
http://www.ncbi.nlm.nih.gov/pubmed/24368466
http://dx.doi.org/10.1007/s00415-013-7051-7
http://www.ncbi.nlm.nih.gov/pubmed/23974642
http://dx.doi.org/10.1212/WNL.0b013e3182661eb1
http://www.ncbi.nlm.nih.gov/pubmed/22843282
http://www.ncbi.nlm.nih.gov/pubmed/3548985
http://dx.doi.org/10.1016/j.jsb.2010.10.003
http://www.ncbi.nlm.nih.gov/pubmed/20937391
http://dx.doi.org/10.1016/j.jsb.2012.07.008
http://www.ncbi.nlm.nih.gov/pubmed/22842046
http://www.ncbi.nlm.nih.gov/pubmed/21605053
http://www.ncbi.nlm.nih.gov/pubmed/23092407
http://dx.doi.org/10.1016/j.clinthera.2013.04.006
http://dx.doi.org/10.1016/j.clinthera.2013.04.006
http://www.ncbi.nlm.nih.gov/pubmed/23688534
http://dx.doi.org/10.1016/j.bbrc.2006.07.109
http://www.ncbi.nlm.nih.gov/pubmed/16904635
http://dx.doi.org/10.1080/13506120802524916
http://www.ncbi.nlm.nih.gov/pubmed/19065295
http://dx.doi.org/10.1111/j.1460-9568.2007.05728.x
http://www.ncbi.nlm.nih.gov/pubmed/17714186


31. Hornberg A, Eneqvist T, Olofsson A, Lundgren E, Sauer-Eriksson AE. A comparative analysis of 23
structures of the amyloidogenic protein transthyretin. Journal of molecular biology. 2000; 302(3):649–
69. Epub 2000/09/15. doi: 10.1006/jmbi.2000.4078 PMID: 10986125.

32. Sekijima Y, Wiseman RL, Matteson J, Hammarstrom P, Miller SR, Sawkar AR, et al. The biological and
chemical basis for tissue-selective amyloid disease. Cell. 2005; 121(1):73–85. Epub 2005/04/12. doi:
10.1016/j.cell.2005.01.018 PMID: 15820680.

33. Hammarstrom P, Schneider F, Kelly JW. Trans-suppression of misfolding in an amyloid disease. Sci-
ence. 2001; 293(5539):2459–62. Epub 2001/09/29. doi: 10.1126/science.1062245 PMID: 11577236.

34. Miroy GJ, Lai Z, Lashuel HA, Peterson SA, Strang C, Kelly JW. Inhibiting transthyretin amyloid fibril for-
mation via protein stabilization. Proceedings of the National Academy of Sciences of the United States
of America. 1996; 93(26):15051–6. Epub 1996/12/24. PMID: 8986762; PubMed Central PMCID:
PMC26354.

35. Cardoso I, Almeida MR, Ferreira N, Arsequell G, Valencia G, Saraiva MJ. Comparative in vitro and ex
vivo activities of selected inhibitors of transthyretin aggregation: relevance in drug design. The Bio-
chemical journal. 2007; 408(1):131–8. Epub 2007/08/09. doi: 10.1042/BJ20070689 PMID: 17683281;
PubMed Central PMCID: PMC2049069.

36. Gavrin LK, Denny RA, Saiah E. Small molecules that target protein misfolding. Journal of medicinal
chemistry. 2012; 55(24):10823–43. Epub 2012/10/19. doi: 10.1021/jm301182j PMID: 23075044.

37. Johnson SM, Petrassi HM, Palaninathan SK, Mohamedmohaideen NN, Purkey HE, Nichols C, et al.
Bisaryloxime ethers as potent inhibitors of transthyretin amyloid fibril formation. Journal of medicinal
chemistry. 2005; 48(5):1576–87. Epub 2005/03/04. doi: 10.1021/jm049274d PMID: 15743199.

38. Morais-de-Sa E, Pereira PJ, Saraiva MJ, Damas AM. The crystal structure of transthyretin in complex
with diethylstilbestrol: a promising template for the design of amyloid inhibitors. The Journal of biological
chemistry. 2004; 279(51):53483–90. Epub 2004/10/08. doi: 10.1074/jbc.M408053200 PMID:
15469931.

39. Sant'anna RO, Braga CA, Polikarpov I, Ventura S, Lima LM, Foguel D. Inhibition of human transthyretin
aggregation by non-steroidal anti-inflammatory compounds: a structural and thermodynamic analysis.
International journal of molecular sciences. 2013; 14(3):5284–311. Epub 2013/03/08. doi: 10.3390/
ijms14035284 PMID: 23466880; PubMed Central PMCID: PMC3634512.

40. Yokoyama T, Kosaka Y, Mizuguchi M. Crystal structures of human transthyretin complexed with glabri-
din. Journal of medicinal chemistry. 2014; 57(3):1090–6. Epub 2014/01/16. doi: 10.1021/jm401832j
PMID: 24422526.

41. Pokrzywa M, Dacklin I, Vestling M, Hultmark D, Lundgren E, Cantera R. Uptake of aggregating trans-
thyretin by fat body in a Drosophila model for TTR-associated amyloidosis. PloS one. 2010; 5(12):
e14343. Epub 2010/12/24. doi: 10.1371/journal.pone.0014343 PMID: 21179560; PubMed Central
PMCID: PMC3002944.

42. Reixach N, Deechongkit S, Jiang X, Kelly JW, Buxbaum JN. Tissue damage in the amyloidoses: Trans-
thyretin monomers and nonnative oligomers are the major cytotoxic species in tissue culture. Proceed-
ings of the National Academy of Sciences of the United States of America. 2004; 101(9):2817–22.
Epub 2004/02/26. doi: 10.1073/pnas.0400062101 PMID: 14981241; PubMed Central PMCID:
PMC365703.

43. Lu X, Sun D, Chen Z, Ye J, Wang R, Li L, et al. Evaluation of hepatic clearance and drug-drug interac-
tions of luteolin and apigenin by using primary cultured rat hepatocytes. Die Pharmazie. 2011; 66
(8):600–5. Epub 2011/09/10. PMID: 21901983.

44. O'Brien J, Wilson I, Orton T, Pognan F. Investigation of the Alamar Blue (resazurin) fluorescent dye for
the assessment of mammalian cell cytotoxicity. European journal of biochemistry / FEBS. 2000; 267
(17):5421–6. Epub 2000/08/22. PMID: 10951200.

45. Johnson SM, Connelly S, Wilson IA, Kelly JW. Toward optimization of the second aryl substructure
common to transthyretin amyloidogenesis inhibitors using biochemical and structural studies. Journal
of medicinal chemistry. 2009; 52(4):1115–25. Epub 2009/02/05. doi: 10.1021/jm801347s PMID:
19191553; PubMed Central PMCID: PMCPmc2698027.

46. KabschW. Xds. Acta crystallographica Section D, Biological crystallography. 2010; 66(Pt 2):125–32.
Epub 2010/02/04. doi: 10.1107/S0907444909047337 PMID: 20124692; PubMed Central PMCID:
PMC2815665.

47. Winn MD, Ballard CC, Cowtan KD, Dodson EJ, Emsley P, Evans PR, et al. Overview of the CCP4 suite
and current developments. Acta crystallographica Section D, Biological crystallography. 2011; 67(Pt
4):235–42. Epub 2011/04/05. doi: 10.1107/s0907444910045749 PMID: 21460441; PubMed Central
PMCID: PMCPmc3069738.

48. Vagin A, Teplyakov A. MOLREP: an automated program for molecular replacement. Journal of Applied
Crystallography. 1997; 30(6):1022–5.

Luteolin and Transthyretin Amyloidosis

PLOS ONE | DOI:10.1371/journal.pone.0128222 May 28, 2015 14 / 15

http://dx.doi.org/10.1006/jmbi.2000.4078
http://www.ncbi.nlm.nih.gov/pubmed/10986125
http://dx.doi.org/10.1016/j.cell.2005.01.018
http://www.ncbi.nlm.nih.gov/pubmed/15820680
http://dx.doi.org/10.1126/science.1062245
http://www.ncbi.nlm.nih.gov/pubmed/11577236
http://www.ncbi.nlm.nih.gov/pubmed/8986762
http://dx.doi.org/10.1042/BJ20070689
http://www.ncbi.nlm.nih.gov/pubmed/17683281
http://dx.doi.org/10.1021/jm301182j
http://www.ncbi.nlm.nih.gov/pubmed/23075044
http://dx.doi.org/10.1021/jm049274d
http://www.ncbi.nlm.nih.gov/pubmed/15743199
http://dx.doi.org/10.1074/jbc.M408053200
http://www.ncbi.nlm.nih.gov/pubmed/15469931
http://dx.doi.org/10.3390/ijms14035284
http://dx.doi.org/10.3390/ijms14035284
http://www.ncbi.nlm.nih.gov/pubmed/23466880
http://dx.doi.org/10.1021/jm401832j
http://www.ncbi.nlm.nih.gov/pubmed/24422526
http://dx.doi.org/10.1371/journal.pone.0014343
http://www.ncbi.nlm.nih.gov/pubmed/21179560
http://dx.doi.org/10.1073/pnas.0400062101
http://www.ncbi.nlm.nih.gov/pubmed/14981241
http://www.ncbi.nlm.nih.gov/pubmed/21901983
http://www.ncbi.nlm.nih.gov/pubmed/10951200
http://dx.doi.org/10.1021/jm801347s
http://www.ncbi.nlm.nih.gov/pubmed/19191553
http://dx.doi.org/10.1107/S0907444909047337
http://www.ncbi.nlm.nih.gov/pubmed/20124692
http://dx.doi.org/10.1107/s0907444910045749
http://www.ncbi.nlm.nih.gov/pubmed/21460441


49. Murshudov GN, Skubak P, Lebedev AA, Pannu NS, Steiner RA, Nicholls RA, et al. REFMAC5 for the
refinement of macromolecular crystal structures. Acta crystallographica Section D, Biological crystal-
lography. 2011; 67(Pt 4):355–67. Epub 2011/04/05. doi: 10.1107/S0907444911001314 PMID:
21460454; PubMed Central PMCID: PMC3069751.

50. Emsley P, Cowtan K. Coot: model-building tools for molecular graphics. Acta crystallographica Section
D, Biological crystallography. 2004; 60(Pt 12 Pt 1):2126–32. Epub 2004/12/02. doi: 10.1107/
S0907444904019158 PMID: 15572765.

51. Adams PD, Afonine PV, Bunkoczi G, Chen VB, Davis IW, Echols N, et al. PHENIX: a comprehensive
Python-based system for macromolecular structure solution. Acta crystallographica Section D, Biologi-
cal crystallography. 2010; 66(Pt 2):213–21. Epub 2010/02/04. doi: 10.1107/S0907444909052925
PMID: 20124702; PubMed Central PMCID: PMC2815670.

52. McNicholas S, Potterton E, Wilson KS, Noble ME. Presenting your structures: the CCP4mgmolecular-
graphics software. Acta crystallographica Section D, Biological crystallography. 2011; 67(Pt 4):386–94.
Epub 2011/04/05. doi: 10.1107/s0907444911007281 PMID: 21460457; PubMed Central PMCID:
PMCPmc3069754.

Luteolin and Transthyretin Amyloidosis

PLOS ONE | DOI:10.1371/journal.pone.0128222 May 28, 2015 15 / 15

http://dx.doi.org/10.1107/S0907444911001314
http://www.ncbi.nlm.nih.gov/pubmed/21460454
http://dx.doi.org/10.1107/S0907444904019158
http://dx.doi.org/10.1107/S0907444904019158
http://www.ncbi.nlm.nih.gov/pubmed/15572765
http://dx.doi.org/10.1107/S0907444909052925
http://www.ncbi.nlm.nih.gov/pubmed/20124702
http://dx.doi.org/10.1107/s0907444911007281
http://www.ncbi.nlm.nih.gov/pubmed/21460457

